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Summary 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused an 

epidemic and spread rapidly all over the world. Because the analysis of host factors 

other than receptors and proteases has not been sufficiently performed, we attempted to 

identify and characterize host factors essential for SARS-CoV-2 infection using iPS 

cells and airway organoids (AO). Based on previous CRISPR screening and RNA-seq 

data, we found that exocyst complex component 2 (EXOC2) is one important host 

factor for SARS-CoV-2 infection. The intracellular SARS-CoV-2 nucleocapsid (N) 

expression level was decreased to 3.7 % and the virus copy number in cell culture 

medium was decreased to 1.6 % by EXOC2 knockdown. Consistently, immunostaining 

results showed that N protein-positive cells were significantly decreased by EXOC2 

knockdown. We also found that EXOC2 knockdown downregulates SARS-CoV-2 

infection by regulating IFNW1 expression. In conclusion, controlling the EXOC2 

expression level may prevent SARS-CoV-2 infection and deserves further study. 

 

Keywords 
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Introduction 

The coronavirus disease 2019 (COVID-19) pandemic has been caused by 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and remains a severe 

threat to public health with millions of deaths. SARS-CoV-2 causes severe life-

threatening diseases, including acute respiratory distress syndrome (ARDS), which can 

cause dysfunction of the immune system and multi-organ failure 1. Although several 

commercial COVID-19 drugs have been successfully developed 2-4, confirmed cases 

keep increasing due to viral variants, which highlight the need to elaborate on the 

mechanisms that underlie SARS-CoV-2 infection to support the development of 

therapeutics.  

SARS-CoV-2 infects human cells through its spike protein, binding to the cell 

surface protein angiotensin-converting enzyme 2 (ACE2), which induces a 

conformational change in the S1 subunit and exposes the S2′ site in the S2 subunit 5. It 

is known that the S2′ site is cleaved by transmembrane serine protease 2 (TMPRSS2) on 

the cell surface, which leads to the fusion of the viral membrane and host cell membrane 
6,7. It is also known that, when the S2′ site is not recognized by TMPRSS2, cathepsins in 

the endosomes will cleave the site and trigger clathrin-mediated endocytosis for viral 

entry 5. In addition, furin-like proteases are required for virion maturation in the Golgi 

by the cleavage of a multibasic site at the S1-S2 junction 6. Many COVID-19 

therapeutic agents have been developed focusing on receptors and proteases related to S 

protein. However, variants with sequence mutations in their proteins limit the 

application of those therapeutics. Considering that drugs that can regulate the host 

response in COVID-19 patients in a variant-independent manner have not been 

sufficiently developed, it is important to identify host factors and carry out subsequent 

drug discovery research. 

In the last decade, the CRISPR interference (CRISPRi) system 8 has been 

proven a powerful tool to not only suppress the expression level of target genes but for 

gene screening in specific biological scenarios. In the present study, the CRISPRi 

system, in which doxycycline (DOX)-inducible catalytically dead Cas9 (dCas9) is fused 

to a Krüppel-associated box (KRAB) transcriptional repression domain, was applied to 

screen and validate potential host factors for SARS-CoV-2 infection in human induced 

pluripotent stem (iPS) cells 9,10. Human iPS cells are a useful resource because they are 

capable of differentiating into somatic cells 11 and are also suitable for efficient genome 

editing experiments. However, human iPS cells partially lack the innate immune 

response system, which may limit them as models for the physiology of the respiratory 

tract. In addition, inducible TetO promoter is known to be partially silenced in mature 
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somatic cells differentiated from human iPS cells 9, thus it is difficult to use the 

CRISPRi system in human iPS cell-derivatives to evaluate the function of potential host 

factors for SARS-CoV-2 infection. Since the main cells infected by SARS-CoV-2 are 

not pluripotent stem cells but respiratory epithelial cells, we also analyzed the function 

of host factors using airway organoids (AO) in this study.  

Using the CRISPRi system, iPS cells, and AO, we searched for essential 

SARS-CoV-2 host factors and found that exocyst complex component 2 (EXOC2) has 

an important role in SARS-CoV-2 infection. Then, we elucidated the mechanism of the 

EXOC2 knockdown-mediated antiviral effect and discovered that this effect is due to an 

increase of the interferon omega-1 (IFNW1) expression level. Our findings indicate 

EXOC2 is a potential target for drug development and for understanding the molecular 

mechanisms of SARS-CoV-2 infection. 

 

Results 

SARS-CoV-2 host factor screening   

Although many host factors have been identified in previous studies, the 

validation and detailed functional analysis of these genes have not been sufficiently 

performed. Therefore, we collected data from 6 published papers 12-17 that all performed 

CRISPR screening and picked up 51 genes based on the their antiviral effects (Fig. S1) 

to identify host factors required for SARS-CoV-2 infection (Fig. 1A). To focus on genes 

with high endogenous gene expression levels, the top 15 genes were selected based on 

RNA-seq data that we previously obtained in iPS cells 18. In the next step, these 15 

genes, whose gene expression levels changed significantly by SARS-CoV-2 infection, 

were examined in iPS cells and AO (Fig. S2). We found that the gene expression levels 

of EXOC2, RAD54L2, DRG1, and ARID1A were significantly increased by the SARS-

CoV-2 infection. To validate the role of these four genes in the infection, we 

investigated whether reducing their expression level affects the SARS-CoV-2 infection 

efficiency in AO by siRNA transfection (Fig. 1B). The viral copy number in the culture 

medium of all groups was decreased by the siRNA transfection (Fig. 1C), but EXOC2 

knockdown showed the strongest infection inhibitory effect (0.4% that of the control 

group). Consistently, immunostaining data showed that SARS-CoV-2 nucleocapsids 

(N)-positive cells were decreased by EXOC2 knockdown (Fig. 1D). These results 

suggested that EXOC2 could be a potential host factor for SARS-CoV-2 infection. 

    

Establishment of EXOC2 knockdown iPS cells  

EXOC2 is ubiquitously expressed in many organs and encodes Sec5 protein, 
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which is one of the subunits of the exocyst complex. The exocyst complex is essential 

for exocytosis by tethering exocytic vesicles from the Golgi to the plasma membrane 19 

and promoting the membrane fusion by SNARE complex 20. The previous genome-wide 

CRISPR screening study has shown that EXOC2 is one of a potential host factor for the 

SARS-CoV-2 infection 13. We therefore decided to further investigate this gene in detail. 

Human iPS cells are valuable models for many diseases. Further, since they 

have pluripotency and differentiation capacity 11, their genome can be easily edited by 

using the CRISPR-Cas9 system. Because iPS cells hardly express ACE2, we established 

ACE2-expressing WTB CRISPRi Gen1 iPS cells equipped with the CRISPRi system 9. 

The susceptibility of ACE2-expressing iPS cells to SARS-CoV-2 infection was 

confirmed by qPCR analysis (Fig. S3). Next, we generated tunable and reversible 

EXOC2-knockdown iPS cells (Fig. 2A). Short guide RNA (sgRNA)-expressing 

colonies were selected based on mKate2 fluorescence signaling (Fig. 2B). The EXOC2 

sgRNA sequences used in this experiment are summarized in Figure 2C. To confirm the 

efficiency of the CRISPRi system, the gene expression level of EXOC2 was examined 

by qRT-PCR. As expected, the EXOC2 expression level was sufficiently decreased by 

DOX treatment (Fig. 2D). Additionally, we confirmed that the gene expression levels of 

other key host factors (ACE2 and TMPRSS2) (Fig. 2E) and pluripotent markers 

(NANOG, OCT3/4, and SOX2) (Fig. 2F) were not affected by EXOC2 knockdown. 

Taken together, we successfully generated EXOC2-knockdown iPS cells that can be 

infected by SARS-CoV-2. 

 

SARS-CoV-2 infection can be controlled by regulating EXOC2 expression in iPS 

cells  

After successfully generating EXOC2-knockdown iPS cells, we examined 

whether CRISPRi-based EXOC2 knockdown could affect the SARS-CoV-2 infection in 

iPS cells (Fig. 3A). In agreement with the result of the siRNA-based EXOC2 

knockdown (Fig. 1C), the SARS-CoV-2 mRNA expression level (Fig. 3B) and viral 

copy number in culture medium (Fig. 3C) were significantly decreased to 3.7% and 

1.7%, respectively, by EXOC2 knockdown. In addition, SARS-CoV-2 N-positive cells 

were decreased by EXOC2 knockdown (Fig. 3D). Given that cell viability was 

approximately 70% after EXOC2 knockdown (Fig. 3E), we concluded that the antiviral 

effect was the consequence of EXOC2 knockdown rather than EXOC2 knockdown-

mediated cell death. Subsequently, the antiviral effect by EXOC2 knockdown in four 

SARS-CoV-2 variants: B.1.1.214, BA.1, BA.2, and B.1.617.2 was confirmed, indicating 

that EXOC2 is necessary for the infection of all the tested variants. We also confirmed 
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that the expression level and localization of ACE2 were not changed by EXOC2 

knockdown (Fig. S4), suggesting that the antiviral effect of EXOC2 knockdown is not 

mediated by the alteration of ACE2 expression level or localization.  

To further investigate the function of EXOC2 in SARS-CoV-2 infection, we 

examined whether exogenous EXOC2 affects the SARS-CoV-2 infection (Fig. 3A). By 

using the piggyBac system, EXOC2-overexpressing iPS cells were established (Fig. 

3G). Although there was a moderate increase in EXOC2 expression, which may be due 

to the high endogenous gene expression level, the SARS-CoV-2 mRNA expression level 

(Fig. 3H) and the viral copy number in the culture medium (Fig. 3I) were increased 

much more to 538.1% and 548.2%, respectively, by EXOC2 overexpression. Altogether, 

these results suggested that SARS-CoV-2 infection could be regulated by controlling the 

EXOC2 expression in human iPS cells. 

It is known that Sec3, Sec5, Sec6, and Sec8 assemble into exocyst subcomplex 

I, while Sec10, Sec15, Exo70, and Exo84 assemble into exocyst subcomplex II 21.  Both 

EXOC2/Sec5 22 and EXOC8/Exo84 23 are closely related to innate immune signaling 

kinase, TBK1. Thus, we expected that EXOC8/Exo84 knockdown can show antiviral 

effects as well as EXOC2. To examine the antiviral effects of EXOC8/Exo84, we 

established EXOC8-knockdown iPS cells (Fig. S5). The gene expression levels of 

EXOC8 were significantly decreased in EXOC8/Exo84-knockdown iPS cells after the 

DOX treatment (Fig. S5A). However, the viral copy number in the culture medium and 

SARS-CoV-2 N expression level in human iPS cells were hardly changed by EXOC8 

knockdown (Fig. S5B). These results suggest that EXOC8 does not play an important 

role in the SARS-CoV-2 infection. Because there are many exocyst subunits other than 

EXOC8/Exo84 and EXOC2/Sec5, it will be necessary to clarify their roles in SARS-

CoV-2 infection in the future. 

 

EXOC2 is necessary for SARS-CoV-2 infection in airway organoids 

Because the respiratory tract is the main organ infected by SARS-CoV-2, we 

investigated the function of EXOC2 using AO reported in our previous study 24. 

EXOC2 expression was downregulated by siRNA transfection (Fig. 4A), which again 

decreased the SARS-CoV-2 mRNA expression level (Fig. 4B) and viral copy number in 

the culture supernatant (Fig. 4C). Additionally, SARS-CoV-2 N-positive cells were 

reduced by EXOC2 knockdown (Fig 4D). AO have innate immune response capacity. 

We therefore wondered whether the innate immune response caused by the SARS-CoV-

2 infection was reduced by EXOC2 knockdown in AO. As expected, the expression 

levels of MX1, IFNB1, IFNA1, ISG15, and ISG56 were decreased by EXOC2 
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knockdown, demonstrating that the SARS-CoV-2 infection-mediated innate immune 

response was reduced by EXOC2 knockdown (Fig. 4E). These results indicated that 

EXOC2 plays an essential role in SARS-CoV-2 infection in AO.  

 

EXOC2 knockdown downregulates SARS-CoV-2 infection by regulating IFNW1 

expression  

We then elucidated the molecular mechanism of the antiviral effect mediated by 

EXOC2 expression. Considering that Sec5 is crucial for several innate immune 

response-related pathways, such as STING and the TBK1/mTOR cascade 25,26, we 

investigated if several genes of the innate immune system are regulated by the EXOC2 

expression level. Surprisingly, we found that three types of IFN-related genes, IFNW1, 

IFNG, and IFNL1, were significantly upregulated by EXOC2 knockdown (Fig. 5A), but 

only IFN-ω exhibited an antiviral effect in TMPRSS2/Vero cells (Fig. 5B). Despite 

IFN-β also showing antiviral activity against SARS-CoV-2, IFNB1 expression was not 

affected by EXOC2 knockdown (Figs. 5A, 5B). We hypothesized that EXOC2 

knockdown upregulated IFNW1 to reduce the SARS-CoV-2 infection efficiency. To 

verify this hypothesis, we established EXOC2 and IFNW1 double knockdown iPS cells 

(Fig. S6). Remarkably, by checking the viral copy number and SARS-CoV-2 N-positive 

cells, we found that the antiviral effect by EXOC2 knockdown was negated by the 

interference of IFNW1 expression (Figs. 5C, 5D). In summary, EXOC2 knockdown 

downregulates SARS-CoV-2 infection efficiency by regulating IFNW1 expression. 

     

F-actin inhibitor reduces SARS-CoV-2 infection efficiency 

Based on our findings, we expected drugs that target EXOC2 or its related genes 

may serve as antiviral drugs against SARS-CoV-2. Because there is no commercially 

EXOC2 inhibitor available, we decided to utilize drugs that target downstream effectors 

of EXOC2. SARS-CoV-1 promotes virus replication by actin remolding 27, and 

EXOC2/Sec5 interacts with F-actin regulation 28. Thus, we hypothesized that F-actin 

inhibitors suppress SARS-CoV-2 infection. Two types of F-actin inhibitors, 

cytochalasin D, which terminates actin polymerization 29, and latrunculin B, which 

prevents F-actin assembly 30, were used. As expected, treatment with either caused 

antiviral effects in SARS-CoV-2-infected human iPS cells (Fig. S7A) and AO (Fig. 

S7B). However, strong cytotoxicity was observed in the latrunculin B-treated cells, 

preventing investigation of latrunculin B’s antiviral effects. More effective therapeutic 

agents are expected by further research on genes related to EXOC2. 
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Discussion 

Here we demonstrated that EXOC2 is necessary for SARS-CoV-2 infection. 

CRISPRi-based and siRNA-based EXOC2 knockdown decreased the infection 

efficiency of SARS-CoV-2 in human iPS cells and AO, respectively. EXOC2 

knockdown also increased the expression level of IFNW1, which has antiviral effects 

against SARS-CoV-2 and is one of the reasons for the antiviral effect mediated by 

EXOC2 knockdown. We also found that the F-actin inhibitor Cytochalasin D 

significantly decreased the SARS-CoV-2 infection efficiency. These findings highlight 

that EXOC2 is a potential target for clinical therapeutics; especially, pharmacological 

EXOC2 inhibitors may prevent or reduce the impact of SARS-CoV-2 infection. 

EXOC2/Sec5 is one of the subunits of the exocyst complex. It is also known as an 

effector for small GTPases in the Ras subfamily, RalA and RalB, which are involved in 

multiple cellular events, such as cell polarization, migration, apoptosis, cytokinesis, 

autophagy, host defense, tumorigenesis, and metastasis 26,31,32. However, it is still not 

clear whether the exocyst complex or other exocyst subunits are necessary for cellular 

homeostasis. Because cell viability was slightly reduced by EXOC2 knockdown, it is 

necessary to carefully consider toxicity of this knockdown when conducting drug 

discovery focusing on EXOC2. 

Tunneling nanotubes (TNTs), which are different from other known protrusions 

(filopodia, microvilli, and dendritic spines), are mainly composed of F-actin and 

regulated by EXOC2/Sec5 28. TNTs have been found particularly in immune cells and 

neurons cell lines 33,34 and were proven to associate with many pathogens, especially 

viruses, such as HIV, herpesviruses, and influenza A. Importantly, viruses can hijack 

TNTs to facilitate viral entry, virus trafficking, cell-to-cell spread, and their protection 

from immune surveillance 35,36. However, the signaling pathways that control TNT 

formation seem context-dependence, and several EXOC2-independent pathways, such 

as the Rab35-ACAP2-ARF6-EHD1 cascade in neuron cells 37 and the MAPK pathway 

in squamous cancer cells 38, have been reported to control TNT formation. Hence, the 

potency of drugs targeting TNTs should be investigated in other somatic cells.  

 

Limitations of the study  

Our data also showed that EXOC2 knockdown can induce the expression level of 

IFNW1. However, it is not clear whether EXOC2/Sec5 directly or indirectly acts on 

IFNW1 expression; thus, further research is required to clarify the relationship between 

EXOC2 and IFNW1. Finally, because our findings were obtained using only in vitro 

models, in vivo experiments should also be conducted. Nevertheless, our findings 
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provide a basis for the study of EXOC2 and its related genes to lead to the development 

of potent COVID-19 therapeutic agents. 
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Figure Legends 

 

Figure 1.  Screening to identify essential host factors for SARS-CoV-2 infection 

(A) Schematic diagram of screening. (B) Airway organoids (AO) were transfected with 

siRNA (si-control, si-EXOC2, si-RAD54L2, si-ARID1A, or siDRG1) for 4 h and then 

infected with SARS-CoV-2 (0.1 multiplicity of infection (MOI)). (C) At 4 dpi, the viral 

RNA copy number in the cell culture supernatant was measured by qPCR. Unpaired 

two-tailed Student’s t-test (*p<0.05, **p<0.01). (D) Immunofluorescence analysis of 

SARS-CoV-2 nucleocapsid (N) protein (green) and acetylated α-tubulin (red) in AO. 

Nuclei were counterstained with DAPI (blue). Data are shown as means ± SD (n=3).  

See also Figures S1, S2. 

 

Figure 2.  Establishment of EXOC2-knockdown iPS cells  

(A) To perform CRISPRi experiments, WTB CRISPRi Gen1 iPS cells that have a DOX-

inducible KRAB-dCas9 cassette in the AAVS1 locus were used. WTB CRISPRi Gen1 

iPS cells that constitutively express ACE2 were used to perform the SARS-CoV-2 

infection experiments. (B) EXOC2 sgRNA-expressing WTB CRISPRi Gen1 cells were 

mKate2-positive. After blasticidin S treatment and single-cell cloning, all iPS cell 

colonies were mKate2-positive. (C) EXOC2 sgRNA sequences. (D) The gene 

expression levels of EXOC2 in EXOC2 sgRNA-expressing WTB CRISPRi Gen1 cells 

treated with or without 1 μM DOX. (E, F) The gene expression levels of SARS-CoV-2-

related genes (ACE2 and TMPRSS2) (E) and pluripotent markers (NANOG, OCT3/4, 

and SOX2) (F) in sgRNA-EXOC2-expressing WTB CRISPRi Gen1 cells were not 

changed by the presence of 1 μM DOX. Unpaired two-tailed Student’s t-test 

(**p<0.01). Data are shown as means ± SD (n=3). See also Figure S3. 

 

Figure 3.  SARS-CoV-2 infection efficiency in iPS cells was increased and 

decreased by EXOC2 overexpression and knockdown, respectively 

(A) EXOC2 sgRNA-expressing WTB-CRISPRi Gen1 cells (EXOC2-KD iPS cells) and 

TRE3G-EXOC2-expressing WTB-CRISPRi Gen1 cells (EXOC2-OE iPS cells) were 

cultured with AK02 medium (with or without 1 μM/mL DOX) for 2 days. The cells 

were then infected with SARS-CoV-2 (0.1 MOI) for 2 h and cultured with AK02 

medium (with or without 1 μM/mL DOX) for 4 days. KD, knockdown; OE, 

overexpression. (B) The gene expression level of SARS-CoV-2-N in EXOC2-KD iPS 

cells was measured by qRT-PCR. (C) The viral RNA copy number in the culture 

supernatant of EXOC2-KD iPS cells was measured by qPCR. (D) Immunofluorescence 
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analysis of SARS-CoV-2 N protein (green) and EXOC2 (red) in EXOC2-KD iPS cells. 

Nuclei were counterstained with DAPI (blue). (E) Cell viability of EXOC2-KD iPS 

cells was measured by the WST-8 assay. (F) EXOC2-KD iPS cells were infected with 

0.1 MOI SARS-CoV-2 (B.1.1.214, BA.1, BA.2, or B.1.617.2). The viral RNA copy 

number in the cell culture supernatant was measured by qPCR. (G) The gene expression 

level of EXOC2 in EXOC2-OE iPS cells was measured by qRT-PCR. (H) The gene 

expression level of SARS-CoV-2-N in EXOC2-OE iPS cells was measured by qRT-PCR. 

(I) The viral RNA copy number in the culture supernatant of EXOC2-OE iPS cells was 

measured by qPCR. Unpaired two-tailed Student’s t-test (**p<0.01). Data are shown as 

means ± SD (n=3 or 4). See also Figures S4, S5. 

 

Figure 4.  SARS-CoV-2 infection efficiency in AO was decreased by EXOC2 

knockdown 

AO were dissociated and transfected with siRNA (si-control or si-EXOC2) for 4 h and 

then infected with SARS-CoV-2 (0.1 MOI). (A) The gene expression level of EXOC2 in 

AO was measured by qRT-PCR. Unpaired two-tailed Student’s t-test (**p<0.01). (B) At 

4 dpi, the gene expression level of SARS-CoV-2-N was measured by qRT-PCR. 

Unpaired two-tailed Student’s t-test (**p<0.01). (C) The viral RNA copy number in the 

cell culture supernatant was measured by qPCR. Unpaired two-tailed Student’s t-test 

(**p<0.01). (D) Immunofluorescence analysis of SARS-CoV-2 N protein (green) and 

acetylated α-tubulin (red) in AO. Nuclei were counterstained with DAPI (blue). (E) The 

gene expression levels of MX1, IFNB1, IFNA1, ISG15, and ISG56 were measured by 

qRT-PCR. One-way ANOVA followed by Tukey’s post hoc test (**p<0.01). Data are 

shown as means ± SD (n=3). 

 

Figure 5.  EXOC2 knockdown suppresses SARS-CoV-2 infection efficiency by 

regulating IFNW1 expression 

(A) The gene expression levels of IFNB1, IFNW1, IFNG, and IFNL1 in EXOC2-KD iPS 

cells treated with or without 1 μM DOX. Unpaired two-tailed Student’s t-test 

(**p<0.01). (B) TMPRSS2/Vero cells were infected with SARS-CoV-2 (0.1 MOI) for 2 

h and cultured with medium containing IFN-β, IFN-ω, IFN-γ, or IFN-λ. At 2 dpi, the 

viral RNA copy number in the cell culture supernatant was measured by qPCR. (C) 

EXOC2-knockdown (KD) iPS cells and EXOC2-KD/IFNW1-KD iPS cells were 

cultured with AK02N medium containing 1 μM/mL DOX for 2 days and then infected 

with SARS-CoV-2 (0.1 MOI) for 2 h. At 4 dpi, the viral RNA copy number in the cell 

culture supernatant was measured by qPCR. One-way ANOVA followed by Tukey’s 
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post hoc test (**p<0.01). (D) Immunofluorescence analysis of SARS-CoV-2 N protein 

(green) and OCT3/4 (red) in EXOC2-KD or EXOC2-KD/IFNW1-KD iPS cells. Nuclei 

were counterstained with DAPI (blue). Data are shown as means ± SD (n=3 or 4). See 

also Figures S6, S7. 
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STAR Methods 

 

RESOURCE AVAILABILITY 

Lead Contact 

Further information and requests for resources and reagents should be directed 

to and will be fulfilled by the Lead Contact, Kazuo Takayama 

(kazuo.takayama@cira.kyoto-u.ac.jp). 

 

Materials Availability 

All unique reagents generated in this study are listed in the Key Resources 

Table and available from the Lead Contact with a completed Materials Transfer 

Agreement. 

 

Data and Coad Availability 

The sequence information of SARS-CoV-2 used in this study are available 

from the GISAID database (https://www.gisaid.org); B.1.1.214 (GISAID accession 

number: EPI_ISL_2897162), B.1.617.2 (EPI_ISL_9636792), BA.1 

(EPI_ISL_9638489), and BA.2 (EPI_ISL_11900505). Any additional information 

required to reanalyze the data reported in this paper is available from the Lead Contact 

upon request. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Ethics statement 

All protocols involving specimens from human subjects recruited at Kyoto 

University were reviewed and approved by the Institutional Review Boards of Kyoto 

University (approval ID: R2379-3).  

 

Cell culture 

TMPRSS2/Vero cells (Vero cells stably expressing human TMPRSS2; 

JCRB1818, JCRB Cell Bank) (Matsuyama et al., 2020), which were maintained with 

Eagle’s Minimum Essential Media (EMEM, FUJIFILM Wako Pure Chemical) 

supplemented with 5% fetal bovine serum and 1% penicillin/streptomycin. Human iPS 

cells and AOs were generated according to established protocols as described below 

(see “Human iPS cells” and  “Airway organoids” sections). 

 

METHOD DETAILS 
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Human iPS cells 

The iPS cell line WTB CRISPRi Gen1 (provided by Dr. Bruce R. Conklin, 

Gladstone Institutes) 9 was maintained on 0.5 μg/cm2 recombinant human laminin 511 

E8 fragments (iMatrix-511, Nippi) with StemFit AK02N medium (Ajinomoto) 

containing 10 μM Y-27632 (from day 0 to day 1, FUJIFILM Wako Pure Chemical). To 

passage the cells, iPS cell colonies were treated with TrypLE Select Enzyme (Thermo 

Fisher Scientific) for 8 min at 37°C. After centrifugation, the cells were seeded at an 

appropriate density (1.3×104 cells/9 cm2) on iMatrix-511 and cultured every 6 days.  

 

Airway organoids 

Normal human bronchial epithelial cells (NHBE, #CC-2540, Lonza) were used as 

human bronchial basal cells in this study. AO were generated from NHBE and 

maintained as we previously reported 24. 

 

SARS-CoV-2 preparation 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) strains 

B.1.1.214 (GISAID accession number: EPI_ISL_2897162), B.1.617.2 

(EPI_ISL_9636792), BA.1 (EPI_ISL_9638489), and BA.2 (EPI_ISL_11900505) were 

isolated from a nasopharyngeal swab sample of a coronavirus disease 2019 (COVID-

19) patient. This study was approved by the research ethics committee of Kyoto 

University (R2379-3). All figures except Figure 3F show data for SARS-CoV-2 

B.1.1.214. The virus was proliferated in TMPRSS2/Vero cells (JCRB1818, JCRB Cell 

Bank) 39, which were then stored at -80 °C. TMPRSS2/Vero cells were cultured with 

Eagle’s Minimum Essential Media (EMEM, FUJIFILM Wako Pure Chemical) 

supplemented with 5% fetal bovine serum and 1% penicillin/streptomycin. All viral 

infection experiments were done in a biosafety level 3 facility at Kyoto University 

strictly following regulations. 

 

Viral titration of SARS-CoV-2 

Viral titers were measured by a median tissue culture infectious dose (TCID50) 

assay. TMPRSS2/Vero cells were cultured with EMEM and seeded into 96-well cell 

culture plates (Thermo Fisher Scientific). The samples were serially diluted 10-fold 

from 10−1 to 10−8 in the cell culture medium. Dilutions were placed onto the 

TMPRSS2/Vero cells in triplicate, which were then incubated at 37°C for 96 h. 

Cytopathic effects were evaluated under a microscope. TCID50/mL was calculated 

using the Reed-Muench method. 
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Drug or IFN treatment 

AO or ACE2-expressing iPS cells cultured in a 96-well plate (2.0×10⁴ cells/well) 

were infected with 2.0×10³ TCID50/well of SARS-CoV-2 for 2 h and then cultured with 

medium containing drugs or various IFNs. Medium containing drugs or IFNs was 

replaced with fresh medium every day. Two days after the infection, the viral RNA copy 

number in the cell culture supernatant was measured by qPCR. The drugs and IFNs 

used in the infection experiments are summarized in Table S1. 

 

Cell viability test 

  Cell viability was assessed by the Cell counting kit-8 (Dojindo). The viability of 

cells without DOX was taken as 100%. 

 

Quantification of viral RNA copy number  

The cell culture supernatant was mixed with an equal volume of 2×RNA lysis 

buffer (distilled water containing 0.4 U/μL SUPERase InTM RNase Inhibitor (Thermo 

Fisher Scientific), 2% Triton X-100, 50 mM KCl, 100 mM Tris-HCl (pH 7.4), and 40% 

glycerol) and incubated at room temperature for 10 min. The mixture was diluted 10 

times with distilled water. Viral RNA was quantified using a One Step TB Green 

PrimeScript PLUS RT-PCR Kit (Perfect Real Time) (Takara Bio) on a StepOnePlus 

real-time PCR system (Thermo Fisher Scientific) or QuantStudio 1 (Thermo Fisher 

Scientific). The primers used in this experiment are as follows: (forward) 

AGCCTCTTCTCGTTCCTCATCAC and (reverse) CCGCCATTGCCAGCCATTC. 

Standard curves were prepared using SARS-CoV-2 RNA (105 copies/μL) purchased 

from Nihon Gene Research Laboratories. 

 

Quantitative PCR 

Total RNA was isolated from AO and human iPS cells using ISOGENE (NIPPON 

GENE). cDNA was synthesized using 500 ng of total RNA with a Superscript VILO 

cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time RT-PCR was performed with 

SYBR Green PCR Master Mix (Thermo Fisher Scientific) using a StepOnePlus real-

time PCR system or QuantStudio 1 (Thermo Fisher Scientific). The relative 

quantification of target mRNA levels was performed using the 2-ΔΔCT method. The 

values were normalized to the housekeeping gene glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). The PCR primer sequences are shown in Table S2. 
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siRNA transfection 

AO were dissociated and transfected with 50 nM siRNAs (Dharmacon 

SMARTpool, GE Healthcare) or control siRNA (si-control; Dharmacon siGENOME 

Non-targeting siRNA Pool, GE Healthcare) using Lipofectamine RNAiMAX reagent.  

 

Immunofluorescence staining 

For the immunofluorescence staining of AO and human iPS cells, the cells were 

fixed with 4% paraformaldehyde in PBS at 4°C. After blocking the cells with PBS 

containing 2% bovine serum albumin and 0.2% Triton X-100 at room temperature for 

45 min, the cells were incubated with a primary antibody at 4°C overnight and then with 

a secondary antibody at room temperature for 1 h. All antibodies used in this report are 

described in Table S3. 

 

ACE2-expressing iPS cells 

WTB CRISPRi Gen1 were electroporated with pPV-EF1α-ACE2-A and pHL-

EF1a-hcPBase-A vectors 40 using a NEPA21 electroporator (Nepa Gene), and then 

selected with 1 µg/mL puromycin (InvivoGen). The piggyBac-based ACE2-expressing 

plasmid, pPV-EF1α-ACE2-A, was constructed by replacing EGFP gene of pPV-EF1a-

EiP-A with ACE2 gene. A piggyBac-based EGFP-expressing plasmid, pPV-EF1a-EiP-

A, and a piggyBac transposase-expressing plasmid, pHL-EF1a-hcPBase-A, were kind 

gifts from Dr. Akitsu Hotta (Kyoto University). 

 

Generation of EXOC2-expressing iPS cells 

WTB CRISPRi Gen1 were electroporated with pPB-TRE3G-EXOC2-V2 and 

pHL-EF1a-hcPBase-A vectors using the NEPA21 electroporator and then selected with 

blasticidin S (InvivoGen). The piggyBac-based EXOC2-expressing plasmid, pPB-

TRE3G-EXOC2-V2, was constructed by inserting human EXOC2 gene into multiple 

cloning sites of pPB-TRE3G-MCS(A)-P2A-MCS(B)V2, which was a kind gift from Dr. 

Takeshi Maruyama (Waseda University).  

 

CRISPRi experiments in human iPS cells 

To perform CRISPRi experiments, we used a human iPS cell line that carries a 

DOX-inducible KRAB-dCas9 gene expression cassette in the AAVS1 locus (WTB 

CRISPRi Gen1). The sgRNA sequences were selected from a reported sgRNA sequence 

list 41. A mixture of 5 sgRNAs was used to knockdown EXOC2, EXOC8, or IFNW1 

expression. The sgRNA sequences used in this study are summarized in Figure 2C and 
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Table S4. To establish sgRNA- and ACE2-expressing WTB CRISPRi Gen1 cells, the 

iPS cells (1×106 cells) were transfected with 7.5 μg PB-U6-CNKB 42 encoding EXOC2,  

PB-U6-CNKB encoding EXOC8, or PB-U6-CNCH 42 encoding IFNW1 sgRNA 

sequence and 2.5 μg pCW-hyPBase using the NEPA21 electroporator. After 10 μg/mL-

blasticidin S or 10 μg/mL-Hygromysin B (Nacalai tesque) selection and single-cell 

cloning, mKate2- or Clover- positive WTB CRISPRi Gen1 cells were cultured with or 

without 1 μg/mL DOX to induce the expression of KRAB-dCas9.  

 

Quantification and statistical analysis 

Statistical significance was evaluated using unpaired two-tailed Student’s t-test or 

one-way analysis of variance (ANOVA) followed by Tukey’s post hoc tests. Statistical 

analyses were performed using GraphPad Prism 9. Data are representative of three 

independent experiments. Details are described in the figure legends. 
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Figure 4

B C

**

**

E

A

re
la

ti
ve

 g
en

e 
ex

p
re

ss
io

n
 le

ve
l

(s
i-

co
n

tr
o

l =
 1

)

EXOC2 SARS-CoV-2-N

vi
ra

l c
o

p
y 

n
u

m
b

er
/μ

L

re
la

ti
ve

 g
en

e 
ex

p
re

ss
io

n
 le

ve
l

(s
i-

co
n

tr
o

l =
 1

)

D

M
o

ck
S

A
R

S
-C

o
V

-2

si-control si-EXOC2

Acetylated α-tubulin/SARS-CoV-2 NP/DAPI

50 µm 50 µm

50 µm 50 µm

** ** ** **
**

re
la

ti
ve

 g
en

e 
ex

p
re

ss
io

n
 le

ve
l 

(m
o

ck
 +

 s
i-

co
n

tr
o

l =
 1

)

**

Jo
urn

al 
Pre-

pro
of



Figure 5
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Highlights (Up to four bullet points may be included; the length of an individual bullet 

point should not exceed 85 characters (including spaces)) 

 

1. EXOC2 is one important host factor for SARS-CoV-2 infection 

2. SARS-CoV-2 infection can be inhibited by EXOC2 knockdown 

3. EXOC2 knockdown downregulates SARS-CoV-2 infection by regulating IFNW1 

expression 

4. Cytochalasin D significantly decreased the SARS-CoV-2 infection efficiency 
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Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Donkey anti-Mouse IgG (H+L) highly cross-adsorbed 
secondary antibody, Alexa fluor plus 594 

Thermo Fisher 
Scientific 

Cat# A32744 

Goat anti-Rabbit IgG (H+L) highly cross-adsorbed 
secondary antibody, Alexa fluor plus 488 

Thermo Fisher 
Scientific 

Cat# A32731 

Acetylated α-tubulin Santa Cruz 
Biotechnology 

Cat# sc-23950 

ACE2 ProteinTech Cat# 21115-1-AP 

OCT3/4 Santa Cruz 
Biotechnology 

Cat# sc-5279 

Sec 5 (EXOC2) Santa Cruz 
Biotechnology 

Cat# sc-393230 

SARS-CoV-2 N protein BIO Vision Cat# A2061-50 

SARS-CoV-2 strains  

SARS-CoV-2 B.1.1.214 (EPI_ISL_2897162) (Sano et al., 2022) N/A 

SARS-CoV-2 B.1.617.2 (EPI_ISL_9636792) (Sano et al., 2022) N/A 

SARS-CoV-2 BA.1 (EPI_ISL_9638489) This study N/A 

SARS-CoV-2 BA.2 (EPI_ISL_11900505) This study N/A 

Biological samples 

Human iPS cells line, WTB CRISPRi gen1 (Mandegar et al., 
2016) 

N/A 

Human airway organoids (Sano et al., 2022) N/A 

Chemicals, medium, and recombinant proteins 

4% paraformaldehyde FUJIFILM Wako Pure 
Chemical 

Cat# 163-20145 

ISOGEN NIPPON GENE Cat# 319-90211 

Fetal bovine serum Corning Cat# 35-079-CV 

TrypLE select Thermo Fisher 
Scientific 

Cat# 12563029 

EMEM FUJIFILM Wako Pure 
Chemical 

Cat# 051-07615 

Human airway organoids differentiation media (Sano et al., 2022) N/A 

Stem fit AK02N Ajinomoto Cat# RCAK02N 

Y-27632 FUJIFILM Wako Pure 
Chemical 

Cat# 034-24024 

iMatrix-511 Nippi Cat# 892021 

Puromycin InvivoGen Cat# 14861-71 

Hygromycin B Nacalai tesque Cat# 09287-84 

Blasticidin S InvivoGen Cat# 03759-71 

Lipofectamine RNAiMAX Thermo Fisher 
Scientific 

Cat# 13778150 

Opti-MEM Thermo Fisher 
Scientific 

Cat# 31985070 

SUPERase In RNase inhibitor Thermo Fisher 
Scientific 

Cat# AM2696 

Cytochalasin D Sigma-Aldrich Cat# C8273-1MG 

Latrunculin B Sigma-Aldrich Cat# L5288-1MG 

IFN-β PeproTech Cat# 300-02BC 
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IFN-ω PeproTech Cat# 300-02J 

IFN-λ1 PeproTech Cat# 300-02L 

IFN-γ PeproTech Cat# 300-02 

Critical commercial assays 

Superscript VILO cDNA synthesis kit Thermo Fisher 
Scientific 

Cat# 11754250 

FAST SYBR green PCR master mix Thermo Fisher 
Scientific 

Cat# 4385614 

One Step TB green PrimeScript PLUS RT-PCR kit 
(Perfect Real Time) 

TaKaRa Bio Cat# RR096A 

Cell counting kit-8 Dojindo Cat# CK04-11 

Experimental models: Cell lines 

African green monkey (Chlorocebus sabaeus): 
TMPRSS2/Vero cells 

JCRB Cell Bank 
(Matsuyama et al., 
2020) 

Cat# JCRB1818 

Experimental models: Organisms/strains 

Normal human bronchial epithelial cells (NHBE) Lonza Cat# CC-2540 

Oligonucleotides 

Primers for quantitative PCR, see Table S2 This study N/A 

gRNA for CRISPRi experiments, see Figure 2C and 
Table S4 

This study N/A 

Quantification of viral RNA copy number 
Fw (AGC CTC TTC TCG TTC CTC ATC AC 

(Sano et al., 2022) N/A 

Quantification of viral RNA copy number 
Rv (CCG CCA TTG CCA GCC ATT C) 

(Sano et al., 2022) N/A 

Plasmids 

Plasmid: pPV-EF1α-ACE2-pA (Hashimoto et al., 
2021) 

N/A 

Plasmid: pHL-EF1α-hcBase-A (Ishida et al., 2018) N/A 

Plasmid: pPV-EF1α-EiP-pA (Ishida et al., 2018) N/A 

Plasmid: pPB-TRE3G-EXOC2-V2 This study N/A 
Plasmid: PB-U6-CNKB (Takahashi et al., 

2020) 
N/A 

Plasmid: PB-U6-CNKH (Takahashi et al., 
2020) 

N/A 

Plasmid: PB-U6-CNKB encoding EXOC2 This study N/A 

Plasmid: PB-U6-CNKH encoding IFNW1 This study N/A 

siRNA 

siGENOME non-targeting siRNA Pool Dharmacon Cat# D-001810-10-
20 

si-EXOC2 (SMARTpool) Dharmacon N/A 

si-RAD54L2 (SMARTpool) Dharmacon N/A 

si-ARID1A (SMARTpool) Dharmacon N/A 

si-DRG1 (SMARTpool) Dharmacon N/A 

Software and algorithms 

Prism 9 software v9.1.1 GraphPad Software https://www.graphp
ad.com/scientific-
software/prism/ 

Others 
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QuantStudio 1 Real-Time PCR system Thermo Fisher 
Scientific 

N/A 

StepOne Plus Real-Time PCR system Thermo Fisher 
Scientific 

N/A 

96-well plate Thermo Fisher 
Scientific 

Cat# 167008 

NEPA21 electroporator Nepa Gene N/A 

Multiskan FC Thermo Fisher 
Scientific 

N/A 

BZ-X710 KEYENCE N/A 
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