
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Article
SARS-CoV-2 replication in airway epithelia requires
motile cilia and microvillar reprogramming
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exiting epithelial cells via their protruding,
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SUMMARY
How SARS-CoV-2 penetrates the airway barrier of mucus and periciliary mucins to infect nasal epithelium re-
mains unclear. Using primary nasal epithelial organoid cultures, we found that the virus attaches to motile
cilia via the ACE2 receptor. SARS-CoV-2 traverses the mucus layer, using motile cilia as tracks to access
the cell body. Depleting cilia blocks infection for SARS-CoV-2 and other respiratory viruses. SARS-CoV-2
progeny attach to airway microvilli 24 h post-infection and trigger formation of apically extended and highly
branched microvilli that organize viral egress from the microvilli back into the mucus layer, supporting a
model of virus dispersion throughout airway tissue viamucociliary transport. Phosphoproteomics and kinase
inhibition reveal that microvillar remodeling is regulated by p21-activated kinases (PAK). Importantly, Omi-
cron variants bind with higher affinity to motile cilia and show accelerated viral entry. Our work suggests
that motile cilia, microvilli, and mucociliary-dependent mucus flow are critical for efficient virus replication
in nasal epithelia.
INTRODUCTION

SARS-CoV-2caused theCOVID-19pandemic.After theviral spike

glycoprotein (SP) binds to its host receptor, the angiotensin-con-

verting enzyme2 (ACE2)1 and the host transmembrane serinepro-

tease 2 (TMPRSS2) prime SP to facilitate viral fusion, and the virus

enters the host cells and begins replication.1,2 Viral replication has

been modeled in tissue culture. However, the primary site of

SARS-Cov-2 replication is the upper respiratory tract, which is

specialized to create a barrier to virus infection. Indeed, themech-

anisms of virus cell entry, exit, and cell-to-cell spread in the airway

epithelium are poorly understood.

Nasal airways are pseudostratified epithelia, including multici-

liated apical epithelial, basal, and mucus-producing goblet cells.
112 Cell 186, 112–130, January 5, 2023 ª 2022 The Authors. Publish
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The mucus layer sits atop the ciliary brush, and an underlying

periciliary layer (PCL)3,4 keeps mucus away from the epithelia

but permits ciliary beating.3,5,6 Mucus traps virus particles that

are swept to the laryngopharynx by ciliated epithelial cells

(CECs). CECs comprise 80% of nasal epithelium, and each ex-

press �300 cilia that show coordinated beating.3–6 Mucociliary

clearance (MCC) eliminates infectious particles by coughing or

swallowing. The underlying PCLmucin layer is critical to blocking

viral entry.6 Small particles (�25 nm) penetrate the PCL, but

larger particles (�100 nm) cannot.6,7 Depleting core PCL compo-

nents increases influenza infection in various cells.8,9 Yet, many

large, enveloped viruses (such as influenza and SARS-CoV-2)

infect airway epithelial cells. How respiratory viruses bypass

the innate barriers and cross back to spread remains unclear.
ed by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Nasal and upper airway CECs are the main targets for initial

COVID-19 infections.2,10–13 Many respiratory viruses, including

SARS-CoV-1,14 influenza,15 parainfluenza (PIV),16 rhinovirus

(RV),17,18 and respiratory syncytial virus (RSV),19 first infect airway

CECs. SARS-CoV-2 receptors ACE2 and TMPRSS2 localize to

cilia in CECs.20,21 Here, we report that SARS-CoV-2 infects nasal

mucosa by a two-step process. First, SARS-CoV-2 particles bind

the ACE2 receptor on the surface of airway cilia. Cilia then facili-

tate virus transport through the PCL mucin layer. Initially, only a

few ciliated human nasal epithelial cells (HNEs) are productively

infected. Within the next 24 h SARS-CoV-2 hijacks the host cell

machinery to induce elongated and highly branched microvilli.

This rearrangement requires protein kinases, including p21-acti-

vated kinases 1 and 4 (PAK1/4). Activating p21-activated kinases

(PAK) enables the virus to exit across the PCL layer before lateral

spread to other regions, potentially via mucociliary transport

(MCT). Omicron variants dramatically accelerate spread via the

ciliary transport/microvilli reprogramming pathway, which ex-

plains the increase in its attack rate compared to previous vari-

ants. This pathway is required for infection by other respiratory vi-

ruses, such as PIV and RSV. Understanding how cilia and

microvilli are reprogrammed for virus entry and spreadmay iden-

tify candidate therapeutic targets to block airway replication of

SARS-CoV-2 and other respiratory viruses.

RESULTS

SARS-CoV-2 infection of nasal epithelium is a two-step
process
To understand viral entry, we sought to identify which cell types

are initially infected. We differentiated primary HNEs in air-liquid

interface (ALI) cultures to form nasal epithelial organoids of cili-

ated, goblet, and basal cells (see Table S1 for characteristics of

the nasal cell donors). These ALI-cultured HNEs recapitulated

the morphology and function of normal human upper airway

epithelium.22–24 After 28–30 days, fully differentiated nasal epithe-

lial organoids were inoculated with the SARS-CoV-2 D614G

variant at a MOI of 0.3 to assess spatial and temporal infection

patterns and cell tropismwithin nasal epithelium. Infected cultures

were fixed at various times and stained with antibodies to the

SARS-CoV-2 nucleocapsid protein (NP), SP, and markers for cili-

ated HNEs (acetylated tubulin; ACTUB) or goblet cells (MUC5AC)

(Figures 1A, 1B, and S1). NP and SP were only seen in ciliated

HNEs at 6, 24, and 48 h post infection (hpi), indicating preferential,

early infection of ciliated HNEs. SARS-CoV-2 infected few, if any,

goblet cells even at 96 hpi. Thus, ciliatedHNEs are the primary en-

try site of SARS-CoV-2 in nasal epithelia.

At 6 and 24 hpi, only�3% of ciliated HNEs were SARS-CoV-2

positive; by 48 hpi, positive HNEs increased to�80% (Figure 1A).
Figure 1. SARS-CoV-2 infection of nasal epithelium occurs in two step

(A and B) SARS-CoV-2 infects ciliated HNEs, not goblet cells. Mock-treated or infe

of HNEs stained for SP, NP, and either cilia HNE marked by acetylated a-tubulin

and SP-positive ciliated cells or goblet cells are shown (right panel).

(C) Initial SARS-CoV-2 infections are restricted to few ciliated HNEs. Mock-tr

Representative IF staining of SP and phalloidin (actin) in virus-infected HNEs. Qu

(D) Schematic of two-step infection model where SARS-CoV-2 first seeds (0–24 h

SD (3,000–4,000 cells quantified from HNEs from Donors 1–4). Each dot represe
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We hypothesized that initial infection and entry are restricted to a

few ciliatedHENs, and then later, new virions spread laterally into

neighboring nasal epithelium. The pattern did not change at

different MOIs (MOI: 3, 0.3, and 0.03), suggesting a kinetic

bottleneck for infection at viral entry (Figure 1C). These results

support a two-step model in which SARS-CoV-2 crosses the

airway mucosal barrier in a limited number of ciliated cells,

followed by replication and rapid spread of progeny to neigh-

boring cells (Figure 1D).

SARS-CoV-2 attaches to the cilia during initial stages of
infection
ACE2 and TMPRSS2 are central to SARS-CoV-2 entry and

localize to respiratory cilia.20,21 To determine if they also localize

to motile cilia in ALI-cultured HNEs, we co-stained ACE2 and

TMPRSS2with ACTUB. Both localized tomotile cilia (Figure S2A)

in the ALI-cultured HNEs and human autopsy samples. We

hypothesized that SARS-CoV-2 and other respiratory viruses

attach to cilia via ACE2 to penetrate the PCL and enable the virus

to traffic through the mucin layer.

To determine if the mucin network mesh blocks virus infec-

tions, we treated HNEs with StcE, a mucin-selective protease,

to disrupt the structure of the mucin network mesh.25 This treat-

ment reduced MUC1 levels in mucin network mesh and

increased virus entry at 24 hpi (Figure 2A). Thus, the mucin

network mesh blocks SARS-CoV-2 infection of HNE ALI

cultures, explaining the delay in virus spread. To test if SARS-

CoV-2 specifically binds cilia at the early step, we infected ALI-

cultured HNEs with SARS-CoV-2 at an MOI of 0.3 and fixed cells

at 6 hpi. Scanning (SEM) and transmission electron microscopy

(TEM) confirmed thatmultiple virions attached to cilia (Figures 2B

and 2C), suggesting that cilia are hijacked by SARS-CoV-2 to

cross the nasal epithelium barrier. Using confocal immunofluo-

rescence (IF) microscopy and TEM, we found that viral particles

were attached to cilia near the mucus layer or to cilia and

immersed in the PCL in �6% of the ciliated HNEs. An anti-SP

monoclonal antibody that neutralizes SARS-CoV-226 inhibited

attachment of SARS-CoV-2 to cilia (Figures 2D and S2B) and

decreased infected cell numbers (Figure 2E).

To examine SP binding to the ACE2 receptor during early

infection in ciliated HNEs, we conjugated the recombinant SP

binding domain (RBD) to fluorescent quantum dots to form

QD585-RBD pseudovirions. Quantum dots directly visualize

RBD binding to ciliary ACE2.27 In time-lapse, live-cell micro-

scopy, pseudovirion QD585-RBD bound to motile beating cilia

in ALI-cultured HNEs at 4 hpi. QD585 alone did not (Figure S2C).

QD585-RBDs precisely tracked the ciliary beating in multiple

time-lapse videos. This interaction was inhibited by competition

with soluble ACE2 (Figure S2C), indicating QD585-RBD binds to
s

cted HNEs (MOI 0.3) were stained (6, 24, 48, 96 hpi). Representative IF images

(ACTUB: A) or goblet cell marker (MUC5AC: B). Quantified percentages of NP-

eated or infected HNEs (MOIs 3, 0.3, 0.03) were stained at 24 and 48 hpi.

antified percentages of SP-positive HNEs (24 and 48 hpi: right panel).

pi) then spreads (24–48 hpi) during HNE infection. Error bars represent mean ±

nts one donor. Scale bars represent 20 mm. See Figure S1, Table S1.
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cilia via ACE2. Our results support that SARS-CoV-2 binds to a

ciliary ACE2 receptor to facilitate cell entry.

Cilia facilitate infection by SARS-CoV-2 and other
respiratory viruses
We hypothesized that depleting cilia would impede viral infec-

tion, so we blocked ciliary assembly by shRNA knockdown of

CEP83, a protein critical for motile cilia formation in all ciliated

cells, including ALI-cultured HNEs.28 Depleting CEP83 pre-

vented cilia formation (Figure S2D) but had no effect on epithelial

or goblet cell differentiation28 or expression of ACE2 and

TMPRSS2 receptors (Figures S2E and S2F). Indeed, CEP83

downregulation inhibited SARS-CoV-2 infection of HNEs at 24

and 48 hpi at anMOI of 0.3 (Figure 2F). We observed no apparent

toxicity in the cilia-depleted cultures.

We next examined whether the ciliary pathway is used by

other respiratory viruses. The RSV and PIV receptors CX3CR1

and a2,3-linked sialic acid localize to motile cilia in human airway

tissue sections.29–33 CX3CR1 colocalized to cilia in ALI-cultured

NHE cells and human autopsy samples (Figure S2G). Depleting

cilia with CEP83 shRNA inhibited both infections at 24 and

48 hpi in HNEs, indicating broad exploitation of cilia by respira-

tory viruses (Figures S2H and S2I).

Inhibiting ciliary trafficking attenuates viral uptake
Retrograde trafficking of ciliary proteins or receptors from the tip

of cilia to the bottom is mediated by a ciliary dynein complex.34

We hypothesized that cilia facilitate virus movement from the

tip or body of the cilia basally toward the cell body. We treated

HNEs with ciliary dynein inhibitor, Ciliobrevin D,35 3 h before

SARS-CoV-2 infection and determined the number of infected

cells at 24 and 48 hpi. The number of infected cells decreased,

indicating that protein trafficking in cilia is important, but not

strictly essential, during viral entry (Figure 2G). Next, we exam-

ined whether SARS-CoV-2 enters HNEs via endocytosis or
Figure 2. SARS-CoV-2 attaches to the cilia during the initial stage of in

(A) StcE mucinase reduces MUC1 mucin levels and increases virus infection effic

and StcE (10 mg/mL)-treated (6 h) HNEs (Donor 6). Quantification of MUC1 fro

represent mean ± SD (Lower panel) SARS-CoV-2-treated HNEs were treated with

of SARS-CoV-2 SP, ACTUB, and phalloidin staining in control versus StcE-treated

Error bars represent mean ± SD (3,000–4,000 cells quantified from control- or drug

Student’s t test. Each dot represents one donor.

(B and C) SARS-CoV-2 binds to the motile cilia during early viral infection. Mock-tr

Representative images of SARS-CoV-2 virions attaching to motile cilia as obs

microscopy (TEM; C). Arrowhead: virus particles. Similar results from Donors 4 a

(D and E) SARS-CoV-2 neutralizing antibody inhibits SARS-CoV-2 attachment to c

SP with ACTUB after pre-treating HNEs (2 h) with control antibody (left) versus SP

were fixed 6 hpi and stained for SARS-CoV-2 SP and ACTUB (left panel). Quant

panel). Error bars represent mean ± SD (2,000–3,000 cells quantified, HNEs from

Error bars represent mean ± SD (3,000–4,000 cells quantified, Donors 6–8). **p <

(F) Depleting cilia decreases HNE infection. Infected HNEs (MOI 0.3) were stained

and ACTUBwith phalloidin in shControl versus shCEP83HNEs.Quantified percen

4,000 cells quantified from infected shControl and shCEP83 HNEs Donors 1–4).

(G) SARS-CoV-2 viral entry requires TMPRSS2 and ciliary dynein. SARS-CoV-2-

(25 mM), or HCQ (25 mM) 2 h before SARS-CoV-2 infection. Representative IF stain

treated infected HNEs at 24 hpi (left) and 48 hpi (right), Donor 6. Quantified perce

4,000 control- or drug-treated SARS-CoV-2-infected HNEs, Donor 6–8).

(H) Model for motile cilia during SARS-CoV-2 entry. (A and F) *p < 0.05, **p < 0.01

(G) *p < 0.05, **p < 0.01, NS represents not significant, paired, one-way ANOVA w

D), 20 mm (F), and 50 mm (A [down figure] and G). Each dot represents one dono

116 Cell 186, 112–130, January 5, 2023
cell-surface membrane fusion. We treated HNEs with a

TMPRSS2 inhibitor, camostat mesylate,1 or hydroxychloroquine

(HCQ), which increases the pH in endosomes, and thereby stops

their acidification and maturation,36 for 2 h prior to SARS-CoV-2

infection and then determined the number of infected cells. HCQ

had no effect on infection, indicating that endosome acidification

is not required for entry in HNEs and that HCQ does not inhibit

virus entry into airway cells. Treatment with TMPRSS2 inhibitor,

linked to ACE2 entry, decreased the number of infected cells at

24 and 48 hpi (Figure 2G).

These data suggest two models. In model 1, SARS-Co-V2

binds to ACE2, and TMPRSS2 activates SP for ciliary membrane

fusion at the cilium surface. Then, the RNA genome is released

into the cilium and transported from the cilium into the cytosol

by ciliary dynein (Figure 2H-i). Alternatively, an ACE2 and

SARS-CoV-2 complex is transported from the tip of the cilia to

the cell body by the ciliary dynein dependent, anterograde

process. Then, the virus fuses with the cell membrane via an

endocytic-independent process (Figure 2H-ii). Future tests will

resolve the contributions of binding versus transport to viral

uptake.

Newly produced SARS-CoV-2 particles co-localize with
microvilli
Our data indicate that the percentage of SARS-CoV-2-in-

fected cells increased from 24 to 48 hpi (Figure 1A). In

contrast, the virus rapidly spreads without an evident lag

phase in Vero cells. To better understand virus infection in

nasal epithelium, we examined the egress of virus from the

few initially infected cells. In Caco-2 and Vero cells, SARS-

CoV-2 infection promotes actin-based filopodia protrusion

with virus particles associated with these structures.37,38 In-

duction of virus-containing filopodia might be important for

SARS-CoV-2 egress and cell-to-cell spread of progeny virions

in HNE. Whether canonical microvilli exist on primary airway
fection

iency. (Upper panel) Representative IF staining of MUC1, phalloidin in control-,

m control- or drug-treated HNEs from Donors 6–8 (lower panel). Error bars

StcE (10 mg/mL, 6 h) before SARS-CoV-2 infection. Representative IF staining

infected HNEs (Donor 6). Quantified percentages of SP-positive ciliated HNEs.

-treated SARS-CoV-2-infected HNEs, Donor 6–8). *p < 0.05, paired, two-tailed

eated or SARS-CoV-2-infected HNEs (Donor3) (MOI 0.3) were fixed after 6 hpi.

erved by scanning electron microscope (SEM; B) or transmission electron

nd 5.

ilia and decreases infected cells. (D) Representative IF images of SARS-CoV-2

neutralizing antibodies (right) before SARS-CoV-2 inoculation (MOI 0.3). HNEs

ification is percentage of ciliated HNEs with cilia-attached SARS-CoV-2 (right

Donors 5–8). (E) Quantified percentages of SP-positive ciliated HNEs (48 hpi).

0.01, paired, two-tailed Student’s t test. Each dot represents one donor.

after 24 (left) and 48 (right) hpi. Representative IF staining for SARS-CoV-2 SP

tages of SP-positive HNEs (right panel). Error bars representmean ±SD (3,000–

infected HNEs were treated: DMSO, Ciliobrevin D (60 mM), camostat mesylate

ing of SARS-CoV-2 SP, ACTUB, and phalloidin staining in DMSO- versus drug-

ntages of SP-positive ciliated HNEs. Error bars represent mean ± SD (3,000–

, ***p < 0.001, NS represents not significant, paired, two-tailed Student’s t test.

ith Tukey’s post-test. Scale bars: 200 nm (C), 1 mm (B), 5 mm (A [top figure] and

r. See Figure S2 and Table S1.
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Figure 3. SARS-CoV-2 co-localizes with

microvilli in later stages of infection

(A) Representative IF staining of EBP50, phalloi-

din (microvilli marker), and ACTUB (top) and

phosphorylated EZR (pEZR), EZR, and ACTUB

(bottom) in ALI-cultured HNEs Donor 1.

(B–D) SARS-CoV-2 attaches to microvilli at

24 hpi. (B) Mock-treated or infected HNEs (MOI

0.3) were stained 6, 24, 48, 96 hpi. Representative

IF staining for SARS-CoV-2 NP and ACTUB plus

phalloidin in mock or SARS-CoV-2-infected

HNEs, Donor 1 (right panel). Quantified percent-

ages of microvilli-attached SARS-CoV-2-positive

ciliated HNEs Donors 1–4 are shown. (C and D)

Mock-treated versus infected HNEs (Donor 3;

MOI 0.3) were fixed after 24 hpi. The cells were

observed by TEM (C) or SEM (D). Arrowhead: vi-

rus particles. Donors 4–6 showed similar results.

Scale bars: 10 mm (A, left), 5 mm (A, right and B),

1 mm (C and D). See Figure S3 and Table S1.
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epithelial cells had been unclear. We used SEM and IF

staining to systematically characterize microvilli-like

structures in primary airway epithelial cells. Two classes of

protrusions were noted on the apical surface of ciliated

HNEs: long, wide motile cilia and stubby, dome-like microvilli

(Figure S3A). IF staining of multiple core microvilli proteins

(EZRIN, EBP50, SLK, and actin [marked by phalloidin])39,40

revealed these proteins co-localize in microvilli-like structures

in ALI-cultured HNEs and human airway tissue (Figures 3A,

S3B, and S3C). This supports that these structures are
canonical microvilli. Microvilli were

not found on MUC5AC-positive goblet

cells (Figure S3D).

We next sought to test if microvilli have

a role in viral infection. We co-stained

acetylated tubulin (ACTUB) and actin

(phalloidin) with antibodies to SP or NP

in infected HNEs at different times, using

an MOI of 0.3 to track viral replication

and egress. At 6 hpi, the only viral signal

was in the cytoplasm, and the microvilli

appeared stubby. From 24 hpi onward,

NP and SP co-localized with the micro-

villi (Figures 3B and S3E). To determine

if SARS-CoV-2-attached microvilli pro-

trude from infected cell membranes, we

co-stained for CEP164, a protein that

anchors centrioles to the plasma mem-

brane at the ciliary base and thus marks

the apical surface, with spike protein SP

and actin (phalloidin) (Figure S3F).Micro-

villi with attached virions were seen

protruding from the membrane as early

as 24 hpi. TEM and SEM found abundant

viral particles specifically on microvilli

rather than motile cilia, indicating that

newly generated virus particles accumu-
late on microvillar structures (Figures 3C and 3D). We also noted

that small viral vesicles clustered near or in microvilli and large

viral-containing vesicles were in the cytoplasm near the apical

side of the cells (Figure S3G). Next, we looked for viral binding

to microvilli in infected animals. We infected K18-hACE2 mice

with 6 3 104 pfu SARS-CoV-2 (D614G variant) and collected

nasal epithelium for immunohistochemistry at 48 hpi. Consis-

tently, SARS-CoV-2 co-localized with microvilli at 48 hpi in vivo

(Figure S3H), suggesting that SARS-CoV-2 interacts with micro-

villi to spread within the respiratory tract in infected animals.
Cell 186, 112–130, January 5, 2023 117
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SARS-CoV-2 regulates microvilli dynamics and
promotes viral shedding by highly extended microvilli
Based on our initial microscopy, we hypothesized that SARS-

CoV-2 infection regulates microvillar structure and function to

enable viral egress. Several proteins organize microvilli,41

including the actin-binding protein ezrin (EZR).42 Phosphorylated

EZR levels were increased in microvilli in infected HNEs (Fig-

ure 4A). Another microvillar core protein, EBP50, was increased

on microvilli and in the cytoplasm of infected HNEs (Figure 4B).

TEM showed that infection induced a dome-like structure

protruding from the plasma membrane. Multiple SARS-CoV-2

particle-containing vesicles appeared on this dome-like struc-

ture (Figures 4C, left panel, and S4A). Infection also induced

highly branched microvillar structures with many attached or

budded viral particles at 48 hpi, compared to mock infection.

Importantly, SARS-CoV-2 infection dramatically increased high-

ly extended microvilli as early as 24 hpi as observed by IF stain-

ing (Figure 4D). These microvilli were accompanied by an accu-

mulation of virus particles along its surface as seen by IF

(Figure 4D; 48 and 96 hpi) and TEM (Figures 4E and S4B). These

results support our model that SARS-CoV-2 infection modulates

the activity, structure, and length of microvilli to facilitate viral

egress and spread (Figure 4F).

We used inhibitors of microvillar core protein to determine if

loss of microvilli inhibits infection. HNEs were incubated for 3 h

with the EZR inhibitor NSC-668394 or the LOK/STK10 kinase

inhibitor SB-633825. Treated cells were fixed and stained with

phalloidin and anti-phospho-EZR (pEZR). NSC-668394 and the

LOK inhibitor strongly decreased microvillar actin staining and

levels of pEZR (Figure 4G). To determine if microvilli have a

role in viral entry and/or exit, we treated HNEs before or after

SARS-CoV-2 infection (Figure 4H) and counted infected cells
Figure 4. SARS-CoV-2 regulates the dynamics of microvilli and promo

(A and B) SARS-CoV-2 infection increases phosphorylated ezrin (EZR) and EBP5

(A)Mock-treated or infected HNEs (MOI 0.3) were stained 48 hpi. Representative IF

(left panel). Quantification of pEZR from mock and infected HNEs Donors 3–6

compared to mock controls. pEZR and EZR immunoblots of in mock or infected

(B) Mock-treated or SARS-CoV-2-infected HNEs (MOI 0.3) were stained 48 hpi. R

versus infected HNEs (Donor 3). Quantification of EBP50 on microvilli from moc

infected HNEs compared to mock controls.

(C–E) SARS-CoV-2 infection affects microvillar structure. (C and E) Infected HNEs

TEM. (C) Quantification of the number of dome-shaped structures per cell from Do

counted from 4 donors each).

(A, B, and C) Error bars represent mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001, NS

small viral vesicle.

(D) Mock-treated or infected HNEs with MOI of 0.3 were stained at 6, 24, 48, and

mock or SARS-CoV-2-infected HNEs from Donor 3 (right panel). Quantification of

550 ciliated HNEs from 4 donors each).

White dotted line: extended microvilli. Red arrowhead: virus particles (E) SARS-C

(upper image) and 48 (lower image) hpi. Red dotted line: extended microvilli.

(F) Model of microvilli structures and viral vesicles affected by SARS-Co-V2 infec

(G) Microvillar inhibitors inhibit microvilli structure. Representative IF staining of p

treated HNEs from Donor 5 Quantification of pEZR and phalloidin from DMSO

phalloidin expression showed a decrease in drug-treated HNEs, compared to D

(H) SARS-CoV-2-treated HNEs were treated with NSC-668394 or SB-633825 (se

(I) Microvilli inhibitors, NSC-668394 (40 mM) and SB-633825 (40 mM), significantly i

2 SP, ACTUB, and phalloidin in DMSO- or drug-treated SARS-CoV-2-infected

percentages of SP-positive ciliated HNEs (right panel). Error bars represent mea

(G and I) Error bars represent mean ± SD *p < 0.05, ***p < 0.001, NS represen

represents one donor. Scale bars: 5 mm (A, B, D, and G), 1 mm (C), 2 mm (E), 20 m
at 24 and 48 hpi. The inhibitors had no effect within the first

24 hpi, indicating that they do not inhibit entry. In contrast,

infected cell numbers decreased at 48 hpi even when inhibitors

were administered after infection at 18 hpi (Figure 4I). SARS-

CoV-2 particles attached to the cilia rather than microvilli during

the viral entry. In contrast, many SARS-CoV-2 viral particles

attached to the microvilli later during viral egress (Figure S4C).

ACE2 and TMPRSS2 were not expressed in the microvilli (Fig-

ure S4D), suggesting that microvilli do not participate in SARS-

CoV-2 viral entry. Our data suggest that SARS-CoV-2 hijacks

themicrovillar assembly pathway to facilitate viral egress by pro-

moting formation of highly extended and branched microvilli.

Mucociliary transport assists in spread of SARS-CoV-2
Wenext hypothesized that, by associating with elongatedmicro-

villi, SARS-CoV-2 traffics to the surface mucus layer. In this

model, progeny virions use mucus flow to traverse the airway

tract to infect other airway cells. To test this, we used ALI cul-

tures from patients with primary ciliary dyskinesia (PCD). PCD

patients have little MCT. This rare autosomal recessive disorder

results from functional defects that abrogate synchronous ciliary

beating and clearance of pathogens.43,44 Nonetheless, airway

cilia numbers and length are normal,45,46 but without MCT, clear-

ance of many pathogens is compromised, and susceptibility to

bacterial or viral pathogens is enhanced. Other ciliary functions,

including trafficking of the intraflagellar transport complexes

(IFT), the microtubule-motor driven transport and signaling

system in cilia, are retained.46

To determine if SARS-CoV-2 spreads by MCT, we cultured

primary human nasal epithelial cells from three PCD patients

and tracked infection (Table S2). Nasal epithelial cells from

PCD patients have quantitatively normal cilia density and
tes highly extended microvilli to facilitate viral shedding/secretion

0 protein on microvilli.

staining of pEZR and phalloidin with ACTUB inmock or infected HNEsDonor 3

(middle panel). pEZR expression increased in SARS-CoV-2-infected HNEs

HNEs Donor 6 (right panel). Donors 4 and5 showed similar results.

epresentative IF staining of EBP50, phalloidin and SARS-CoV-2 SP for mock

k and infected HNEs Donor 3–6 (right panel). EBP50 expression increased in

(Donor 3) with MOI of 0.3 were fixed at 24 and 48 hpi. Cells were observed by

nors 3–6 (right panel). Error bars represent mean ± SD (200 ciliated HNEs were

represents not significant, paired, two-tailed Student’s t test. Red arrowhead:

96 hpi. Representative IF staining of SARS-CoV-2 NP, EZR, and phalloidin in

the length of EZR frommock and SARS-CoV-2-infected HNEs from Donors 3–

oV-2 infection induce overly long microvilli attached with virus particles at 24

tion.

EZR and phalloidin in DMSO-, NSC-668394 (40 mM)-, and SB-633825 (40 mM)-

- or drug-treated HNEs (3 h treatment) Donors 5–8 (down panel). pEZR and

MSO-treated cells.

e schematic).

nhibit SARS-CoV-2 infection in HNEs. Representative IF staining of SARS-CoV-

HNEs at 24 hpi (upper image) and 48 hpi (down image) (Donor 5). Quantified

n ± SD (3,000–4,000 HNEs were quantified Donors 4–8).

ts not significant, paired, one-way ANOVA with Tukey’s post-test. Each dot

m (I). See Figure S4 and Table S1.
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Figure 5. Mucociliary transport assists the spread of SARS-CoV-2

(A and B) Cilia beating does not alter viral entry but affects virus spread. (A) Infected HNEs (MOI 0.3) were stained at 24 and 48 hpi. Representative IF staining of

SP, ACTUB, and phalloidin in control versus PCD HNEs at 24 hpi (left image) and 48 hpi (right image). Quantified percentages of SP-positive ciliated HNEs (right

panels). Error bars represent mean ± SD (3,000–4,000 HNEs were quantified from infected control (Donors 5–8) and PCD HNEs (Donors 1–3, Tables S1 and S2).

(legend continued on next page)
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staining of IFT88 and ARL13B, two proteins essential for normal

ciliary protein trafficking (Figure S5A). The epithelial cells had

visible microvilli on their apical surfaces (Figure S5B). The

numbers of goblet cells in PCD and healthy samples were similar

(Figure S5C), as were levels of ACE2 and TMPRSS2 in nasal

epithelial cells (Figure S5D). Percentages of SARS-CoV-2-in-

fected cells at 24 hpi were similar in patients and healthy donors,

suggesting that mutations in the dynein axonemal heavy chain

do not affect initial infection rates (Figure 5A). However, at

48 hpi, PCD patients had fewer SARS-CoV-2-infected cells

than healthy donors, suggesting MCT is important later in infec-

tion (Figure 5A). At low MOI (48 hpi), healthy samples showed

long streaks of SP-positive epithelial cells that apparently traced

viral infections along the flows in the mucus layer. In PCD

nasal epithelial cells, SARS-CoV-2 only infected immediately

surrounding cells, forming small local plaques (Figure 5B). Gentle

pipetting to induce mechanical mucus flow increased the num-

ber of infected cells and infection area in PCD HNEs (Figure 5C).

These results provide a mechanism for why individuals with PCD

have no increased risk of infection or severe COVID-19 despite

defective mucociliary clearance (Figure 5D).47,48

We next sought to understand whether cell-to-cell contact is

important for SARS-CoV-2 transfer. TEM and IF staining showed

that cell boundaries and cell-cell junctions were intact, and no

obvious viral particles were present in the intracellular space in

SARS-CoV-2-infected nasal epithelium (Figures S5E and S5F).

The respiratory epithelium comprises multiple layers of cells.

However, until 48 hpi, only the uppermost cells faced to the

lumen were infected by the virus, with very few cells in lower

layers infected (Figures 1A and S1A). Thus, cell-to-cell contact

may not be the only pathway for viral spread in nasal epithelium.

Although the virus might spread through cell-to-cell contact in

nasal epithelium, we believe spreading depends on mucus

flow at the apical surface.

PAK1/4 regulate microvilli to facilitate SARS-CoV-2
budding and spreading
Given that regulatory kinases control cytoskeletal dynamics,

including microvilli,49 we asked how infection activates host

signaling pathways to modulate microvilli biogenesis, thereby

facilitating viral egress. We used global phosphoproteomics to

find protein kinases affected by SARS-CoV-2 infection. We in-

fected ALI-cultured HNEs with SARS-CoV-2 at an MOI of 0.3

for 6, 24, 36, and 48 hpi in parallel with mock controls. Cells

were harvested, and extracts were prepared for phosphoproteo-

mic mass spectrometry and signaling analysis. We used a

substrate-based kinase activity prediction model to determine

the activity of kinases from these large-scale phosphoproteomic

data. Themodel assumes that activity can be inferred through by

measuring downstream phosphorylation events.50 Using kinase
(B) Infected HNEs (MOIs 0.3, 0.03) were stained at 48 hpi. Representative IF ima

centages of SP-positive area (right panel). Error bars represent mean ± SD (data

(C) The simulated mucus flow allows redistribution of virus particles. SARS-CoV

petting 50 mL medium at24 hpi and were stained at 48 hpi. Representative IF ima

Donor 1) HNEs. Quantified percentages of SP-positive area (right panel). Error b

(D) Model illustratingmucociliary flow effects during SARS-CoV-2 spread. *p < 0.0

represents one donor. Scale bars represent 20 mm (A), 50 mm (C), and 100 mm (B
set enrichment analysis (KSEA),51,52 we assigned an enrichment

score (ES) (weighted Kolmogorov-Smirnov statistic) to each

kinase to reflect its activity in a manner analogous to that of

gene set enrichment analysis (GSEA).53 These scores reflect a

ranked statistical calculation of the most likely strong changes

in phosphorylation, not a simple fold-change difference. Differ-

ential expression of phosphosites in infected HNEs at 6, 24,

36, and 48 hpi was calculated, compared to controls, and

KSEA was performed based upon a kinase-substrate database

created using PhosphoSitePlus54 and NetworKin.55 Based on

the phosphoproteomics and KSEA, we identified 72 kinases

that are potentially highly activated after SARS-CoV-2 infection

(Figure S6A). These activated kinases may serve a variety of

functions important for the virus (endocytosis, viral replication,

viral assembly, and others) at various times in the viral life cycle.

To understand how SARS-CoV-2 modulates signaling pathways

that facilitate the viral egress from microvilli, we focused on

kinases related to microvilli or cytoskeleton regulation. We

focused on five kinases, including cytoskeleton reorganizing

p21-activated kinases 1 and 4 (PAK1 and PAK4),56 AKT serine/

threonine kinase (AKT1/2),57,58 mitogen-activated protein kinase

P38 Alpha (p38),59 mitogen-activated protein kinase 3 (ERK1),

and Rho-associated coiled-coil containing protein kinase 1

(ROCK1).60 We determined if these kinases are phosphorylated

in infected cells. All five were activated in SP-positive HNEs

(Figures 6A and S6B). Further, immunoblotting of infected HNE

cell lysates confirmed these observations (Figure 6B). These

results indicate that SARS-CoV-2 infection activates these five

kinases in HNEs.

To understand whether these five kinases regulate microvilli

structure, HNEs were pre-treated with kinase inhibitors and

infected. Infected ciliated HNEs and cytotoxicity were quanti-

fied at 48 hpi (Figures S6C and S6F). PAK1, PAK4, CAMK4,

and MAPKAPK2 inhibitors decreased infected cells. To deter-

mine which kinases regulate microvilli, we treated HNEs with ki-

nase inhibitors for 3 h. Cells were fixed and stained for pEZR

and phalloidin (Figures 6C and S6D). Only FRAX486, a PAK1-

selective inhibitor, and LCH-7749944, a PAK4-selective inhibi-

tor, significantly decreased expression of phalloidin and pEZR

staining in the microvilli (Figure 6C) and changed the microvilli

structure (Figure S6E), indicating a disruption in microvilli.

Treatment with these drugs caused no significant cytotoxicity

(as measured by adenylate kinase activity; Figure S6F). Inter-

estingly, PAK1 and PAK4 regulate the actin cytoskeleton and

filopodia.61–64 We treated infected HNEs with specific PAK1

and PAK4 kinase inhibitors. Neither affected early viral cell

entry. However, each reduced the number of SARS-CoV-2-

positive cells during viral egress at 48 hpi (Figure 6D). PAK4

inhibition affected virus replication the most. We used siRNA

to knock down EZR and PAK4 in HNEs and obtained similar
ges of SP in control (Donor 6) and PCD (PCD Donor 2) HNEs. Quantified per-

from Donors 5–8 and PCD Donors 1–3).

-2-treated PCD HNEs were exposed or not treated to mechanical flow by pi-

ges of SP in control (left image) and mechanical force (right image) PCD (PCD

ars represent mean ± SD (PCD Donors 1–3).

5, **p < 0.05, NS represents not significant, two-tailed Student’s t test. Each dot

). See Figure S5 and Tables S1 and S2.
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results (Figures 6E–6G). Conversely, PAK4 kinases inhibitor and

PAK4 siRNA showed little or no viral inhibition on ACE2-ex-

pressing A549 cells (Figures S6G and S6H). Thus, PAK1/4

signaling seems to regulate microvilli dynamics during SARS-

CoV-2 egress in nasal epithelium.

We next investigated downstream targets of PAK1 and

PAK4 to identify potential proteins that were phosphorylated at

36–48 hpi. Several phosphorylation sites were found among

phosphoproteomic data hits. PAK1 kinase candidates and asso-

ciated phosphorylation sites included ARHGEF2 (S151 and

S174), BAIAP2 (S325), and FLNA (S2152). PAK4 kinase candi-

dates included PAK4 (S181 and T207), MYH14 (T1503), and

PTPN14 (S578) (Figure S6I). ARHGEF2, BAIAP2, MYH14,

FLNA, PAK4, and PPP1R12A regulate actin cytoskeleton and fi-

lopodia.65–72 To examine their localization, we co-stained the

proteins with a microvillar marker in HNEs. BAIAP2 and

PTPN14 localized to the microvilli, and ARHGEF2 and MYH14

localized to the base of the microvilli (Figure S6J). Thus, PAK1

and PAK4 may regulate microvilli by phosphorylating down-

stream targets during infection. Proteins involved in cytoskeleton

and filopodia formation were phosphorylated by unidentified ki-

nases after infection (Figure S6K).73–78 These included

PPP1R12A, CDK16, and ANKRD35 localized to the base of

microvilli, suggesting pathways in SARS-CoV-2-regulated

microvilli elongation and viral egress (Figure S6L). The kinase

activities induced by SARS-CoV-2 suggest that SARS-CoV-2

stimulates microvilli-mediated viral egress and spread via

PAK1 and PAK4 signaling, suggesting potential therapeutic

targets (Figure 6H).

Finally, to confirm the effects of microvilli inhibitors in reducing

virus titer in vivo, we applied SLK and PAK4 kinases inhibitors to

K18-hACE2 transgenic mice by nasal spray. The PAK4 kinase

inhibitor partially repressed infection (Figure S7A), but the SLK

kinase inhibitor was less effective. One possible explanation is

that human and mouse nasal cavities differ dramatically. In the

mouse, �50% of the nasal cavity is olfactory epithelium (OE),
Figure 6. PAK1/4 regulate microvilli to facilitate SARS-CoV-2 budding

(A and B) SARS-CoV-2 infection hijacks host signaling pathways.

(A) Infected HNEs (MOI 0.3) were stained after 48 hpi. Representative images of

and ACTUB in virus-infected cells (SP) of mock-treated versus infected HNEs fro

(B) Immunoblots for pPAK1/2, pPAK4, pAKT1/2, pERK1/2, and pp38 protein exp

similar results.

(C and D) PAK1 and PAK4 kinases reorganize microvilli structure and inhibit vira

(C) Representative IF staining of pEZR and phalloidin in DMSO-, FRAX486 (20 u

pEZR and phalloidin from DMSO- or drug-treated HNEs from Donors 5–8 (lower

HNEs than DMSO. Error bars represent mean ± SD.

(D) SARS-CoV-2-treated HNEs were treated with FRAX486 (20 uM) and LCH-77

ACTUB, and phalloidin staining in DMSO- versus drug-treated infected HNEs at 24

SP-positive ciliated HNEs (right panel). Error bars represent mean ± SD (3,000–4

(E–G) Loss of EZR and PAK4 siRNA knockdown doesn’t affect viral entry at 24 h

(E) Representative IF staining of SARS-CoV-2 SP, ACTUB, and phalloidin staining

48 hpi (down image), Donor 6.

(F) Quantified percentages of SP-positive ciliated HNEs (right panel). Error bars r

(G) Immunoblot showing depletion of EZR or PAK4 in HNEs. (C, D, and F) *p < 0.05

with Tukey’s post-test. Each dot represents one donor.

(H)Model for SARS-CoV-2 entry, egress, and spread in nasal airway. (1) SARS-Co

infection. (2) SARS-CoV-2 hijacks PAK1 and PAK4 signaling to elongate micro

extended microvilli from the base to the mucus layer, allowing virus spreads throu

and 50 mm (E). See Figure S6 and Table S1.
and the rest is largely ciliated (respiratory) epithelium (RE). In

humans, OE constitutes only�3%of the cells in the nasal cavity,

and the rest are primarily RE. In the human, ciliated cells in the RE

are the main target cell type for SARS-CoV-2 in the nasal cav-

ity.2,10–13,79 K18-Ace2 mice express the ACE2 receptor ubiqui-

tously, which can contribute to a different profile of infected cells

as compared to humans.

Omicron variants are more efficient in infecting nasal
epithelia cultures
In 2022, Omicron BA.1 (B.1.1.529) rapidly replaced Delta

(B.1.617.2) as the dominant circulating form.80,81 Its SP protein

has 37 amino acid substitutions, 15 in the receptor binding

domain, suggesting that Omicron increased infectivity and trans-

mission by altering virus-receptor binding. More recently, BA.4

and BA.5 displaced BA.1 and BA.2. Thus, Omicron variants

may have a replication advantage in the upper respiratory tract

from which the virus is transmitted from person to person.

Intriguingly, the Omicron virus load from nasal and saliva sam-

ples is lower than previous variants.82

To characterize Omicron replication in the nasal epithelium,

we determined the spatial and temporal infection pattern of

D614G, Delta, and Omicron variants in HNE ALI cultures.

D614G and Delta had similar characteristics (1%–3% positive

cells at 6 and 24 hpi and 70%–80% at 48 hpi). In contrast,

Omicron variants showed a notable increase of infected cells

at early timepoints (�10% at 6 hpi and �40% at 24 hpi)

(Figures 7A and S7B). Interestingly, the viral titer of infectious

D614G in Vero cells was higher than Delta andOmicron, implying

that the infection mechanism varies in 2D and 3D cultures (Fig-

ure S7C). Omicron SP may bind more strongly to the ACE2 re-

ceptor.83 We determined if Omicron variants are more likely to

bind to motile cilia. By using time-lapse, live-cell microscopy,

we determined that more pseudovirion QD585-Omicron RBDs

(BA.1) attached to motile cilia than did D614G RBD in ALI-

cultured HNEs at 4 hpi (Figure S7D). Thus, Omicron variants
and spreading

phospho-PAK1/2 (pPAK1/2, left image), phospho-PAK4 (pPAK4, right image),

m Donor 1. Donors 2–4 showed similar results.

ression in mock versus infected HNEs (48 hpi, Donor 6). Donors 7–8 showed

l egress.

M)-, and LCH-7749944 (20 mM)-treated HNEs from Donor 3. Quantification of

panel) is shown. pEZR and phalloidin staining was lower in drug-treated (3 h)

49944 (20 uM) as in Figure 5H. Representative IF staining of SARS-CoV-2 SP,

hpi (upper image) and 48 hpi (down image), Donor 5. Quantified percentages of

,000 HNEs Donors 4–8).

pi but significantly inhibits viral egress at 48 hpi.

in siControl versus siEZR- or siPAK4-treated HNEs at 24 hpi (upper image) and

epresent mean ± SD (3,000–4,000 HNEs Donors 6–8).

, **p < 0.01, ***p < 0.001, NS represents not significant, paired, one-way ANOVA

V-2 binds to cilia to cross the barrier and allowHNEs entry during early stages of

villi and facilitate viral egress. (3) Virus attached to microvilli is carried along

ghout the tissue mucus layer. Scale bars represent 5 mm (C), 20 mm (A and D),
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enter and replicate more efficiently in nasal epithelium than

D614G and Delta, possibly due to an enhanced interaction

with its receptor. To confirm that the entry of Omicron is higher

than D614G virus, we used a competition assay with D614G

and a chimeric virus harboring Omicron BA.1 SP in the WA1

backbone. Virus was engineered to express RFP and GFP pro-

teins. IF showed that WA1-BA.1-spike-GFP is overwhelmingly

superior to D614G-RFP for infecting cells (Figure S7E). Determi-

nants within spike protein seem to be responsible for the

increased replication fitness of the Omicron variants. The ability

of Omicron to spread within the nasal epithelium without a lag

phase suggests a mechanism for how Omicron variants dis-

placed previous variants and became responsible for most

global COVID infections.

Finally, we determined if SARS-CoV-2 variants used motile

cilia and microvilli for entry and egress. Depletion of cilia with

lentivirus expressing CEP83 shRNA inhibited Delta and Omicron

infections at 48 hpi in HNEs (Figure 7B). SLK and PAK4 inhibitors

also blocked Delta and Omicron viral egress at 48 hpi in HNEs

(Figure 7C). Thus, inhibiting viral entry in airway cells is effective

even for highly infectious variants.

DISCUSSION

Here, we discovered that SARS-CoV-2 preferentially infects

ciliated HNEs and not goblet or basal cells in ALI-cultured human

nasal epithelium. We used an ALI airway organoid model with

many nuances of the airway in vivo. Strikingly, this culture has

a substantial kinetic delay (24–48 h), compared to tissue culture

models, which we established as linked to airway barrier func-

tion. With EM and IF microscopy, we tracked the detailed steps

required for viral entry in the airway. The virus attaches first to

airway multicilia via the ACE2 receptor, and that binding and

ciliary trafficking are critical for the virus to traverse the mucus-

mucin protective barrier. Depleting cilia blocked SARS-Co-2

infection in ALI cultures, but depleting mucins with purified mu-

cinase accelerated viral entry. At 24–48 h, viral numbers

increased in parallel with a substantial rearrangement and

expansion of microvilli in epithelial cells and activation of

PAK1, PAK4, and SLK kinases. Inhibitors of these kinases

blocked late viral spread, but not initial binding to cilia. PAK

kinase inhibitors attenuated viral spread in mice. The importance

of these distinct steps in virus entry is underscored by our finding

that recent highly infectious variants of SARS-CoV-2 accelerate

infection into the ALI model airway by more than 24 h. Other

respiratory viruses require the airway multicilia, suggesting that

targeting virus interactions with cilia or microvilli is a broad
Figure 7. Higher viral entry and replication of Omicron in human nasal

(A) Omicron variants show notable increase of infected cells at early timepoints.

strain-infected HNEs (MOI 0.3) were stained at 6 (left), 24 (middle), and 48 hpi (r

ACTUB. Quantified percentages of NP- and SP-positive ciliated nasal epithelial

(B andC) Cilia andmicrovilli remain critical in Delta andOmicron infections. (B) SAR

IF staining for SP and ACTUBwith phalloidin in shControl and shCEP83 Delta (left)

HNEs (right panel). Error bars represent mean ± SD (3,000–4,000 HNEs Donors

(C) SARS-CoV-2 variant-treated HNEs were treated with SB-633825 (40 mM) and L

2 SP, ACTUB, and phalloidin staining in DMSO- versus drug-treated Delta (left)-

ciliated HNEs (right). Error bars represent mean ± SD (3,000–4,000 NHEs Donors

and C) or paired, two-tailed Student’s t test (B). Each dot = one donor. Scale ba
strategy for blocking airway entry and virus spread for new

respiratory viruses.

Only a low percentage of SARS-CoV-2 infects ciliated HNEs at

24 hpi, even at high titers. We suspect the virus cannot penetrate

the PCL of most cells and requires a previously unidentified

gateway. The mucus and PCL in airway epithelium block entry

of pathogens and particles over 40 nm.6 Depleting MUC1

partially increased influenza infection,8,9 indicating the impor-

tance of the PCL as a physical barrier against viruses.

Using multiple imaging techniques, we showed that SARS-

CoV-2 attaches with high efficiency to the distal ends of cilia

during early infection (<6 h). Depleting cilia in nasal epithelial cells

inhibited infection without affecting ACE2 and TMPRSS2 levels.

We propose that cilia facilitate early viral attachment and

passage through the PCL layer. Accordingly, the cilia could serve

as a high-density binding lattice mediated by ACE2, forming an

avidity trap to allow viral particles to find target cells via a multi-

valent binding ‘‘landing pad,’’ leading to superselectivity.84 Two

non-exclusive mechanisms of entry are possible. First, SARS-

CoV-2 interacts with ACE2 and TMPRSS2 at the cilia surface

to trigger membrane fusion into cilia and release of the viral

RNA genome, which could be transported from the cilium to

the cytoplasm by ciliary dynein.1 Alternatively, cilia-attached

SARS-CoV-2 could be transported along the surface of cilia by

cycles of release and rebinding85 and bind to ACE2 on the

epithelial cell body surface, directing the virus to undergo

TMPRSS2-mediated membrane fusion.86 In this case, the vi-

rus-ACE2 complex could be transported by the dynein-depen-

dent retrograde intraflagellar transport down the cilium to the

epithelial cell apical surface.

SARS-CoV-2 egress is even less understood. We described

the structure of microvilli in ciliated HNEs. SARS-CoV-2 is local-

ized to and exits via the microvilli at 24 hpi, and SARS-CoV-2

infection promotes formation of dome-like structures at the

base of microvilli and highly branched and highly extended

microvilli over time. Although the mechanisms and conse-

quences of these rearrangements are unknown, SARS-CoV-2

induced the highly extendedmicrovilli to penetrate the PCL layer,

and concatenated chains of virus formed on the extended

microvillar structure. These viral chains appear to accumulate

in the mucus layer and to use MCT to infect other cells. This

hypothesis agrees with our findings in cells from PCD patients.

PCD patients seem to have no increased risk of infection.47

Disrupting microvilli with two distinct inhibitors had little to no

effect on viral entry but severely inhibited viral exit. Thus, cilia

may facilitate infection early on, and microvilli may mediate later

stages of infection. Our study provides potential valuable targets
epithelium

Mock-treated or SARS-CoV-2 D614G, Delta, and Omicron (BA.1, BA.4, BA.5)

ight). Representative IF images of HNEs stained for SP, NP, and CED marker

cells or goblet cells (right panel).

S-CoV-2 variants infected HNEs (MOI 0.3) were stained 48 hpi. Representative

- or Omicron BA.1 (right)-infected HNEs. Quantified percentages of SP-positive

6–8).

CH-7749944 (20 mM) as in Figure 5H. Representative IF staining of SARS-CoV-

or Omicron BA.1 (right)-infected HNEs. Quantified percentages of SP-positive

6–8). (A–C) **p < 0.01, ***p < 0.001, One-way ANOVA with Tukey’s post-test (A

rs represent 20 mm.
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for drug repurposing against COVID-19. A nasally delivered drug

that transiently inhibits microvillar reprogramming in the upper

respiratory tract may have the advantage of non-invasive deliv-

ery with less systemic toxicity or adverse effects.

Finally, using unbiased phosphoproteomic analysis, we found

that SARS-CoV-2 regulates the cytoskeleton and microvilli by

activating PAK1 and PAK4 to facilitate viral egress and spread.

PAK1 and PAK4 kinase inhibitors inhibited SARS-CoV-2 cell

egress and spread but did not affect entry. We identified several

undescribed microvilli- or cytoskeleton-associated proteins as

downstream targets of PAK1 and PAK4. They regulate filopodia

or cytoskeleton and represent critical markers of viral reprog-

ramming and possibly therapeutic targets.71,87–90 Lastly, we

identified potential microvilli- or filopodia-associated proteins

that are phosphorylated during SARS-CoV-2 infection. Their

roles remain to be explored.

Omicron is the dominant variant in the world circa 2022, but

the mechanisms for its higher transmissibility are unclear. Our

results indicate that, at similar MOIs (as measured in Vero cells),

Omicron infected 40% of cells at 24 hpi, compared to 3%–5%

for D614G and Delta. The number of cells infected by Omicron

also increased at 6 hpi. Themore efficient binding of theOmicron

variant RBD to ACE2 and motile cilia provides a parsimonious

explanation for the increased initial numbers of infected cells.

While cilia facilitate SARS-CoV-2 infection early on, microvilli

mediate the later stages of viral infection, allowing particles to

spread to other cells. We found several potential targets for anti-

viral drug therapies with new inhibitors or repurposing of existing

inhibitors. Topical administration of kinase inhibitors to the nasal

mucosa may modulate microvilli function and avoid undesirable

systemic off-target effects for systemic treatment.

Motile cilia-regulated mucociliary clearance is important for

the functioning of the human respiratory tract. Therefore,

research has focused on howmotile cilia beat, but little is known

about how motile cilia directly function as a sensory organ and

how signaling and airway remodeling are regulated. Specifically,

there is very little understanding on whether ciliary proteins and

receptors are specifically transported into and out of the motile

cilia to regulate and maintain sensory function, and whether

motile cilia are regulated by IFT and Bardet–Biedl syndrome

complexes that regulate protein trafficking in primary cilia,91

although clearly these pathways have an effect on airway

function and morphology.92

Limitations of the study
The sample sizes of HNEs were limited by tissue availability and

the challenges of conducting experiments under BSL3. Samples

from PCD patients were especially limited, as the estimated

prevalence of PCD is 1:10,000 to 1:20,000 live-born children.93

Although patients with PCD share similar defective mucociliary

clearance, mutations in >40 genes cause PCD with varying de-

grees of severity. Therefore, our findings are not necessarily

representative of all PCD patients.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-SARS-CoV-2-NP GeneTex Cat# GTX135361; RRID: AB_2887484

Mouse anti-SARS-CoV-2-NP Thermo Fisher Cat# MA1-7403; RRID: AB_1018420

Mouse anti-SARS-CoV-2-SP GeneTex Cat# GTX632604; RRID: AB_2864418

Rabbit anti-ACE2 Abcam Cat# ab15348; RRID: AB_301861

Mouse anti-TMPRSS2 Millipore-Sigma Cat# MABF2158

Mouse anti-acetylated tubulin (ACTUB) Santa Cruz Cat# sc-23950 RRID:AB_628409

Mouse anti-MUC5AC Abcam Cat# ab212636

Rabbit anti-MUC1 Millipore-Sigma Cat# HPA008855 RRID:AB_1846283

Rabbit anti-CX3CR1 Abcam Cat# ab8021 RRID:AB_306203

Mouse anti-FOXJ1 Thermo Fisher Cat# 14-9965-82 RRID:AB_1548835

Mouse anti-RSV Millipore-Sigma Cat# MAB858-1 RRID:AB_11203839

Mouse anti-PIV type 1 Novus Biologicals Cat# NB100-63036 RRID:AB_964926

Mouse anti-PIV type 3 Novus Biologicals Cat# MAB10207 RRID:AB_827567

Rabbit anti-EBP50 Thermo Fisher Cat# PA1-090 RRID:AB_2191493

Mouse anti-EZR Sigma-Aldrich Cat# E8897 RRID:AB_476955

Rabbit anti-phospho-EZR Cell Signaling Cat# 3726T RRID:AB_10560513

Rabbit anti-SLK Millipore-Sigma Cat# HPA015757RRID:AB_1857236

Rabbit anti-SLK Millipore-Sigma Cat# HPA015757 RRID:AB_1857236

Rabbit anti-CEP164 Sigma-Aldrich Cat# HPA037605 RRID:AB_10672908

Rabbit anti-IFT88 ProteinTech Cat# 13967-1-AP RRID:AB_2121979

Mouse anti-ARL13B NeuroMab Cat# 75-287

RRID:AB_2341543

Rabbit anti-b-catenin Thermo Fisher Cat# AHO0462 RRID:AB_1500389

Rabbit anti-Phospho-PAK4 Cell Signaling Cat# 3241S RRID:AB_2158623

Rabbit anti-PAK4 Cell Signaling Cat# 62690S RRID:AB_2827508

Rabbit anti-Phospho-AKT Abcam Cat# ab192623

Rabbit anti- Phospho-Erk1/2 Cell Signaling Cat# 9101S RRID:AB_331646

Mouse anti- Phospho-Erk1/2 Cell Signaling Cat# 9107 RRID:AB_10695739

Rabbit anti-Phospho-p38 Cell Signaling Cat# 4511T RRID:AB_2139682

Rabbit anti-BAIAP2 Millipore-Sigma Cat# HPA027421 RRID:AB_10602392

Rabbit anti-PTPN14 Millipore-Sigma Cat# HPA053864 RRID:AB_2682281

Rabbit anti-ARHGEF2 Millipore-Sigma Cat# HPA043437

RRID:AB_2678481

Rabbit anti-MYH14 Millipore-Sigma Cat# HPA067889

RRID:AB_2685917

Rabbit anti-CDK16 Millipore-Sigma Cat# HPA001366

RRID:AB_1079584

Rabbit anti-PPP1R12A Millipore-Sigma Cat# HPA071956

RRID:AB_2732192

Rabbit anti-ANKRD35 Millipore-Sigma Cat# HPA035453

RRID:AB_10672864

Rabbit anti-Phospho-JNK1/2 Cell Signaling Cat# 4668T

Rabbit anti-Phospho-PAK1/2 Cell Signaling Cat# 2601S

PRID: AB_330220

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse anti-DM1a Santa Cruz Cat# sc-32293

RRID:AB_628412

Bacterial and virus strains

SARS-CoV-2 D614G Joe De-Risi Lab, UCSF SARS-CoV-2/human/USA/CA-UCSF-0001C/2020

SARS-CoV-2 BA.1 Melanie Ott Lab, UCSF B.1.1.529 (California Department of Health)

SARS-CoV-2 BA.4 Melanie Ott Lab, UCSF Clinical isolates

SARS-CoV-2 BA.5 Melanie Ott Lab, UCSF Clinical isolates

Respiratory Syncytial Virus Mark Peeples Lab, Rush-Presbyterian-

St. Luke’s Medical Center

A2 strain

Parainfluenza Virus Raymond Pickles Lab, University of

North Carolina at Chapel Hill

JS strain

Biological samples

Human primary nasal epithelial cells Jayakar Nayak lab and Carlos Milla Lab,

Stanford University

Tables S1 and S2

K18-hACE2 mice Jackson laboratory 034860

Chemicals, peptides, and recombinant proteins

DMSO Sigma-Aldrich Cat# 276855

Alexa Fluor� Plus 647 Phalloidin Invitrongen A30107

DAPI Bio Trend Cat# 40043

Pen/Strep Thermo Fisher Cat# 15140163

Paraformaldehyde AlfaAesar Cat# 433689M

Normal Donkey Serum Jackson ImmunoResearch Cat# 017-000-121

NP40 Sigma Cat# 11332473001

SiR-Tubulin Cytoskeleton Inc. Cat# CY-SC002

RBD protein BPS Bioscience Cat# 100688

Qdot� 585 Streptavidin Conjugate Thermo Fisher Cat# Q10111MP

StcE Carolyn Bertozzi Lab, Stanford University NA

BSA Sigma-Aldrich Cat# A6003-25G

1X PBS Corning Cat# 46-013-CM

Triton X-100 USB Cat# 22686

OCT compound VWR Cat# 25608-930

Saponin Sigma-Aldrich Cat# S7900

SARS-CoV-2 neutralizing antibody Michael S. Diamond, Washington

University in St. Louis

NA

Ciliobrevin D Sigma-Aldrich Cat# 250401

Camostat Millipore-Sigma Cat# SML0057

Hydroxychloroquine Cayman Cat# 17911

NSC-668394 Sigma-Aldrich Cat# 341216

SB-633825 MCE Cat# HY-108333

FRAX486 Cayman Cat# 24682

LCH-7749944 MCE Cat# HY-125035

KN-93 Cayman Cat# 13319

MK-2206 Santa Cruz Cat# sc-364537

Y27632 Santa Cruz Cat# sc-281642A

MK2IV Cayman Cat# 14399

ARRY797 Biovision Cat# B2462-5

Critical commercial assays

Adenylate kinase cytotoxicity bioassay LONZA Cat# LT17-217

In Situ Cell Death Detection Kit, TMR red Sigma-Aldrich Cat# 12156792910

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TaqMan 2019-nCoV Control Kit v1 Thermo Fisher Cat# A47533

RNAscope� Multiplex Fluorescent Reagent

Kit v2

Bio-Techne Cat# 323100

TSA Cyanine 3 Akoya Biosciences Cat# NEL744001KT

High-Select Fe-NTA Phosphopeptide

Enrichment Kit

Thermo Scientific Cat# A32992

Deposited data

Phosphoproteome of SARS-CoV-2 infected

Human Nasal Epithelium

This paper PRIDE Project ID: PXD028123

Oligonucleotides

Human CEP83 shRNA Dharmacon Cat# SQ-20.0061

Non-Targeting Control Pool Dharmacon Cat# D-001910-10-50

Human EZR siRNA Dharmacon Cat# E�017370-00-0020

Human PAK4 siRNA Dharmacon Cat# E�003615-00-0020

ACE2 (Hs00222343_m1) Life Technologies Cat# 4331182

TMPRSS2 (Hs00237175_m1) Life Technologies Cat# 4331182

CX3CR1 (Hs01922583_s1). Life Technologies Cat# 4331182

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Zen black Carl Zeiss https://www.zeiss.com/microscopy/us/products/

microscope-software/zen.html

GraphPad Prism 6 GraphPad https://www.graphpad.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Peter Jack-

son (pjackson@stanford.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The analysis code used to support the findings of this study are available at https://doi.org/10.5281/zenodo.7343831.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary human nasal cell culture
Human tracheobronchial epithelial cells were obtained from patients who underwent bronchoscopy or surgical lung resection during

diagnostic procedures for pulmonary diseases at Stanford (Tables S1 and S2). Nasal epithelial cultures were generated using an

already well-established protocol in our laboratories.28 After obtaining informed consent (Stanford IRB protocol #42710), subjects

underwent brushing of the inferior turbinate from both nasal cavities to obtain a cell sample. The sample was immediately transferred

to the laboratory and dissociated in a 1:1 mixture of proteolytic enzymes (Accutase, Thermo Fisher Scientific Inc.) and nonenzymatic

cell dissociation solution (C5914, Millipore-Sigma Inc.) for 10 min at 37�C. After gentle agitation the cells were pelleted, resuspended

in basal cell proliferation media (PneumaCult-Ex Plus medium, STEMCELL Technologies, Vancouver, Canada) supplemented with

antibiotics and plated on collagen-coated Transwell inserts (0.33 cm2) at a density of 20,000 cells per insert with media added to

both the basal and apical sides. Once the cells were fully confluent, the media was replaced with PneumaCult-ALI medium

(STEMCELL Technologies, Vancouver, Canada) in the basal chamber and the apical surface exposed to provide an air liquid interface

(ALI). Monolayers were grown at ALI for an additional 3 weeks to promote differentiation into a nasal epithelium with basal, multici-

liated and secretory cells.
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Cells lines
Cells used for this study include ACE2-expressing A549 and Vero-E6 cells. ACE2-expressing A549 cells were cultured in DMEM high

glucose/F12 medium supplemented with 10% fetal bovine serum (Sigma) and 1x penicillin/streptomycin/glutamine (100xPSG,

GIBCO). Vero-E6 cell line (ATCC#1586) was maintained in Minimum Essential Medium (MEM, GIBCO) supplemented with 10% fetal

bovine serum (FBS, GIBCO), 1% Penicillin-Streptomycin-Glutamine (GIBCO) at 37�C in a humidified 5% CO2 incubator.

Viruses
A clinical isolate: SARS-CoV-2 strain (D614G) is a gift from Sara Sunshine (UCSF). Clinical isolates: SARS-CoV-2 BA.1, BA.4, and

BA.5 are gifts fromMelanie Ott (UCSF). SARS-CoV-2 cell culture were performed in the Biosafety level 3 (BSL-3), under the guidance

and protocols approved by UCSF Biosafety committees. (See method detail and key resource table).

Mice strains
C57BL/6J mice were purchased from Jackson Laboratory (000664). K18-hACE2 mice (Winkler et al., 2020) were purchased from

Jackson Laboratory (034860, B6. Cg-Tg(K18-ACE2)2Prlmn/J, Hemizygous). The K18-hACE2 mice were inbred and housed at the

BSL3 level. Male mice between 8 and 10 weeks of age were used for SARS-CoV-2 infection. All mice were maintained under specific

pathogen-free conditions at the UCSF and Stanford animal care facility. Mice were cared for and all experiments were approved by

the Administrative Panel on Laboratory Care and the Institutional Animal Care and Use Committee (IACUC) of at UCSF and Stanford

University.

METHOD DETAILS

Virus production, cell infection, and drug treatment
A549 cells stably expressing ACE2 under the CMV promoter were infected with SARS-CoV-2 clinical isolate of the pandemic D614G

variant (SARS-CoV-2/human/USA/CA-UCSF-0001C/2020, kindly provided by Sara Sunshine and Joe De-Risi) with MOI �0.05 in

MEM medium supplemented with 2% FBS and penicillin/streptavidin (Gibco). 3 days after infection, the medium was collected

and cleared from cell debris by centrifugation at 3,000 g for 10 min at 4C. Omicron and Delta variants were isolated with the use

of Vero-hACE2-TMPRSS2 cells (BEI NR-54970). Briefly, 200 mL of nasal specimenswere added to awell of a 96-well plate and serially

diluted 1:1 over five additional wells. 100 mL of freshly trypsinized cells, resuspended in infection media (DMEM with 10% FBS and

200 u/mL penicillin/streptomycin, 5 mg/mL amphotericin B) at 2.5x105 cells/mL, were added to each sample dilution. Cells were

cultured at 37�C with 5% CO2 and checked for cytopathic effect from day 2–3. Supernatants were harvested on day 3 after inocu-

lation. 200 mL of P0 was used to infect a confluent T25 flask to generate a P1 culture, harvested after 3 days. Viruses were passaged

for 3 times after isolating to get enough higher titer (>107 PFU/mL). RFP-labeled D614G and GFP-labeled chimeric virus with an

Omicron spike protein in the backbone of WA1 strain was kindly provided by Dr. Luis Martinez-Sobrido in Texas Biomedical

Research Institute. Both fluorescent protein-labeled viruses were propagated in Vero-hACE2-TMPRSS2 cells (BEI NR-54970). Viral

titers were quantified with plaque assays. The genotype was confirmed by sequencing. To infect the cells, 100 uL of virus suspension

(MOI 0.03–3) was added to the top of the ALI-cultured HNEs and incubated at 37�C for the indicated time. Small molecules were

dissolved in DMSO (276855, Sigma-Aldrich). For treatment of HNEs, media containing drugs was added to ALI cultures (100 mL

to the apical chamber and 500 mL to the basement chamber). The dose used for each drug and treatment are shown in the figure

or figure legend. StcE was kindly provided by Dr. Carolyn R. Bertozzi at Stanford University. ARRY-797 was from Biovision. SB-

633825, LCH-7749944, and NSC305787 were from MCE. FRAX486, KN-93, and MK2 IV were from Cayman. MK-2206 and

Y-27632 were from Santa Cruz Biotechnology. NSC668394 was from Sigma. Staurosporine was from Tocris. SARS-CoV-2 neutral-

izing antibody was kindly provided by Michael S. Diamond, Washington University in St. Louis. For the SARS-CoV-2 monoclonal

antibody blocking experiment, the virus was preincubated with blocking antibody at the 10 mg/mL final concentration for 1 h at

37�C. SARS-CoV-2 cell culture and animals works were performed in the Biosafety level 3 (BSL-3), under the guidance and protocols

approved by UCSF Biosafety committees.

Viral RNA isolation and qPCR
Genomic RNA was extracted from cell pellets using Trizol (Ambion), according to manufacturer instructions. RNA was treated with

DNAse I (NEB) and used as a template to reverse-transcribe cDNA by Iscript kit (NEB). qPCR reactions were done using the Luna Uni-

versal qPCRMasterMix (NEB) and aCFXconnect qPCRDetection System (BioRad). To determine the number of vRNAcopies permL,

plasmidscontaining thenucleocapsidgeneofSARS-CoV-2 (cloned fromtheUSAWA1/2020 isolate)wereusedasstandardsanddiluted

serially 10-fold to determine target copy numbers. Threshold cycle (Ct) valueswere plotted against the number of target copies, and the

resultant standard curvewas used to determine the number of genome equivalents of vRNA in the samples. For cell pellet samples, the

vRNA copy number was normalized to the housekeeping geneHRT1. All samples werewithin the range of linearity of a standard curve,

and the primer efficiencies were 100% +/� 5%. The primer sequences targeting nucleocapsid were: 50- TCCTGGTGATTCTTCTT

CAGG-30 and 50-TCTGAGAGAGGGTCAAGTGC-30. HRT1 primers sequences are: 50-GGTCCTTTTCACCAGCAAGCT-30 and 50-TGA

CACTGGCAAAACAATGCA-30.
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Mouse experiments for SARS-CoV-2
K18-hACE2 mice94 (The Jackson laboratory, https://www.jax.org/strain/034860, stock number: 034860, B6. Cg-Tg(K18-ACE2)

2Prlmn/J, Hemizygous). In all the experiments we performed, the mice were under anesthesia and at the BSL3 level. K18-hACE2

mice were anesthetized and infected with SARS-CoV-2 for72 h. Animals were then sacrificed, and samples were harvested, fixed

in 4% PFA, embedded in paraffin wax, and cut into 5-mm sections.

Toxicity test in animals
Natural products were delivered intranasally. Briefly, C57B6/J mice were anesthetized with isoflurane and inoculated with solvent

and compounds with different diluted concentrations in 50 mL (6.5, 3.25, 1.63 mg/kg). Mice were treated every 24 h for 3 days.

No obvious toxicity was observed up to 6.5 mg/kg/mouse by intranasal inoculation.

Antiviral effect test in mouse models
The SARS-CoV-2 experiments were performed in 8-10-week-old hemizygous K18-hACE2 mice.

For K18-hACE2 mice, at day 0, we administered solvent, SB-633825 and LCH-7749944 and at the same time, 1000 PFU of

SARS-CoV-2 in 50 mL (25 mL of virus solution in PBS plus 25 mL of drug solution or solvent) intranasally (I.N.). Then, SB-

633825 and LCH-7749944 were administrated I.N. one time per day for 2 days. Mice were anesthetized with isoflurane before

intranasal infection. This experiment was repeated twice independently, a total of 4 mice were used in each control or drug-treated

group. For virus tissue distribution, at 3 days post-infection (d.p.i.), animals were humanely euthanized. Lungs were harvested.

Lungs were weighted and homogenized in 1 mL of 2% FBS MEM medium with gentle MACS - C tubes (Miltenyi Biotec Catalog#

130-093-237). Samples were centrifuged at 3000 rpm for 10 min, and the supernatant was transferred to a new set of tubes and

then frozen at �80�C for viral titration via plaque assay. Infectious titers were quantified by plaque assay titration using Vero-E6

cells as described above. Unpaired t test was used for tissue distribution analysis.

Plaque assay
Confluent monolayers of Vero-E6 cells grown in six-well plates were incubated with the serial dilutions of virus samples (250 mL/well)

at 37�C for 1 h. Next, the cells were overlayed with 1% agarose (Invitrogen) prepared with MEM supplemented with 2% FBS and 1%

penicillin-streptomycin-glutamine (100x, Gibco Invitrogen). After 3 days, cells were fixed with 4% formaldehyde for 2 h, the overlay

was discarded, and samples were stained with crystal violet dye.

Lentiviral constructs and lentivirus preparation and infection
Lentiviruses were produced by transfection of HEK293T cells with lentiviral vectors carrying the gene of interest and pMD2.G (12259;

Addgene) and psPAX2 (12260; Addgene) packaging constructs. Supernatants were collected and concentrated by PEG-it (System

Biosciences). Lentiviral constructs coding for shRNAs targeting human CEP83 were obtained from Dharmacon. Human CEP83

shRNA targeting sequences were: (TGGAGACAGTGGATTGACA, TCAAGCACCTGTTTAATGA, and CCAATGAGAGAACGTTTTA).

HNEs were infected with lentivirus on day 2 of culture using spin infection following EGTA treatment to temporarily disrupt epithelial

junctions.95,96 Briefly, HNEs were treated with 12 mMEGTA in 10mMHEPES, pH 7.4 to the apical for 25min at 37�C and centrifuged

at 1,500 g for 80 min at 32�C.

siRNA transfection in HNEs
All siRNAs were obtained from Dharmacon/Horizon Discovery: Accell siRNA SMARTPool Human Non-Targeting Control Pool

(D-001910-10-50); Accell siRNA SMARTPool Human EZR (E�017370-00-0020); and Accell siRNA SMARTPool Human PAK4

(E�003615-00-0020). siRNAs were resuspended to 100 mM using 13 siRNA buffer (Dharmacon, B-002000-UB-100) and incu-

bated at room temperature for 1 h on a shaker. Passive transfections were performed by adding 1 mM Accell siRNA final

concentration to differentiation medium of ALI cultures after 21 days of ALI culture. siRNA concentration was maintained

throughout the differentiation protocol with fresh siRNA added with each refeed over the 3 weeks.

IF immunohistochemistry (IF IHC) of cryosections
For cryosections, fully matured HNEs were fixed in 4% paraformaldehyde in 1X PBS for 30 min, followed by three 5 min washes with

1X PBS and equilibration in 30% sucrose/1X PBS overnight. Tissue specimens were processed for OCT embedded, 10-mmcryosec-

tions. Cryosections were blocked with 5% normal donkey serum (017-000-121, Jackson ImmunoResearch) in IF buffer (3%BSA and

0.4% saponin in PBS; for all else: 3% BSA and 0.1% NP-40 in PBS) at room temperature for 1 h. HNEs were incubated with primary

antibodies in the IF buffer for overnight at 4�C, followed by 3washeswith the IF buffer. Sampleswere then incubatedwith fluorescent-

labeled secondary antibody at room temperature for 1.5 h, followed by a 5min incubation with 40,6-dia-midino-2-phenylindole (DAPI)

in PBS at room temperature for 5 min and 3 washes with IF buffer. Coverslips were mounted with Fluoromount-G (0100-01,

SouthernBiotech) onto glass slides followed by image acquisition.
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IF immunohistochemistry (IF IHC) of FFPE sections
The tissue sections were cut to 4 mm thickness onto frosted glass slides at the Stanford University Histology Service Center and Uni-

versity Hospital Basel. Deparaffinization, rehydration, and heat-induced epitope retrieval (HIER) were performed on an ST4020 small

linear stainer (Leica). For deparaffinization, slides were baked at 70�C for 1 h, followed by rehydration in descending concentrations of

ethanol (100% twice, 95% twice, 80%, 70%, ddH2O twice; each step for 30 s). HIER was performed in a Lab VisionTM PT module

(Thermo Fisher) using Dako Target Retrieval Solution, pH 9 (S236784-2, DAKO Agilent) at 97�C for 10 min and cooled down to 65�C.
After further cooling to room temperature for 30 min, slides were washed for 10 min three times in Tris-buffered saline with 0.1%

Tween 20 detergent (TBST). Sections were then blocked in 5% normal donkey serum (D9663, Sigma-Aldrich) in TBST at room tem-

perature for 1 h, followed by incubation with primary antibodies in the blocking solution. After one overnight incubation of primary

antibodies at 4�C, sections were washed for 10 min three times with TBST and stained with the appropriate secondary antibodies

in PBS with 3% BSA, 0.4% saponin, and 0.02% sodium azide at room temperature for 1 h. Following this, sections were washed

for 10 min three times each with TBST and mounted with Pro-Long Gold Antifade mounting medium with DAPI (Invitrogen).

Antibodies and reagents
Antibodies used include the following: rabbit anti-SARS-CoV-2-NP (GeneTex, GTX135361, 1:2,000), mouse anti-SARS-CoV-2-NP

(Thermo Fisher, MA1-7403, 1:200), mouse anti-SARS-CoV-2-SP (GeneTex, GTX632604, 1:600), rabbit anti-ACE2 (Abcam,

ab15348, 1:100), mouse anti-TMPRSS2 (Millipore, MABF2158, 1:50), rabbit anti-Phospho-PAK1/2 (Cell Signaling, 2601S, 1:200),

rabbit anti-Phospho-PAK4 (Cell Signaling, 3241S, 1:200), rabbit anti-Phospho-p38 (Cell Signaling, 4511T, 1:200), rabbit anti-Phos-

pho-AKT1 (Cell Signaling, 4060S, 1:100), mouse anti-EZR (Millipore, E8897, 1:600), rabbit anti-Phospho-EZR (Cell Signaling, 4060S,

1:100), rabbit anti-EBP50 (Thermo Fisher, PA1-090, 1:600), rabbit anti-SLK (Millipore, HPA015757, 1:100), rabbit anti-SLK (Millipore,

HPA015757, 1:200), rabbit anti-BAIAP2 (Millipore, HPA027421, 1:200), rabbit anti-PTPN14 (Millipore, HPA053864, 1:200), rabbit anti-

PTPN14 (Millipore, HPA053864, 1:200), rabbit anti- ARHGEF2 (Millipore, HPA043437, 1:200), rabbit anti-MYH14 (Millipore,

HPA067889, 1:200), rabbit anti-PPP1R12A (Millipore, HPA071956, 1:200), rabbit anti-CDK16 (Millipore, HPA067889, 1:200), rabbit

anti-ANKRD35 (Millipore, HPA035453, 1:200), rabbit anti-CEP164 (ProteinTech, 22227-1-AP, 1:300), mouse anti-RSV (Sigma-

Aldrich, MAB858-1, 1:300), mouse anti-PIV (Millipore, MAB10207, 1:300), rabbit anti-CX3CR1 (Sigma-Aldrich, SAB2900202,

1:200), mouse anti-FOXJ1 (Thermo, 14-9965-82, 1:400), andmouse anti-MUC5AC (Abcam, ab212636, 1:600). SiR-Tubulin Kit (Cyto-

skeleton, CY-SC002), Qdot 585 Streptavidin (Thermo, Q10113MP), and RBD Biotin-Labeled (BPS Bioscience, 100937-2) were used

in the pseudo virion QD585-RBD live images. ToxiLightTM Non-Destructive Cytotoxicity BioAssay Kit was purchased from Lonza.

Live-cell imaging for QD585-RBD
The transwell insert with HNEs was transferred to inner-wells of the glass-bottom 24-well dish (GREINER BIO-ONE, 662892) with

500 mL PneumaCult-ALI medium in the well. The apical surface of HNEs was washed three times with 100 ul calcium-free PBS before

the treatment of QD585-RBD. 0.7 mg Biotin-tagged RBD (BPS Bioscience, 100937-2) was dissolved in 100 mL calcium-free PBS and

incubated with 1 mL of QD (Thermo Scientific, Q10113MP, 1 mM) for 15min. Before adding to the HNEs, 1 mL 50nMSiR-tubulin (Cyto-

skeleton Inc., CY-SC002) was added to the mixture. In the soluble ACE2 treatment group, the same procedure was performed with

adding soluble ACE2 (18–615) (Boster, RCOV09) for 1 h before treatment. After the treatment of QD585-RBD, the HNEs were

incubated for 4–6 h in a 37�C incubator with 5% CO2. Human Nasal Epithelial cells were imaged on a scanning disk confocal micro-

scope (Zeiss observer Z1, Zeiss; Laser Stack, 3i; CSU-22 confocal scanner unit, Yokogawa) using a Zeiss plan-apochromat 63x 1.4

oil objective on a vibration-dampened table with a Prime 95B Scientific CMOS camera (Teledyne Photometrics). Images and videos

are acquired at a resolution of 0.169 um per pixel in an area of 536 X 544 pixels with Slidebook 6 software (3i). Fluorescent videos are

obtained with an exposure time of 100 ms for each channel with a frame rate of 1.1 Hz. Bright field videos are obtained with an expo-

sure time of 10 ms with a frame rate of 64 Hz. All imaging is done in a 37�C, and 5%CO2 live supporting chamber that is mounted on

the microscope stage.

Microscopy
Fluorescence-immunolabeled images were acquired using a Zeiss AxioImager Z1 microscope or a Marianas spinning disk confocal

(SDC) microscopy (Intelligent Imaging Innovations). Post-imaging processing was performed using ZEN (Carl Zeiss). Final figures

were organized using Adobe Illustrator.

Quantitative real-time PCR
RNA was extracted using the RNeasy Lipid Tissue Kit (QIAGEN) and cDNA was synthesized using M-MLV Reverse Transcriptase

(Invitrogen, 28025-013). Quantitative real time PCRwas performed using TaqMan Probes (Invitrogen) and the TaqManGene Expres-

sion Master Mix (Applied Biosystems, 4369016) in 96-well Micro Amp Optical reaction plates (Applied Biosystems, N8010560).

Expression levels were normalized to the average expression of the housekeeping gene. Life Technologies Taqman probe ACE2

(Cat# Hs00222343_m1), TMPRSS2 (Hs00237175_m1), and CX3CR1 (Cat# Hs01922583_s1).
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Transmission and scanning electron microscopy
HNEswere grown on transwell insert and fixed in 2%glutaraldehyde (EMSCat# 16000) and 4%pFormaldehyde (EMSCat# 15700) in

0.1 M Sodium Cacodylate (EMS Cat# 12300) pH 7.4 in cold for 1 h. For transmission electron microscopy, the fixed cells were

replaced with cold/aqueous 1% Osmium tetroxide (EMS Cat# 19100) and were then allowed to warm to room temperature for 2 h

in a hood, washed 3 times with ultrafiltered water, then en bloc stained in 1% Uranyl Acetate at room temperature 2 h. Samples

were then dehydrated in a series of ethanol. Sample were placed in cold 95% EtOH and allowed to warm to room temperature,

changed to 100% 2X, then Propylene Oxide (PO) for 15 min. After 5 min the filter was removed from the transwell frame and placed

into 2 mL Eppendorf tubes. Samples are infiltrated with EMbed-812 resin (EMS Cat#14120) mixed 1:2, 1:1, and 2:1 with PO for 2 h

each with leaving samples in 2:1 resin to PO overnight rotating at room temperature in the hood. The samples are then placed into

EMbed-812 for 2 to 4 h then placed into molds w/labels and fresh resin, cut then orientated face to face and placed into a 65�C oven

overnight. Sections were taken around 80 nm using an UC7 (Leica, Wetzlar, Germany) picked up on formvar/Carbon coated 100

meshCu grids, stained for 40 s in 3.5%Uranyl Acetate in 50%Acetone followed by staining in Sato’s LeadCitrate for 2min. Observed

in the JEOL JEM-1400 120 kV. Images were taken using a Gatan OneView 4k X 4k digital camera. For scanning electron microscopy

analysis, the fixed cells were replaced with cold/aqueous 1%Osmium tetroxide (EMS Cat# 19100) and were then allowed to warm to

room temperature for 2 h rotating in a hood, washed 3 times with ultrafiltered water. Samples were then dehydrated in a series of

ethanol. Then dried in a Critical Point Dryer (Tousimis 815, Series A), Sputter coated (Leica EM ACE600) with gold. Observed in Zeiss

Sigma FESEM. Images were taken using SmartSEM VO5.03.

Phosphopeptide shotgun proteomics
HNEs were infected with SARS-CoV-2 for 6, 24, 36, 48 h or with MOCK. Cells were harvested, lysed, reduce, and alkylated using

100 mL of lysis buffer (6M Guanidine Hydrochloride, 100 mM Tris-HCl pH 8.0, 10 mM TCEP, 10 mM CAA) and boiled 60�C for 1 h.

Proteins were precipitated by adding 100 mL methanol, vortexed, 50 mL chloroform, vortexed, 100 mL water, vortexed, and centri-

fuged at 13,000 g for 2 min. The top aqueous layer was removed, 200 mL of methanol was added, vortexed, and centrifuged at

13,000 g for 3 min. Methanol was removed and dried proteins were resuspended using 200 mM HEPES pH 8.5. Proteins were

digested using Trypsin/Lys-C overnight at 37�C 250 RPM. Sample was acidified using TFA and cleaned using stage tips. Stage

tips were created using 5 layers of C18 filters packed into a P200 tip. The stage tips were activated using methanol, equilibrated

twice with an equilibration buffer (5% ACN, 0.5% TFA). Samples were bound, washed twice with an equilibration buffer, and eluted

using an elution buffer (50% ACN, 0.1% FA). Eluted samples were dried using a Speed-Vac and resuspended using Binding/Wash

Buffer in High-Select Fe-NTA Phosphopeptide Enrichment Kit (Thermo Scientific, A32992). The samples were enriched for phos-

phopeptides according to the manufacturer’s instructions. Samples were eluted and resuspended using Solution A (2% ACN,

0.1% FA) and were analyzed using the timsTOF Pro (Bruker Daltonics) (Meier et al., 2018), an ion-mobility spectrometry quadru-

pole time of flight mass spectrometer. Specifically, a nanoElute (Bruker Daltonics) high pressure nanoflow system was connected

to the timsTOF Pro. Peptides were delivered to a reversed phase analytical column (10 cm 3 75 mm i.d., Bruker 1866154). Liquid

chromatography was performed at 50�C and peptides were separated on the analytical column using a 48 min gradient (solvent A:

2% ACN, 0.1% FA; solvent B: 0.1% FA, in ACN) at a flow rate of 500 nL/min. A linear gradient from 2 to 35% B was applied for

45 min, followed by a step to 95% B for 1.5 and 3 min of washing at 95% B. The timsTOF Pro was operated in PASEF mode with

the following settings: Mass Range 100 to 1700 m/z, 1/K0 Start 0.85 V s/cm2, End 1.3 V s/cm2, Ramp time 100 ms, Lock Duty

Cycle to 100%, Capillary Voltage 1700, Dry Gas 3 L/min, Dry Temp 200�C, PASEF settings: 4 MS/MS, charge range 0–5, active

exclusion for 0.04 min, Scheduling Target intensity 2,0000, Intensity threshold 500, CID collision energy 10 eV. For analysis, Bruker

raw data files were processed using Byonic software (Protein Metrics, Inc) to identify peptides and proteins using the NCBI Homo

sapiens refseq protein database. Data were searched with 20 ppm error tolerance for precursor and 40 ppm for fragment ions

using QTOF/HCD fragmentation type. Besides standard variable modifications, we searched for S/T/Y phosphorylation and set

1% FDR for protein identifications.

Kinase set enrichment analysis (KSEA analysis)
Counts for phosphosites between two technical replicates were summed after the total counts per sample were normalized to the

median of total counts. The counts were then log2-transformed, and quantile normalized. Batch correction was done using ComBat

function from the sva package from Bioconductor, and the log2-transformation was undone to obtain the counts for differential

expression analysis. Differential expression analysis was conducted with the msms.glm.pois function from the msmsTests package

from Bioconductor (Josep Gregori, Alex Sanchez, and Josep Villanueva (2020). msmsTests: LC-MS/MS Differential Expression

Tests. R package version 1.26.0.). KSEA was calculated with the ksea function from the ksea package from GitHub (David Ochoa

(2020). ksea: Kinase Activity Prediction based in Quantitative Phosphoproteomic Data. R package version 0.1.2.) using a kinase

substrate database created from PhosphositePlus51 and NetworKin.52 p values were adjusted using Benjamini-Hochberg proced-

ure. GO ORA was conducted using the enrichGO function from the clusterProfiler package from Bioconductor85 and the database

org.Hs.eg.db package from Bioconductor (Marc Carlson (2020). org.Hs.eg.db: Genome wide annotation for Human. R package

version 3.11.4.).
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QUANTIFICATION AND STATISTICAL ANALYSIS

For signal quantification, samples were stained simultaneously in batch with the primary antibodies (ex. pEZR, EBP50, phalloidin as

described above) using the same master mixes and identical incubation times under similar staining conditions described above.

Exposure times under confocal microscopy were identical for the quantified samples. Quantification was performed using a custom

script developed in the FIJI package of ImageJ as previously described.20 Experimental sample sizes were not predetermined given

the exploratory nature of the work and the limited availability of tissue specimens. Mann-Whitney U test was usedwhen the data were

not normally distributed by Shapiro Wilk normality test and were not at equal variance by F-test. When the normal distribution and

equal variance were confirmed, Student’s t test were used. Analyses were performed with GraphPad Prism 6.0 (GraphPad Software,

La Jolla, CA) software and IBM SPSS Statistics version 23 (IBM, Armonk, NY).
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Supplemental figures

Figure S1. SARS-CoV-2 infection in nasal epithelium, related to Figure 1

(A and B) SARS-CoV-2 predominantly infects ciliated HNEs and not goblet cells. Mock-treated or SARS-CoV-2-infected HNEs with MOI of 0.3 were stained after

6-, 24-, 48, and 96 hpi. Representative IF staining of SARS-CoV-2 NP and SP in combination with either the ciliated nasal epithelial cell marker (acetylated

a-tubulin [ACTUB]) or goblet cell marker (MUC5AC), and phalloidin in mock or SARS-CoV-2-infected HNEs from Donor 1. Similar results were observed from

Donor 2–4, see Table S1. Scale bars represent20 mm.
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Figure S2. SARS-CoV-2 attaches to the cilia during the initial stage of infection, related to Figure 2

(A) ACE2 and TMPRSS2 localize to the motile cilia in ciliated HEN cells. Representative double IF staining of ACE2 and TMPRSS2 in combination with ACTUB in

HNEs (left panel) and human nasal tissue (right panel).

(B) SARS-CoV-2 neutralization antibody inhibits attachment of SARS-CoV-2 to cilia. Representative SEM images of SARS-CoV-2 virions attaching to motile cilia

after pre-treating HNEs with an unrelated control antibody (left image) or SP neutralizing antibodies (right image) for 2 h before SARS-CoV-2 inoculation with MOI

of 0.3 from Donor 7. HNEs were fixed after 6 hpi and observed by SEMQuantification of the average number of virus particles on cilia in infected HNEs. Error bars

represent mean ± SD (20–30 cilia were quantified from infected HNEs from Donors 7 and 8, see Table S1).

(C) SARS-CoV-2 RBD binds to the cilia in a ciliary ACE2-dependent manner. ALI-cultured HNEs were labeled by SiR-tubulin, a fluorogenic, cell permeable, and

highly specific probe for microtubules and treated with pseudovirion, quantum dot-conjugated SARS-CoV-2 receptor binding domain (QD585-RBD) for 6 h. Live-

cell images were taken at the indicated time points (seconds) with control (upper image) or soluble ACE2 (down image) using Marianas spinning disk confocal

(SDC) microscopy. Quantification of the percentage of HNEs with cilia-attached QD585-RBDwith control or soluble ACE2 was performed on the right panel. Error

bars represent mean ± SD (200–300 cells were quantified from HNEs from Donor 5–8, see Table S1). *p < 0.05, paired, two-tailed Student’s t test.

(D–F) Depletion of cilia doesn’t affect the epithelium development and the expression level of ACE2 and TMPRSS2. (D) Representative IF staining of FOXJ1 and

ACTUB in scrambled control (shControl) and CEP83 knockdown (shCEP83) HNEs fromDonor 1, see Table S1. (E) Representative IF staining for MUC5AC (goblet

(legend continued on next page)
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cells) and ACTUB (ciliated HNEs) with phalloidin in shControl and shCEP83 HNEs. Quantified percentages of MUC5AC-positive cells in the right panel. Error bars

represent mean ± SD (2,000–3,000 cells were quantified from shCEP83 and shControl HNEs from Donor 1–4, see Table S1). (F) ACE2, TMPRSS2, and CX3CR1

mRNA expression in shControl and shCEP83 HNEs. Data were collected from Donors 1–4, see Table S1.

(G) CX3CR1 localizes to the cilia in HNEs. Representative double IF staining of CX3CR1 and ACTUB in ALI-cultured HNEs (top panel) and normal human nasal

tissue (down panel).

(H and I) Depletion of cilia decreases the respiratory syncytial virus (RSV) and human parainfluenza virus (PIV) infection. RSV (H) and PIV (I) infected HNEswithMOI

of 0.3 were stained after 24 (left image) and 48 (right image) hpi. Representative IF staining for either RSV fusion protein (H) or PIV fusion glycoprotein (I) in

combination with ACTUB and phalloidin in shControl and shCEP83HNEs. Quantified percentages of RSV fusion protein (H) and PIV fusion glycoprotein (I) positive

HNEs are shown on the right panel. Error bars represent mean ± SD (3,000–4,000 cells were quantified from virus-infected shCEP83 and shControl HNEs from

Donor 1–4, see Table S1. (B–I) *p < 0.05, **p < 0.01, ***p < 0.001, NS represents not significant, paired, two-tailed Student’s t test. Each dot represents one donor.

Scale bars represent 500 nm (B), 10 mm (C), and 20 mm (A, C, G, H, and I).
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(legend on next page)
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Figure S3. SARS-CoV-2 co-localizes with the microvilli during later stages of virus infection, related to Figure 3

(A) Two different classes of protrusions on the apical surface of HNEs were observed. Long and wide motile cilia (yellow dashed line) and stubby dome-like

microvilli (red dashed line). HNEs (Donor 3, see Table S1) were observed by SEM Arrowhead: microvilli.

(B) Representative double IF staining of SLK and phalloidin in ALI-cultured HNEs from Donor 1, see Table S1.

(C) Representative IF staining of EZR and EBP50 in combination with ACTUB in human nasal tissue.

(D) Representative IF staining of ACTUB and MUC5AC in combination with phalloidin in ALI-cultured HNEs from Donor 1, see Table S1.

(E) SARS-CoV-2-infected HNEs withMOI of 0.3 were stained after 48 hpi. Representative IF staining of either SARS-CoV-2 SP or SARS-CoV-2 NP in combination

with phalloidin in SARS-CoV-2-infected HNEs from Donor 1 (see Table S1).

(F) Mock-treated or SARS-CoV-2-infected HNEs with MOI of 0.3 were stained after 6, 24, 48, and 96 hpi. Representative IF staining of SARS-CoV-2 SP, CEP164,

and phalloidin in mock or SARS-CoV-2-infected HNEs from Donor 3 (see Table S1) is shown.

(G) Small viral vesicles and large viral-containing vesicles could be observed in the infected cells. SARS-CoV-2-infected HNEs (Donor 4–6, see Table S1) withMOI

of 0.3 were fixed after 48 hpi. The cells were observed by TEM. Red arrowhead: small viral vesicle. Yellow arrowhead: large viral-containing vesicle.

(H) IHC staining for SARS-CoV-2 in nasal epithelium of infected K18-hACE2 mice. Nasal epithelium tissues were collected at days 3 post-infection, fixed in 4%

PFA, embedded in paraffin wax, and cut into 5-mm sections. Representative IF staining of SARS-CoV-2 SP and ACTUB in combination with Phalloidin in mouse

nasal tissue. Scale bars represent 1 mm (A), 5 mm (B-F), and 10 mm (H).
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Figure S4. SARS-CoV-2 promotes highly extended and branched microvilli, related to Figure 4

(A and B) SARS-CoV-2 infection induces dome-like structure and highly branched and overly long microvilli. (A) SARS-CoV-2-infected HNEs (Donor 3–6, see

Table S1) with MOI of 0.3 were fixed after 48 hpi. The cells were observed by TEM. Arrowhead: virus particles. (B) mock-treated and SARS-CoV-2-infected HNEs

(Donor 3–6, see Table S1) with MOI of 0.3 were fixed after 24 hpi. The cells were observed by TEM. Red dotted line represents extended microvilli and dome-like

structure.

(legend continued on next page)
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(C) SARS-CoV-2 viral particles bind to themotile cilia at 6 hpi rather thanmicrovilli. SARS-CoV-2-infected HNEswithMOI of 0.3 were stained after 6 (upper image)

and 24 (down image) hpi. Representative IF images of SARS-CoV-2 SP in combination with ACTUB and phalloidin in SARS-CoV-2-infected HNEs from Donor 1.

Similar results were observed from Donor 2–4, see Table S1.

(D) ACE2 and TMPRSS2 mainly localize in cilia rather than microvilli. Representative IF images of ACE2 (top panel) and TMPRSS2 (lower panel) in combination

with ACTUB and phalloidin in normal human nasal tissue (left panel) and ALI-cultured HNEs (right panel). Scale bars represent 5 mm (D) and 10 mm (C).
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Figure S5. Mucociliary transport assists in the spread of SARS-CoV-2, related to Figure 5

(A–D) Cilia beating defect doesn’t affect the structure of cilia and microvilli, the epithelium development, and the expression level of ACE2 and TMPRSS2. (A)

Representative IF staining of ACTUB, IFT88, and ARL13B in HNEs from control (upper panel, Donor 5) and PCD patients (down panel, PCD Donor 1, see

Table S2). Similar results were observed from samples harvested from Donor 6–8 and PCD Donor 2 and 3. (B) Representative IF images of ACTUB and EZR with

phalloidin in control (upper panel, Donor 5) and PCD (down panel, PCD Donor 1, see Table S2) HNEs. Similar results were observed from samples harvested from

Donors 6–8 and PCD Donors 2 and 3. (C) Representative double IF staining of MUC5AC, ACTUB, and phalloidin in control (left image) and PCD (right image)

HNEs. Quantified percentages of MUC5AC positive cells (right panel). Error bars represent mean ± SD (2,000–3,000 cells were quantified from control and PCD

HNEs from Donor 5–8 and PCD Donor 1–3, see Tables S1 and S2). NS represents not significant, paired, two-tailed Student’s t test. Each dot represents one

donor. (D) ACE2 and TMPRSS2 mRNA expression in control and PCD HNEs. Error bars represent mean ± SD (data was collected from Donors 5–8 and PCD

Donors 1–3, see Tables S1 and S2).

(E and F) SARS-CoV-2 infection doesn’t affect cell boundaries and cell-cell junctions. SARS-CoV-2-infected HNEs (Donor 3, see Table S1) with MOI of 0.3 were

fixed at 24 and 48 hpi. Cells were observed by TEM (E) and IF (F). (F) Representative IF staining of SARS-CoV-2 SP and b-catenin in combination with phalloidin in

ALI-cultured HNEs from Donor 1, see Table S1. Scale bars represent 5 mm (A, B, and F) and 20 mm (C).
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Figure S6. PAK1/4 regulate microvilli to facilitate the SARS-CoV-2 budding and spreading, related to Figure 6

(A) SARS-CoV-2 infection-affected kinases. ES values of various kinases from KSEA at 6, 24, 36, and 48 hpi after infection. p values were adjusted using

Benjamini-Hochberg procedure. 4 biological replicates of phosphopeptide enriched shotgun proteomic samples (Donors 1–4, see Table S1).

(B) SARS-CoV-2 hijack host signaling pathways. SARS-CoV-2-infected HNEs with MOI of 0.3 were stained after 48 hpi. Representative staining of phospho

AKT1/2 (pAKT1/2), phospho ERK1/2 (pERK1/2), and phospho p38 (pp38) in combination with ACTUB and SARS-CoV-2 SP in mock-treated and SARS-CoV-2-

infected HNEs from Donor 1 is shown. Similar results were observed from Donor 2–4, see Table S1.

(C–E) Identifying kinases involved in both viral infection and microvilli structure. (C) HNEs were treated with either the PAK1 inhibitor FRAX486, the PAK4 inhibitor

LCH-7749944, the CAMK4 inhibitor KN-93, the AKT1/2 inhibitor MK-2206, the ROCK1/2 inhibitor Y27632, the MAPKAPK2 inhibitor MK2IV, or the p38 inhibitor

ARRY797 prior to SARS-CoV-2 infection and were fixed after 48 hpi. Quantified percentages of SARS-CoV-2 SP positive ciliated HNEs are shown. Error bars

represent mean ± SD (3,000–4,000 cells were quantified from DMSO- or drug-treated SARS-CoV-2-infected HNEs from Donor 3–6, see Table S1). (D) Repre-

sentative IF staining of pEZR and phalloidin in DMSO-, KN-93 (20 uM)-,MK-2206 (20 mM)-, Y27632 (20 uM)-, MK2IV (20 uM)-, and ARRY797 (20 uM)-treated HNEs

fromDonor 3, see Table S1. Quantification of pEZR and phalloidin fromDMSO- or drug-treated HNEs fromDonors 5–8 (lower panel; see Table S1) is shown. Error

bars representmean ±SDDrugswere added for 3 h. (E) Representative IF staining of ACTUB and phalloidin in DMSO-, FRAX486- (20 uM)-, and LCH-7749944 (20

uM)-treated HNEs from Donor 6, see Table S1.

(C and D) *p < 0.05, **p < 0.01, ***p < 0.001, NS represents not significant, paired, One-way ANOVA with Tukey’s post-test. Each dot represents one donor.

(F) Cytotoxicity measured in companion uninfected cultures. HNEs were exposed to a dose-response of kinase inhibitors, DMSO, or positive control 2 mM

staurosporine in triplicate (Donor 4–6). After 48 h, cytotoxicity was measured using Toxilight Assay, which measures adenylate kinase released into the culture

medium from dying cells. Staurosporine was significantly different from vehicle and all kinase inhibitors.

(G and H) PAK4 kinases inhibitor as well as siRNA have partial or no significant viral inhibitory effect on ACE2-expressing A549 cells. (G) ACE2-expressing A549

cells were treated with LCH-7749944 (20 uM) for 2 h before SARS-CoV-2 infection with MOI of 0.5 for 24 h. Representative IF staining of SARS-CoV-2 SP and NP

staining in DMSO- or drug-treated cells (left panel). Quantified percentages of NP-positive cells (middle panel). Quantitative analysis of viral titer by plaque assay

(right panel). (H) siControl- or siPAK4-treated ACE2-expressing A549 cells were infected with SARS-CoV-2 MOI of 0.5 for 24 h. Representative IF staining of

SARS-CoV-2 SP and NP staining in siControl- or siPAK4-treated cells (left panel). Quantified percentages of NP-positive cells (middle panel). Quantitative

analysis of viral titer by plaque assay (right panel). Immunoblot showing depletion of PAK4 in ACE2-expressing A549 cells (down panel).

(G and H) Error bars represent mean ± SD (2,000–3,000 cells were quantified from drug- or siRNA treated SARS-CoV-2-infected cells. *p < 0.05, NS represents

not significant, paired, two-tailed Student’s t test.

(I) Log2 fold change profiles of indicated PAK1 and PAK4 potential substrates during infection in HNEs at 48 hpi.

(J) Infected HNEs with MOI of 0.3 were stained at 48 hpi. Representative IF staining of BAIAP2, PTPN14, ARHGEF2, or MYH14 with ACTUB and SP in infected

HNEs from Donor 1. Similar results were observed from Donors 2–4, see Table S1.

(K) Log2 fold change profiles of filopodia- and cytoskeleton-related proteins during SARS-CoV-2 infection in HNEs after 48hpi.

(L) SARS-CoV-2-infected HNEs with MOI of 0.3 were stained after 48 hpi. Shown here are representative IF images of CDK16, PPP1R12A, and ANKRD35 in

combination with ACTUB and SARS-CoV-2 SP in SARS-CoV-2-infected HNEs from Donor 1. Similar results were observed from Donor 2–4, see Table S1. Scale

bars represent 5 mm (A, D, E, G, H, J, and L) and 20 mm (B).
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Figure S7. Higher viral entry and replication of Omicron in human nasal epithelium, related to Figure 7

(A) The effect of microvilli inhibitors in the mouse models. K18-hACE2 mice were infected with SARS-CoV-2 (1000 PFU) intranasally with the inhibitors or vehicle

control (solvent) at day 0. Then the inhibitors were delivered intranasally once per day at day 0 and 1. At day 3 (i.e., 3 dpi), the lung were harvested for analysis.

Virus titer measurement using plaque assay for the lung. The number of mice is 4 (n = 4) per group. SB-633825 and LCH-7749944 were used as 10 mg/mouse by

intranasal inoculation. Data are shown as mean ± SD Kolmogorov-Smirnov test, *P < 0.05. The same experiment was repeated 3 times and similar results were

obtained.

(B) SARS-CoV-2 D614G and Omicron variants replication kinetics in HNEs. qPCR data were collected with the use of the infected cells derived from Donor 6–8,

see Table S1.

(C) Quantitative analysis of viral titer from plaque assays on different strains of SARS-Co-V2-infected Vero E6 cells. ***p < 0.001, paired, two-tailed Student’s

t test.

(D) Omicron’s RBD has a stronger cilia adhesion ability. ALI-cultured HNEs were labeled by SiR-tubulin and treated with pseudovirion, quantum dot-conjugated

SARS-CoV-2 D614G (left image, QD585-SARS-CoV-2 RBD), or Omicron receptor binding domain (right image, QD585-Omicron RBD) for 6 h. Quantification of the

intensity of pseudovirion of ciliated HNEs was performed on the right panel. Error bars represent mean ± SD (5–10 cells were quantified fromHNEs from Donor 6–

8, see Table S1).

(E) Compared to D614G, Omicron has a stronger infectivity. D614G-RFP (MOI 2) or D614G -SpikeOmicron-BA.1-GFP (MOI 0.1) or double-infected (same MOIs)

infected HNEs were stained at 48 hpi. Representative IF images of RFP or GFP in HNEs from Donor 6. Quantified percentages of RFP- or GFP-positive area (right

panel). Error bars represent mean ± SD (data were collected from Donors 6–8, see Table S1). Scale bars represent 10 mm (D) and 50 mm (E).
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