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SUMMARY 

SARS-CoV-2 can cause a range of symptoms in infected individuals, from mild respiratory illness 

to acute respiratory distress syndrome. A systematic understanding of the host factors mediating 

viral infection or restriction is critical to elucidate SARS-CoV-2 host-pathogen interactions and the 

progression of COVID-19. To this end, we conducted genome-wide CRISPR knockout and 

activation screens in human lung epithelial cells with endogenous expression of the SARS-CoV-

2 entry factors ACE2 and TMPRSS2. These screens uncovered proviral and antiviral host factors 

across highly interconnected host pathways, including components implicated in clathrin 

transport, inflammatory signaling, cell cycle regulation, and transcriptional and epigenetic 

regulation. We further identified mucins, a family of high-molecular weight glycoproteins, as a 

prominent viral restriction network. We demonstrate that multiple membrane-anchored mucins 

are critical inhibitors of SARS-CoV-2 entry and are upregulated in response to viral infection. This 

functional landscape of SARS-CoV-2 host factors provides a physiologically relevant starting point 

for new host-directed therapeutics and suggests interactions between SARS-CoV-2 and airway 

mucins of COVID-19 patients as a host defense mechanism. 

 

* * * 
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INTRODUCTION 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a positive-sense RNA virus 

belonging to the Betacoronavirus genus within the Coronaviridae family (da Costa et al., 2020; 

Hartenian et al., 2020). The Coronaviridae family contains many human respiratory pathogens, 

from common cold coronaviruses to SARS-CoV-1 and Middle Eastern respiratory syndrome 

coronavirus (MERS-CoV) (da Costa et al., 2020; Cui et al., 2018; Hartenian et al., 2020). SARS-

CoV-2 is the causative agent of coronavirus disease 2019 (COVID-19), and symptomatic cases 

of COVID-19 manifest with a diverse set of clinical outcomes ranging from fever and flu-like 

symptoms in non-severe cases to acute lung injury (ALI) and acute respiratory distress syndrome 

(ARDS) in severe cases (Blanco-Melo et al., 2020; Yang et al., 2020). 

The SARS-CoV-2 viral life cycle begins with viral entry into susceptible angiotensin-converting 

enzyme II (ACE2)-expressing cells. After binding to the ACE2 receptor, the SARS-CoV-2 spike 

(S) glycoprotein is primed through a proteolytic cleavage event that can be mediated by the 

transmembrane serine protease 2 (TMPRSS2) on the cell surface, or in its absence, by the 

lysosomal endopeptidase cathepsin L (CTSL) following clathrin-mediated endocytosis. 

Subsequently, the primed S glycoprotein primarily mediates virus-cell fusion at the plasma 

membrane (TMPRSS2) or within an endosomal compartment (CTSL) (Trougakos et al., 2021; 

V’kovski et al., 2020; Zhu et al., 2021) The TMPRSS2-mediated cell surface entry route is believed 

to be dominant for SARS-CoV-2 in lung epithelial cells, as inhibition of TMPRSS2, but not CTSL, 

in primary lung epithelial cells is sufficient to inhibit viral infection (Hoffmann et al., 2020). Further, 

ACE2 and TMPRSS2 are largely co-expressed by the main targets of SARS-CoV-2 in vivo, such 

as epithelial cells within the lower and upper airway, the nasal passage, and the gut (Lukassen et 

al., 2020; Sungnak et al., 2020). 

Following viral entry, the viral RNA genome is deposited into the host cytoplasm, where it 

undergoes translation. The resulting polyproteins are processed by viral and host proteases into 

an array of viral non-structural proteins (nsp). These proteins rearrange host membranes to form 

the endoplasmic reticulum-localized viral replication complex (RC). Safely sequestered within the 

RC, the SARS-CoV-2 genome is replicated by its RNA-dependent RNA polymerase (RdRP) 

complex. Newly produced viral genomes are then coated with the SARS-CoV-2 nucleoprotein (N) 

and egress through the secretory pathway, budding out of cells as new viral progeny ready to 

begin the cycle anew (Hartenian et al., 2020; V’kovski et al., 2020). During the SARS-CoV-2 

lifecycle, the cell-intrinsic innate immune response can recognize viral pathogen-associated 

molecular patterns (PAMPs) and induce an antiviral cellular state. This typically involves activation 

of cell death programs, production of proinflammatory cytokines via the nuclear factor kappa-light-

chain-enhancer of B cells (NF-κB) signaling pathway, and upregulation of type I interferons (IFN), 

which regulate expression of numerous interferon-stimulated genes (ISGs) (Katze et al., 2002; 

Yang et al., 2021). In turn, SARS-CoV-2 has evolved numerous strategies to antagonize or 

reroute these antiviral programs (Hartenian et al., 2020). 

Each step of this viral life cycle requires a diverse array of host factors. A deeper understanding 

of the host-pathogen interactions of SARS-CoV-2 in permissive human lung cells will help 

illuminate molecular mechanisms of viral pathogenesis and host defense. Further, host-directed 
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therapeutics hold great potential to alleviate COVID-19 disease burden, potentially posing less 

risk for viral escape compared to virus-targeted therapies. However, the host factors required for 

the SARS-CoV-2 viral life cycle in the human lung are largely unknown beyond a small number 

of critical entry factors.  

While recent loss-of-function (LOF) screens have begun defining host factor requirements for 

SARS-CoV-2 infection, these studies employed host gene knockout either in non-epithelial cell 

lines or cell lines that do not endogenously express ACE2 and TMPRSS2 (Baggen et al., 2021; 

Bailey and Diamond, 2021; Daniloski et al., 2021; Schneider et al., 2021; Wang et al., 2021; Wei 

et al., 2021; Zhu et al., 2021). LOF screens remove host factors that mediate viral infection and 

cytopathic effect, allowing for the identification of proviral genes. In contrast, gain-of-function 

(GOF) screens can identify antiviral factors that enhance viral restriction upon upregulation. 

Performing both screens in a bidirectional manner can therefore illuminate host pathways with 

bimodal roles. Finally, as expression of TMPRSS2 defines the cell-entry route of SARS-CoV-2, 

distinct host dependency factors would be expected to emerge from cell lines with varying levels 

of this protease (Koch et al., 2020; Zhu et al., 2021). 

We therefore set out to define the host-pathogen interactions required for facilitating or restricting 

SARS-CoV-2 infection in Calu-3 cells, which are human lung cells endogenously expressing both 

ACE2 and TMPRSS2. We conducted genome-scale loss-of-function and gain-of-function 

CRISPR screens to generate a systematic functional map of host dependency and host restriction 

factors. Pathway analysis and secondary validation of the screen hits revealed diverse cellular 

components involved in modulating cellular proliferation, intercellular junctional complexes, the 

cytoskeleton, inflammatory signaling, and mucin glycoproteins. 

The gene hits identified in our bidirectional dataset are enriched in single cell RNA sequencing 

datasets of lung epithelial cells from healthy individuals and COVID-19 patients, underscoring 

their physiological relevance. We further validated a network of membrane-tethered mucins as 

antiviral factors, which are O-glycosylated proteins known to modulate bacterial infection and 

restrict influenza A virus infection (Lu et al., 2006; McAuley et al., 2017; Zanin et al., 2016). We 

demonstrate that these mucins restrict SARS-CoV-2 infection at the entry stage, suggesting that 

mucin expression in human lungs may modulate SARS-CoV-2 infection. Taken together, our 

bidirectional CRISPR screens dissect the proviral and antiviral roles of the densely interconnected 

genetic landscape of SARS-CoV-2 host factors, highlighting mucins as potential restriction factors 

of SARS-CoV-2 infection in COVID-19 patients. 

RESULTS 

Genome-wide bidirectional CRISPR screens reveal a functional map of SARS-CoV-2 host 

factors 

Our LOF and GOF screens used virus-mediated cell death as a functional readout, exploiting 

Cas9 nucleases for gene ablation and dCas9 with functionalized guide RNA aptamers to recruit 

synergistic transcriptional activators for target upregulation (Figure 1) (Hsu et al., 2014). We 

utilized a human lung epithelial cell line (Calu-3) that is highly permissive to SARS-CoV-2 infection 
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and exhibits dramatic cytopathic effect (CPE) without the need for exogenous overexpression of 

SARS-CoV-2 entry factors such as ACE2 and TMPRSS2. We first transduced Calu-3 cells with 

constructs encoding Cas9 nuclease (LOF) or the transcriptional activators dCas9-VP64 + PP7-

P65-HSF1 (GOF), followed by lentiviral delivery of CRISPR guide libraries at low multiplicity of 

infection (Figure 1A) (Konermann et al., 2015; Sanson et al., 2018). 

Both screens were conducted with four biological replicates maintaining greater than 1000X single 

guide RNA (sgRNA) coverage. Following SARS-CoV-2 infection with the USA/WA-1 isolate, 

genomic DNA was harvested after at least 70% of cytopathic effect (CPE) was observed. Next-

generation sequencing of sgRNAs enabled identification of genes enriched and depleted relative 

to uninfected control cells (Tables S1-S3). We interpreted guides targeting genes emerging from 

the LOF-enriched (Figure 1B) and GOF-depleted (Figure 1C) categories to be proviral, and 

guides targeting genes from the GOF-enriched category (Figure 1D) to be antiviral. 

The top gene from both the LOF-enriched and GOF-depleted screens was ACE2, the SARS-CoV-

2 cell-entry receptor, validating the phenotypic selection of the host factor screens. TMPRSS2 

was also highly enriched in our LOF screen, suggesting that SARS-CoV-2 infection of Calu-3 cells 

is dependent on the dominant SARS-CoV-2 S glycoprotein-priming mechanism in lung epithelial 

cells (Hoffmann et al., 2020; Ou et al., 2021). 

Beyond ACE2, our top proviral gene hits include AP1G1 and CHUK in the LOF-enriched analysis 

as well as NFE2 and TRAF3IP2 in the GOF-depleted direction (Figure 1B, 1D). AP1G1 encodes 

a clathrin-adaptor protein potentially involved in clathrin-mediated intracellular trafficking, egress, 

or entry of SARS-CoV-2. CHUK encodes for IKK-alpha which is a critical component in regulation 

of the NF-κB signaling pathway, a transcriptional complex commonly activated by viral infections 

that regulates diverse events including proinflammatory cytokine production and cell survival 

(Santoro et al., 2003; Taniguchi and Karin, 2018). NFE2 is a transcription factor regulating diverse 

cellular responses, including cell differentiation, and has been shown to be upregulated in 

response to SARS-CoV-2 infection (Gasiorek and Blank, 2015; Thair et al., 2021). TRAF3IP2 

encodes for ACT1, an adaptor protein possessing E3-ubiquitin ligase activity involved in IL-17 

and NF-κB signaling pathways (Li et al., 2000). The role of NF-κB and IL-17 signaling may be 

directly proviral by establishing a cellular environment conducive to viral replication, or may 

negatively affect the host cell by promoting cell death (DeDiego et al., 2014; Kircheis et al., 2020; 

Park and Hong, 2016; Poppe et al., 2017; Su et al., 2020).  

On the antiviral side, our GOF screen identified TEAD3, ZNF275, and CCNE1 as the top 3 

enriched genes (Figure 1D and Table S3). TEAD3 is a transcription factor involved in the TGF-

β and Hippo signaling pathways, which can regulate cell proliferation (Ma et al., 2019). Hippo 

signaling in particular is activated by diverse stimuli including viral infection and is regulated 

through kinases such as the LOF-enriched hits TAOK1 and TAOK2 (Plouffe et al., 2016). CCNE1 

encodes for cyclin E1, a regulatory subunit of cyclin-dependent kinase 2 (CDK2) which is required 

for the G1/S cell cycle transition (Honda et al., 2005). As numerous studies have reported cell 

cycle arrest as a requirement for optimal viral replication, enhanced cell proliferation resulting 

from CCNE1 overexpression is likely refractory to SARS-CoV-2 replication (Bagga and Bouchard, 

2014; Davy and Doorbar, 2007; Fan et al., 2018). In fact, the SARS-CoV N protein has been 
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previously shown to inhibit CCNE1, suggested to be a strategy of viral-mediated cell-cycle arrest 

to route cellular resources towards viral replication (Surjit et al., 2006). Finally, ZNF275 is a zinc 

finger protein that may be involved in transcriptional regulation (Haston et al., 2006). Taken 

together, viral entry and trafficking factors, components involved in proinflammatory responses, 

and cell proliferation regulators are critical determinants of SARS-CoV-2-mediated cell death in 

Calu-3 cells. 

Insight into SARS-CoV-2 host dependency factors, pathways, and interaction networks 

To gain more systematic insight into critical proviral host pathways and interactions for SARS-

CoV-2 infection, we conducted two analyses of our top 100 enriched and depleted hits from our 

LOF and GOF screens, respectively. First, we performed a protein-protein interaction network 

enrichment analysis to define putative interactions between our top 100 genes, clustering hits into 

distinct interaction clusters based on both direct and indirect connections (Figure 2A and Figure 

S1A). Next, we performed a gene set enrichment analysis to identify enriched biological pathways 

(Figure 2B and Figure S1B). The identified apoptotic signaling pathways are expected to be 

directly involved in mediating virally-induced cytopathic effects, while canonical interferon 

signaling may be enriched in the LOF screen through modulation of cell proliferation or cell death 

pathways. We also found components of NF-κB-mediated inflammatory signaling, cell-cell 

junctional complexes, cytoskeletal remodeling, adaptor-mediated clathrin transport, and cell cycle 

regulation as enriched in our proviral screens. The interaction network analysis further revealed 

specific interconnections between genes involved in these host pathways that mediate SARS-

CoV-2 infection in Calu-3 cells (Figure 2A and Figure S1B). 

To confirm the requirements of individual genes for SARS-CoV-2 infection, we generated 

individual Calu-3 CRISPR lines with two distinct guides per gene for 8 of our top LOF-enriched 

hits and GOF-depleted gene hits. These gene hits represent distinct pathways and interaction 

clusters predicted to be critical for SARS-CoV-2 infection including clathrin-adaptor proteins and 

NF-kB inflammatory responses (Figure 2A). We observed reduced infectious virus production 

using a median tissue culture infectious dose (TCID50) assay from SARS-CoV-2 infected cells 

transduced with guides targeting ACE2 and TMPRSS2, as well as AP1G1, CHUK, RIPK4, and 

TAOK2, compared to control Calu-3s (Figure 2C). This supports a key role of the adaptor protein 

1 (AP1) clathrin adaptor complex in the viral life cycle, of which we identified three subunits 

(AP1G1, AP1M2, AP1B1) as well as two direct interaction partners in our KO screen (HEATR5B, 

AAGAB) (Figure 2A). The observed proviral effects of RIPK4 and CHUK suggest that certain 

components of NF-kB signaling are beneficial for SARS-CoV-2 infection and may be actively 

regulated by the virus to promote a viral replicative niche. It has been previously observed that 

NF-kB pathways can play both proviral and antiviral roles which can be actively regulated and 

rerouted by other coronaviruses and influenza A (Poppe et al., 2017; Schmolke et al., 2009).  

For GOF-depleted screen validation, lentiviral transduction with CRISPR activation components 

confirmed that upregulation of ACE2, MEX3B, APOL1, and CDKN2B increased viral infection and 

replication compared to non-targeting (NTG) control cells, as expected by their depletion scores 

in the GOF screen (Figure S1C). CDKN2B encodes for the cyclin-dependent kinase inhibitor 2B, 

which controls the progression from G1 to S phase. Negative regulation of cell proliferation was 
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the top pathway found among the depleted genes of the GOF screen (Figure S1B), supported 

by previous observations that the nucleocapsid protein (N) of SARS-CoV actively inhibits the 

functions of cyclin-dependent kinases (CDKs) to arrest the cell cycle (Surjit et al., 2006). 

Comparative analysis of LOF screens reveals unique SARS-CoV-2 dependencies in lung 

epithelial cells with endogenous entry factors 

We next conducted a comparative analysis of our LOF screen hits with recent LOF studies of 

SARS-CoV-2 proviral host factors in different cell lines (Baggen et al., 2021; Daniloski et al., 2021; 

Schneider et al., 2021; Wang et al., 2021; Wei et al., 2021). Other than ACE2, we noticed 

surprisingly low overlap in the top-ranked hits (Figure 3A). Pairwise comparisons between our 

Calu-3 screen and other screens resulted in only 0-4 overlapping genes in the top 100 hits, 

suggesting that many of our hits are specific to the cell line we used. Calu-3 cells produce and 

respond to interferon and endogenously express ACE2 and TMPRSS2, in contrast to monkey 

kidney epithelial cells (Vero-E6) and human hepatocytes (Huh7.5) with defective type I IFN 

responses or entry factor-engineered cell lines (Huh7.5.1 overexpressing ACE2 and TMPRSS2, 

and A549 overexpressing ACE2) (Desmyter et al., 1968; Mosca and Pitha, 1986; Sumpter et al., 

2005). We therefore hypothesized that our unique screen hits may be due to distinct properties 

of Calu-3 lung epithelial cells, such as TMPRSS2-dependent viral entry or functional inflammatory 

responses. 

Comparing across all screens, the cell type chosen for infection is the dominant factor determining 

screen hit overlap, rather than differences in viral strain, multiplicity of infection (MOI), or timeline 

of genomic DNA harvest. CRISPR knockout screens conducted by independent groups in the 

same cell lines, A549-ACE2 and Huh7 cells, had 21 and 13 overlapping genes in the top 100 hits, 

respectively. Strikingly, all other pairwise comparisons yielded 0-4 overlapping genes in the top 

100 hits, as we had observed for our Calu-3 screen (Figure 3A). The gene hits common to our 

screen and at least two other studies are involved in biological processes such as regulation of 

transcriptional responses (RREB1, NUPR1), cholesterol uptake (LDLR), and protein 

ubiquitination (SIAH1) (Figure 3B). In contrast, a large cluster of gene hits enriched across at 

least 3 other screens - but not our Calu-3 screen - include genes encoding vacuolar-associated 

proteins important for endolysosomal trafficking (CTSL, ATP6AP1, GNPTAB, VAC14, WDR81, 

GDI2, and CCZ1B) (Figure 3B). In contrast, members of the AP1 clathrin adaptor complex were 

uniquely identified in our screen (Figure 2A). These hits likely highlight differences in the CTSL- 

and TMPRSS2-dependent entry and trafficking routes of SARS-CoV-2. Taken together, host 

factors regulating endosomal maturation and CTSL function may be dispensable for SARS-CoV-

2 infection when TMPRSS2 is present. 

To assess the physiological relevance of our screen hits, we conducted comparative analyses of 

two distinct single cell RNA-seq studies: a dataset of human bronchoalveolar lavage fluid (BALF) 

from COVID-19 patients and controls (Liao et al., 2020), and a recent meta-analysis of healthy 

human lung cell types (Muus et al., 2021). First, we identified the gene expression profiles from 

total lung epithelial cells of COVID-19 patients. Of the top 100 ranked genes within each screen, 

a greater fraction of our Calu-3 screen hits was expressed at higher levels compared to gene hits 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 23, 2021. ; https://doi.org/10.1101/2021.04.22.440848doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.22.440848


from other screens (Figure 3C), including genes involved in inflammatory responses (B2M, 

TAOK1) and cell proliferation (ELF3, TPT1, and NUPR1).  

Next, we analyzed ciliated epithelial cells co-expressing ACE2 and TMPRSS2, presumed to be 

primary cellular targets of SARS-CoV-2 infection in humans (He et al., 2020; Ravindra et al., 2021; 

Sajuthi et al., 2020; Sungnak et al., 2020). We again observed greater enrichment of our Calu-3 

gene hits compared to gene hits from other screens, implying Calu-3 cells may be more 

representative of physiologically relevant ACE2+/TMPRSS2+ cells in human lungs compared to 

cell lines employed in other screens (Figure 3D). Top gene hits found in our Calu-3 screen that 

were specific to ACE2+/TMPRSS2+ ciliated lung cells include regulators of cell proliferation and 

migration (TMC5, ST14, KLF5) or cell-cell adhesion (CDH1). Finally, comparing gene expression 

profiles from healthy and COVID-19 BALF, we observed that expression of our Calu-3 gene hits 

is the most highly modulated upon SARS-CoV-2 infection in the epithelial cell fraction compared 

to gene hits from other screens (Figure 3E). Taken together, we note strong cell type-specific 

host factor requirements, with expression of TMPRSS2 playing a major differentiating role. 

Additionally, screen hits derived from Calu-3 cells were more highly enriched within 

physiologically relevant human lung epithelial cells. 

Analysis of host restriction factors against SARS-CoV-2 

We next sought to systematically investigate the antiviral pathways identified by our GOF screen 

that are leveraged by the host cell to restrict SARS-CoV-2-mediated cell death. Pathway and 

protein interaction network enrichment analysis highlighted inflammatory signaling, GPCR 

signaling, transcriptional regulation, and mucin glycosylation in addition to cell cycle regulation 

(Figure 4A and 4B).  

For secondary validation, we selected enriched GOF hits across these pathways including 

CCNE1, which regulates the G1-S checkpoint, diverse transcriptional regulators (TEAD3, 

SPDEF, TAF7L, ZNF248, MRGBP), host helicases (DDX28), ion channels (TMEM206, 

SLC44A2), and membrane-binding proteins (CPNE3). TCID50 assays of these individual GOF 

Calu-3 cell lines infected with SARS-CoV-2 demonstrated reduced viral titers compared to NTG 

controls, confirming an antiviral role of these hits (Figure 4C and 4D, Figure S2A and S2B).  

The antiviral effect of upregulating CCNE1, which drives cells into S phase, is consistent with the 

proviral effect of activating CDKN2B, a cell cycle inhibitor. Coronavirus regulation of the cell cycle 

by regulating interactions between cyclins and CDKs has been previously shown for SARS-CoV-

1, murine hepatitis virus (MHV), porcine epidemic diarrhea virus (PEDV), and infectious bronchitis 

virus (IBV), and are a consistent strategy for rerouting host resources towards the coronavirus 

lifecycle (Su et al., 2020). TEAD3, a transcription factor involved in TGFβ and Hippo signaling, 

may also regulate cell proliferation in ways that are detrimental to the virus. Another highly 

enriched transcription factor, SPDEF, is critical for differentiation of goblet cells, a specialized cell 

type involved in mucus secretion (Chen et al., 2009). 

Several of our other GOF enriched hits have been shown to interact with SARS-CoV-2 viral 

proteins. The DDX28 helicase interacts with the SARS-CoV-2 N protein and was previously 
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reported to be a protective factor in an RNA interference screen for West Nile virus host factors 

(Chen et al., 2021; Krishnan et al., 2008). CPNE3, a phospholipid-binding protein, has been 

implicated as an interaction partner with SARS-CoV-1 nsp1 and viral RNA (Cornillez-Ty et al., 

2009; Flynn et al., 2020). Transcriptional activation of the transcription factor IRF5 also 

dramatically reduced viral titer, consistent with the well-established antiviral role of interferon 

signaling (Figure 4C and 4D). Other interferon-stimulated genes (ISGs) identified in the GOF 

screen were also predicted to result in an antiviral state, including the lymphocyte antigen 6 

family member LY6E previously reported to antagonize SARS-CoV-2 entry, ubiquitin specific 

peptidase (USP18), and the putative mitochondrial-localized dsRNA-sensor ZNFX1 (Honke et al., 

2016; Pfaender et al., 2020; Wang et al., 2019). 

Finally, we identified mucin glycosylation as a prominent pathway of SARS-CoV-2 host factor 

restriction (Figure 4A). Mucins comprise a family of high-molecular weight, heavily O-

glycosylated glycoproteins and are the primary constituent of mucus lining the epithelial tract of 

the lungs and gut (Lillehoj et al., 2013). We observed that membrane-tethered mucins (MUC1, 

MUC4, MUC13, MUC21) form a large, interconnected network in our GOF-enriched protein 

network analysis along with the acetylglucosaminyltransferase B3GNT6 and cell surface proteins 

CD44 and ICAM1 (Figure 4A). We decided to focus further validation on transmembrane mucins 

due to their lung localization, significance of enrichment as an antiviral pathway, and lack of 

previous studies in the context of SARS-CoV-2 infection. 

Mechanistic insight into the modulation of SARS-CoV-2 cell-entry by mucins 

Mucins are ubiquitous proteins encountered by all respiratory and enteric pathogens interacting 

with the mucosal epithelium. We hypothesized that the mucins identified in our screen are 

restrictive barriers to SARS-CoV-2 infection of lung epithelial cells. To confirm that upregulation 

of the membrane-tethered mucins is sufficient to reduce SARS-CoV-2 infection compared to an 

NTG control, we generated individual GOF cell lines for MUC1, MUC4, MUC13, and MUC21 – 

unique mucins of varying length and composition – in Calu-3 cells. We also produced a GOF line 

for the transmembrane glycoprotein CD44, which can be variably spliced to contain a mucin-like 

domain and interacts with MUC1 (Bennett et al., 1995; Hasegawa et al., 2016). qPCR of the 

validation cell lines confirmed significant upregulation of target gene transcription by both tested 

guides in each case (Figure 5A). As predicted, each of these cell lines also exhibited reduced 

SARS-CoV-2 viral titers compared to NTG controls (Figure 5B). Although this experiment 

indicates that overexpression of membrane-tethered mucins restricts SARS-CoV-2 infection, it 

does not reveal if endogenous levels of membrane-tethered mucins modulate SARS-CoV-2 

infection. To test this, we treated cells with secreted protease of C1 esterase inhibitor (StcE), a 

bacterial protease with a distinct peptide- and glycan-based cleavage motif that enables selective 

cleavage of mucins (Malaker et al., 2019). An enzymatically inactive form of StcE conjugated to 

Alexa Fluor 647 was used to confirm successful depletion of StcE binding sites (Figure 5C). We 

then performed multi-step growth curves of SARS-CoV-2 in StcE-treated and untreated Calu-3s, 

to compare SARS-CoV-2 infection kinetics in cells with and without endogenous mucins. We 

found that SARS-CoV-2 had a growth advantage at 24 hours post infection in StcE-treated cells, 

compared to untreated control cells, indicating that Calu-3 cells with decreased endogenous 
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mucins were more permissive to viral infection (Figure 5D). Taken together, these data indicate 

that membrane-tethered mucins restrict SARS-CoV-2 infection in vitro.   

Given their confirmed antiviral role in SARS-CoV-2 infection, we hypothesized that membrane-

tethered mucins may be actively regulated in response to SARS-CoV-2 infection. We assessed 

mucin gene expression in RNA-seq datasets of lung tissues. Across six different model systems 

in addition to post-mortem human lung tissue, we observe consistent upregulation of mucins from 

two days up to two weeks post-infection (Figure 5E) (Blanco-Melo et al., 2020; Hoagland et al., 

2021; Katsura et al., 2020; Muus et al., 2021; Winkler et al., 2020). While hamster and mouse 

models only exhibited significant upregulation of an individual mucin (MUC1 and MUC4, 

respectively), human alveolar organoids in vitro and human lung grafts in vivo exhibited 

transcriptional activation of all four membrane-tethered mucins. We further analyzed single cell 

RNA-seq data of COVID-19 patient BALF for active transcriptional regulation of validated GOF 

hits in response to infection. The epithelial cell fraction of COVID-19 BALF revealed significant 

upregulation of all 4 transmembrane mucins in addition to CD44 and TEAD3 (Figure 5F). Taken 

together, our data indicates that mucin upregulation is a broad antiviral host response across 

multiple species. 

We next sought to identify the stage of the viral life cycle that is affected by mucin upregulation. 

As all four mucins enriched in our GOF screen are expressed at the host cell surface, we 

hypothesized that they reduce SARS-CoV-2 entry. To test this, we utilized vesicular stomatitis 

virus (VSV) encoding GFP and pseudotyped with SARS-CoV-2 spike protein (VSV-S) to measure 

the effect of mucins on Spike-mediated viral entry (Figure 6A). Live cell imaging demonstrated 

that overexpression of all tested membrane-tethered mucins, including CD44, inhibited VSV-S 

infection relative to NTG control, in agreement with our viral titer validation data (Figure 6B, 

Figure 5B). 

To confirm that the decreased VSV-S infection observed is mediated by extracellular mucin coats, 

we selected MUC4 for further study due to its strong phenotype in our TCID50 assay. We treated 

MUC4 GOF and NTG cell lines with StcE to determine if removal of overexpressed MUC4 and 

endogenous mucins modulated VSV-S infection. Interestingly, StcE digestion of both cell lines 

led to a dramatic increase in VSV-S infection compared to untreated cells, indicating that mucin 

removal renders cells more permissive to VSV-S infection (Figure 6C). In addition, the lower 

VSV-S infection in MUC4 GOF cells, relative to the NTG controls, were partially reversed in StcE 

treatment conditions (Figure 6C). These data further indicate that removal of endogenous mucins 

from Calu-3 cells, in addition to overexpressed mucins, markedly increases VSV-S infection. 

Calu-3 cells endogenously co-express multiple membrane anchored mucins including both MUC1 

and MUC4. Further, no mucins emerged from our LOF screen, indicating that distinct 

transmembrane mucins may compensate for each other. This underscores the unique advantage 

of GOF screens in elucidating antiviral host-pathogen interactions. To confirm whether mucin 

inhibition of VSV-S infection was specific to the SARS-CoV-2 S glycoprotein, we also tested VSV 

pseudotyped with the rabies virus glycoprotein (VSV-RABV-G). In contrast to VSV-S, we did not 

observe an inhibitory effect on infection by VSV-RABV-G of either endogenously expressed 

mucins or upregulated MUC4 in Calu-3 cells, confirming that VSV-S infection inhibition in mucin 

GOF Calu-3s was specific to S-mediated entry (Figure 6D). Taken together, our data indicate 
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that membrane-tethered mucins restrict SARS-CoV-2 entry both when present at endogenous 

levels as well as when overexpressed and suggest that they may modulate SARS-CoV-2 infection 

in COVID-19 patients. 

DISCUSSION 

Here, we conducted genome-scale CRISPR loss- and gain-of-function screens in human lung 

epithelial cells, identifying numerous host factors that promote or restrict SARS-CoV-2-mediated 

cytopathic effects. In addition to reporting the first GOF screen with SARS-CoV-2, we present the 

first LOF screen in human lung cell types that have not been engineered with entry factors to 

improve the efficiency of viral infection. Hits identified in our Calu-3 knockout screen were found 

to be highly enriched in ciliated ACE2+/TMPRSS2+ lung epithelial cells from a meta-analysis of 

single-cell RNA sequencing studies from over 200 individuals; these hits are largely divergent 

from hits identified in other recent LOF screens. This host factor catalog is thus likely to include 

hits that are unique to the TMPRSS2-dependent cell entry route of SARS-CoV-2 infection in 

human lung epithelial cells (Tables S1-S3). In contrast, other CRISPR LOF screens have 

identified genes critical for a CTSL-dependent entry route, including factors involved in vascular 

trafficking and acidification of vacuoles (Bailey and Diamond, 2021; Daniloski et al., 2021; Flynn 

et al., 2020; Schneider et al., 2021; Wang et al., 2021; Wei et al., 2021; Zhu et al., 2021).  

A strength of bi-directional CRISPR screens is that genes and pathways can be interrogated in 

both a GOF- and LOF-manner simultaneously, possessing potential to capture the complexity of 

host-pathogen interactions. The emergence of inversely complementary hits from GOF and LOF 

screens (e.g. key pathway activators and inhibitors emerging from opposite screen directions) 

increases confidence in the importance of a given pathway for SARS-CoV-2 infection. Our 

screens identified several such pathways including cell cycle, NF-κB signaling, and epigenetic 

modifiers. 

While many DNA viruses such as papillomaviruses, adenoviruses, and polyomaviruses actively 

promote the cell cycle to increase availability of DNA replication machinery (Bagga and Bouchard, 

2014), the opposite trend is generally seen for RNA viruses. Several members of the 

Coronaviridae family including SARS-CoV-1 and murine hepatitis virus (MHV) employ diverse 

strategies for cell cycle arrest, which is hypothesized to benefit the virus via redistribution of 

cellular resources, avoidance of apoptosis-triggering checkpoints, or maintenance of organelle 

architecture required for viral replication (Dyer et al., 2008; Fan et al., 2018; Su et al., 2020; Yuan 

et al., 2006). SARS-CoV-2 likely exploits similar approaches, although the specific mechanisms 

are still emerging. Previous work has demonstrated SARS-CoV-2 genomic RNA directly interacts 

with the cell cycle promoter CDK2, which also exhibits decreased phosphorylation during infection 

(Bouhaddou et al., 2020). We observed that upregulation of factors promoting the cell cycle such 

as cyclin E1 and cyclin D1 restrict SARS-CoV-2 infection in Calu-3 cells, while overexpression of 

cell cycle inhibitors like CDKN1A and CDKN2B enhance SARS-CoV-2 infection. Although some 

screen hits may be enriched in pooled survival screens due to their effect on cell proliferation 

independent of viral infection, we validated CCNE1 and CDKN2B in assays directly measuring 

viral replication. Supporting this, cell cycle-modulating compounds such as dinaciclib and 

AZD5438 antagonize SARS-CoV-2 replication (Biering et al., 2020; Bouhaddou et al., 2020). 
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Taken together, a growing body of work indicates cell cycle arrest is critical for optimal SARS-

CoV-2 infection (Cawood et al., 2007; Mizutani et al., 2006; Yuan et al., 2006, 2007). 

NF-κB-mediated signaling also emerged from bidirectional functional screening. Some factors, 

such as NF-κB-induced genes CD44 and ICAM1, emerged as putatively antiviral, based on 

enrichment in the GOF screen. However, the majority of the NF-κB related hits appeared as 

proviral, with CHUK/IKK-α and RIPK4 enriched in the LOF screen and NFκB pathway activators 

IL-17C and its signaling adapter protein ACT1 (TRAF31P2) depleted in the GOF screen. Human 

coronavirus 229E selectively modulates certain components of the NF-κB signaling pathway for 

its replicative benefit in an IKK complex-dependent manner (Poppe et al., 2017).  A proviral role 

of the NF-κB pathway has also been reported for influenza A virus (IAV), as NF-κB inhibitors as 

well as genetic perturbation were demonstrated to restrict IAV infection in vitro and in vivo 

(Ehrhardt et al., 2013; Kumar et al., 2008; Pinto et al., 2011; Schmitz et al., 2014). A similar 

mechanism for a proviral role of proinflammatory cytokines and NF-κB-signaling for SARS-CoV-

2 would be plausible. Alternatively, a more indirect role via modulation of cell proliferation or cell 

death pathways would also be possible.  

One of the most prominently enriched proviral clusters from our LOF screens was a set of clathrin 

adaptor proteins from the AP1 complex, which are involved in vesicle formation and intracellular 

trafficking. Several AP1 adaptor proteins have also been identified as interactors of SARS-CoV-

2 M protein, including one of our top validated hits, AP1G1 (Chen et al., 2021). AP1 adaptors 

could either serve a direct role in the viral life cycle by affecting intracellular viral trafficking and 

egress or be manipulated by the SARS-CoV-2 M protein to reroute host proteins and facilitate 

viral infection. A similar mechanism is used by HIV-1, which hijacks the AP1 complex to retain the 

viral restriction factor BST2 within endosomes and drive its lysosomal degradation (Jia et al., 

2014). Depletion of AP1 components can also alter cell surface expression of membrane proteins 

(Castillon et al., 2018; Takahashi et al., 2011). As a result, entry factors like ACE2 and TMPRSS2 

may be mislocalized in AP1 LOF cells, resulting in decreased viral entry. Disrupting the AP1 

complex in vivo has also been demonstrated to result in altered epithelial cell-cell junctions and 

cell polarity, resulting in a hyperproliferative state (Bonifacino, 2014; Boyden et al., 2019; Hase et 

al., 2013). Given our data suggesting a critical role for cell proliferation regulation and cell-cell 

junction proteins like E-cadherin (CDH1) in SARS-CoV-2 infection, perturbation of these pathways 

in AP1 LOF cells may also explain their resistance to SARS-CoV-2 infection (Bonifacino, 2014; 

Boyden et al., 2019; Castillon et al., 2018; Hase et al., 2013; Takahashi et al., 2011). 

Another central class of genes identified in our LOF screen were components involved with 

cytoskeletal rearrangement (ROCK1) and cell-cell junctions (E-cadherin). Viruses commonly co-

opt actin or microtubule components and motor proteins to shuttle viral components around the 

cell and enable efficient replication (Arons et al., 2020; Taylor et al., 2011; Wen et al., 2020). 

Beyond intracellular shuttling, some viruses hijack host cytoskeletal components as well as cell-

cell protein complexes for cell-cell spread (Bergelson, 2009; Bouhaddou et al., 2020; Gordon et 

al., 2020; Mothes et al., 2010). An example of this for SARS-CoV-2 is the observation that SARS-

CoV-2 nsp7 and N proteins mediate cytoskeletal rearrangement by signaling through RhoA and 

CK2, forming filopodial protrusions from infected cells that have been hypothesized to serve as 

portals of cell-cell spread (Bergelson, 2009; Bouhaddou et al., 2020; Gordon et al., 2020). 
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Furthermore, as ACE2 has been reported to be preferentially localized to the cilia of upper and 

lower respiratory tract epithelial cells, loss of cytoskeletal components could also affect proper 

cell surface expression of ACE2 and potentially other SARS-CoV-2 entry factors, subsequently 

decreasing viral entry (Lee et al., 2020). Further, because cell division involves a tight coordination 

between the cytoskeleton, cell-cell junctions, and nuclear components, some of the identified cell 

junction and cytoskeleton components may also regulate the cell proliferative state, potentially 

connecting these two pathways. 

Our GOF screen identified several G-protein coupled receptors involved in smell and taste 

signaling as SARS-CoV-2 restriction factors. A key protein interaction network enriched in the 

GOF screen include the olfactory receptors OR8A1, OR2T33, and OR51S1, the G protein gamma 

subunit GNG13 that plays a key role in taste transduction, and the GPCR kinase GRK3. 

Respiratory epithelium and neuroepithelium of the human nasal cavity robustly express ACE2 

and TMPRSS2, and transcripts encoding olfactory receptors and GNG13 are downregulated in 

human and hamster olfactory epithelium following SARS-CoV-2 infection (Brann et al., 2020; 

Fodoulian et al., 2020; Zazhytska et al., 2021). The specific mechanism of an antiviral role for 

olfactory receptors, and their potential connections to COVID-19 symptoms such as anosmia, will 

warrant further investigation. However, many sensory receptors are expressed in diverse tissues 

and have functions beyond their canonical role in olfactory epithelium sensory neurons. Taste 

receptors in airway epithelia can play a direct protective role, sensing inhalation of noxious 

chemicals as well as metabolic products of pathogens. By activating calcium signaling and other 

second messenger pathways, they then increase cilia beat frequency to drive mucociliary 

clearance (Lee et al., 2012; Shah et al., 2009). Furthermore, whole exome studies of infants 

infected with respiratory syncytial virus (RSV) identified genetic variants in OR8U1 and OR8U8, 

suggesting that loss of some olfactory receptors could be involved in increased host susceptibility 

to RSV infection (Salas et al., 2017). Mutations in our antiviral screen hit GRK3 have also been 

found to be associated with immunodeficiency disorders (Balabanian et al., 2008). Because we 

did not identify olfactory or gustatory components in the LOF screen, which may not be expressed 

in lung epithelial cells such as Calu-3 lines, GOF screens highlight the potential to find novel 

functional pathways via ectopic overexpression. 

We also identified membrane-tethered mucins forming a prominent interaction cluster of SARS-

CoV-2 restriction factors. Mucins are a family of densely O-glycosylated proteins that are the 

primary constituent of mucus lining epithelial cell barriers in the lungs and gut (Wagner et al., 

2018), protecting the respiratory tract from environmental insults such as microbial infection 

(Button et al., 2012; Kesimer et al., 2013). Mucins are highly expressed by epithelial cells (Ma et 

al., 2018) and are separated into two major classes. Secreted, gel-forming mucins form the mucus 

layer (such as MUC5AC, MUC5B), while transmembrane mucins (such as MUC1, MUC4, 

MUC13, MUC21) are anchored to the apical side of epithelial cells (Carson, 2008; Hattrup and 

Gendler, 2008). Viral infections, including by SARS-CoV-2, have been shown to upregulate mucin 

expression in primary lung epithelial cells in a type I IFN-dependent manner, suggesting potential 

protective roles for mucins (Iverson et al., 2021; Liu et al., 2020; Lu et al., 2021). Our investigation 

demonstrates that membrane-tethered mucins serve as SARS-CoV-2 restriction factors in Calu-

3 cells, inhibiting infection at the stage of viral entry (Figure 5-6). This is supported by quantitative 
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trait locus (QTL) and in vivo studies suggesting that membrane-tethered MUC4 could serve a 

protective role in mice against SARS-CoV-1 and chikungunya virus infection (Plante et al., 2020). 

In the context of SARS-CoV-2, mucin studies have largely focused on their potentially detrimental 

functions during the later stages of COVID-19. Overproduction and accumulation of secreted 

mucins in the lungs can lead to airway obstruction, thereby reducing airflow, exacerbating lung 

disease, and potentially promoting ARDS (He et al., 2020; Nakashima et al., 2008; Vestbo, 2002). 

It has therefore been proposed to antagonize mucin expression as a therapeutic strategy (Guan 

et al., 2020; Kost-Alimova et al., 2020; Liu et al., 2020), and compounds that inhibit MUC1 are 

now being tested in clinical trials for hospitalized adults with COVID-19 (Strich, 2020; Tabassum 

et al., 2020). 

Given our findings of a protective role for membrane-anchored mucins against SARS-CoV-2, the 

development of therapeutics broadly antagonizing mucin expression should be pursued with 

caution. Structural variant studies of COVID-19 cases identified MUC4 loss-of-function to be 

associated with increased disease severity (Reay et al., 2021; Sahajpal et al., 2021). A more 

selective strategy promoting membrane-tethered mucins or reducing the secretion of gel-forming 

mucins may be more beneficial. In line with this, the sole secreted mucin (MUC5AC) identified in 

our screens was depleted in the GOF study, suggesting a proviral role. Taken together, the levels 

of distinct mucins in the lung of infected patients may determine the balance between the 

protective benefit of these surface glycoproteins and the pathological detriment in gas exchange.  

Future work is required to determine the exact mechanism of membrane-anchored mucins in 

restricting SARS-CoV-2 entry. In addition to direct steric hindrance of S glycoprotein receptor 

binding, the glycan composition of some mucins could potentially enhance binding of SARS-CoV-

2 virions to the cell surface, given that SARS-CoV-2 interactions with membrane 

glycosaminoglycans (GAGs) are important for viral entry (Clausen et al., 2020; Nguyen et al., 

2021; Zhang et al., 2020). In contrast, Influenza A virus (IAV) interacts with sialic acid residues 

on host mucins, which can actively trap viral particles and inhibit viral entry (Cohen et al., 2013; 

Delaveris et al., 2020; Ehre et al., 2012; Iverson et al., 2021; McAuley et al., 2017). Defining the 

molecular interactions between SARS-CoV-2 virions and mucins, and their consequences during 

SARS-CoV-2 infection in vivo, will clarify the potentially bimodal effect of mucins on COVID-19 

severity.  

In summary, we present a systematic functional catalog of highly interconnected host factors and 

pathways that mediate SARS-CoV-2 infection in human lung cells including cell cycle modulation, 

intercellular junction dynamics, clathrin-mediated trafficking, inflammatory responses, and O-

linked glycosylation of mucins. The combination of bidirectional loss- and gain-of function 

genome-scale screens enables the assignation of proviral or antiviral roles for individual genes in 

these complex pathways. By exploiting canonical ACE2 and TMPRSS2-mediated viral entry into 

lung epithelial cells with endogenous expression of these entry factors, we were able to identify 

unique host factor dependencies with robust enrichment in single cell RNA sequencing datasets 

of healthy and infected human lung epithelium. We then probed the roles of membrane-tethered 

mucins in restricting SARS-CoV-2 infection and demonstrated that restriction occurs at the stage 
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of viral entry. By dissecting the interactions between SARS-CoV-2 and lung epithelial cells, these 

host factor screens provide a starting point for host-directed therapeutic intervention. 
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Figure 1:  Bidirectional CRISPR screens identify host factors critical for SARS-CoV-2-

mediated cytopathic effect. A. Schematic of genome-wide CRISPR knockout and activation 

screens for SARS-CoV-2 host factors, conducted in parallel. Calu-3 cells stably expressing Cas9 

for the loss-of-function (LOF) screen or dCas9 and transcriptional activators for the gain-of-

function (GOF) screen were transduced with pooled guide RNA libraries. Following infection with 

SARS-CoV-2, cells were harvested after at least 70% cytopathic effect was evident. Next-

generation sequencing was performed to identify host factors and assign proviral and antiviral 

roles based on guide RNA enrichment or depletion compared to uninfected controls. B. 

Manhattan plot displaying the top 13 enriched genes identified in the LOF screen. C. Manhattan 

plot displaying the top 13 depleted genes in the GOF screen. D. Manhattan plot displaying the 

top 13 enriched genes in the GOF screen. All genes are ranked based on MAGeCK robust rank 

aggregation score. Red dots indicate putative antiviral genes with FDR<0.05, blue dots indicate 

putative proviral genes with FDR <0.05. 
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Figure 2: Host dependency factors and pathways of SARS-CoV-2 in lung cells revealed by 

genome-wide, loss-of-function screening. A. Protein-protein interaction network for top 100 

enriched hits identified in the CRISPR LOF screen based on STRING analysis. Solid lines 

between genes indicate direct interaction, dashed lines indicate indirect connections. Nodes are 

color-coded by functional groups and scaled according to screen enrichment RRA score. B. 

Pathway analysis of top 100 enriched hits indicates significantly overrepresented pathways with 

putative proviral roles. Circle size indicates the number of genes within each pathway, color 

indicates FDR of pathway enrichment. C. Individual TCID50 validation of the effect of KO of six 

putative proviral hits on SARS-CoV-2 viral titer in Calu-3 infected at an MOI of 0.05 for 48 hours 

(input viral inoculum not washed away). Each gene was targeted with at least two separate 

guides. Error bars denote mean ± SEM, n = 2. Dotted line indicates the limit of detection (LOD) 

of the assay. NTG = non-targeting guide control. 
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Figure 3: Comparative analysis of loss-of-function screens reveals cell type-specific host 

factor landscapes of SARS-CoV-2. A. Correlation plots of top 500 hits ranked by RRA score 

from this study and previously reported SARS-CoV-2 knockout screens performed in different cell 

lines. Plots are color-coded by cell line. Black: Calu-3 (human epithelial lung adenocarcinoma cell 
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line), blue: Huh7.5 and Huh7.5.1 (human hepatocyte-derived cell lines), red: A549-ACE2 (ACE2-

overexpressing human lung adenocarcinoma cell line), yellow: Vero-E6 (African Green Monkey 

kidney epithelial cell line). The top three overlapping genes with the lowest sum of rank position 

are displayed. B. Heat map indicating screen rank of key SARS-CoV-2 entry factors (left side) 

and all other top 500 ranked hits present in at least three screens (right side). C. Top 100 hits 

across LOF screens ranked by their expression levels in lung epithelial cells from COVID-19 

patient BALF single cell RNA-seq data from Liao et al., 2020. D. Top 100 hits across LOF screens 

ranked by AUC value for ACE2+TMPRSS2+ ciliated human lung epithelial cells based on scRNA-

seq meta-analysis, data from Muus et al., 2021. E. Top 100 hits across LOF screens ranked 

based on differential expression in lung epithelial cells from COVID-19 patients compared to 

healthy individuals, data from Liao et al., 2020. 
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Figure 4: Host restriction factors and pathways of SARS-CoV-2 in lung cells revealed by 

gain-of-function screening. A. Protein-protein interaction network for top 100 enriched hits 

identified in the CRISPR GOF screen based on STRING analysis. Solid lines between genes 

indicate direct interaction, dashed lines indicate indirect connections. Nodes are color-coded by 

functional groups and scaled according to screen enrichment RRA score. B. Pathway analysis of 

top 100 enriched hits indicates significantly overrepresented pathways with putative antiviral roles. 

Circle size indicates the number of genes within each pathway, color indicates FDR of pathway 

enrichment. C. qRT-PCR analysis of dCas9 transcriptional activation for four screen hits relative 

to non-targeting controls, n=4. D. Individual TCID50 validation of the effect of transcriptional 

upregulation of four putative antiviral hits on SARS-CoV-2 viral titer. Error bars denote mean ± 

SEM, n=3. Dotted line indicates the limit of detection (LOD) of the assay. NTG = non-targeting 

guide control. 
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Figure 5: Membrane-tethered mucins are SARS-CoV-2 host restriction factors and 

upregulated in response to infection. A. qRT-PCR analysis of Calu-3 cells overexpressing 

mucin pathway genes. Fold-change in expression is compared relative to cells transduced with 

non-targeting guide RNAs (NTG). Error bars denote mean ± SEM, n=3. B. Viral titer in GOF cell 

lines infected with SARS-CoV-2 at MOI 0.05 for 48 hours, as measured by TCID50 assay. Two 

separate sgRNAs were tested per gene. Error bars denote mean ± SEM, n=3. Dotted line 

indicates the limit of detection (LOD) of the assay. C. Flow cytometry data of NTG-transduced 

Calu-3 cells treated with StcE mucin-selective protease (mucinase). Cells are visualized using a 

pan-mucin stain conjugated to AF647 dye. D. Multi-step growth curves of StcE-digested and 

untreated Calu-3 cells infected with SARS-CoV-2, as measured by TCID50 assay. E. Heat map 

representing differential mucin expression levels in cell models, animal models, and human lung 

tissue following infection with SARS-CoV-2. Boxes indicate significant differential expression at 

FDR < 0.05. Color scale indicates log2 fold-change of transcript expression levels F. UMAP plots 

of scRNA-seq data for antiviral host factor expression in lung epithelial cells isolated from BALF 

of COVID-19 patients and healthy individuals from Liao et al., 2020. Cells are colored based on 

relative expression levels for each gene. All genes shown exhibit differential expression with FDR 

< 0.001. 
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Figure 6: Membrane-tethered mucins restrict SARS-CoV-2 Spike-mediated entry. A. 

Schematic of the pseudotype entry assay using a SARS-CoV-2 Spike-pseudotyped vesicular 

stomatitis virus (VSV-S) encoding GFP. Following infection, cells are imaged regularly over 24 

hours to track viral infection by quantifying GFP+ cell counts. B. Timecourse of VSV-S infection of 

NTG, MUC1, MUC4, MUC21, and CD44-overexpressing GOF cell lines. NTG, non-targeting 
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guide. Error bars denote mean ± SEM, n=3. C. Timecourse of VSV-S infection of NTG and MUC4 

GOF cells pre-treated with StcE mucinase prior to VSV-S infection. Cells exhibited increased 

spike-mediated viral entry into cells when compared to untreated cells. Error bars denote mean ± 

SEM, n=3. D. Timecourse of VSV-RABV-G entry in NTG and MUC4 GOF cells pre-treated with 

StcE mucinase prior to pseudotype virus infection. VSV-RABV-G, VSV particles pseudotyped with 

rabies virus glycoprotein. Error bars denote mean ± SEM, n=3. 
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Supplemental Figure 1: SARS-CoV-2 proviral signatures revealed by depleted genes in the 

GOF screen A. Pathway analysis of top 100 depleted hits in the GOF screen indicates 

significantly overrepresented pathways with putative antiviral roles. Circle size indicates the 

number of genes within each pathway, color indicates FDR of pathway enrichment. B. Protein-

protein interaction network for top 100 depleted hits identified in the CRISPR GOF screen based 

on STRING analysis. Solid lines between genes indicate direct interaction, dashed lines indicate 

indirect connections. Nodes are color-coded by functional groups and scaled according to screen 

enrichment RRA score. C. Individual guide TCID50 validation of the effect of transcriptional 

upregulation of four putative proviral hits on SARS-CoV-2 viral titer in Calu-3 cells infected at an 

MOI of 0.05 for 48 hours. Each gene was targeted with two sgRNAs. Error bars denote mean ± 

SEM, n=3. Dotted line indicates the limit of detection (LOD) of the assay. NTG = non-targeting 

guide control. 
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Supplementary Figure 2:  Validation of additional SARS-CoV-2 restriction factors enriched 

in the GOF screen. A. Viral titer in GOF cell lines infected with SARS-CoV-2 at an MOI of 0.05 

for 48 hours, and measured by the TCID50 assay. Two separate sgRNAs were tested per gene 

hit. Error bars denote mean ± SEM, n=3. Dotted line indicates the limit of detection (LOD) of the 

assay. B. A separate round of TCID50 assays were conducted as in the previous panel. Error bars 

denote mean ± SEM, n=3. 

 

Supplementary Table 1: LOF enriched screen analysis 
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METHODS  

Cell culture 

The human lung epithelial cell line Calu-3 (UC Berkeley Cell Culture Facility) was maintained 

RPMI media supplemented with Glutamax (Thermo Fisher), 10% FBS (HyClone), and 100 μg/ml 

penicillin and streptomycin (Gibco) [R10]. Cells were grown in T225 flasks (Thermo Fisher) and 

regularly passaged at 80-90% confluence with 10x concentrated Tryple Express (Thermo Fisher). 

After lentiviral transductions with Cas9 and dCas9-VP64 constructs, cells were cultured in R10 

media additionally supplemented with 16 ng/mL of hepatocyte growth factor (HGF, Stem Cell 

Technologies) to preserve viability and support robust growth (Datta et al., 2017).  

Guide RNA library amplification 

Endura electrocompetent cells (Lucigen) were electroporated with the genome-scale CRISPR KO 

(Brunello) and CRISPR activator (Calabrese) libraries, a gift from John Doench (Addgene). After 

recovery, cells were grown on LB agar bioassay plates supplemented with 100ug/mL carbenicillin 

overnight at 37C and harvested at a coverage of >1000 colonies per guide. Library plasmid DNA 

was extracted using a Nucleobond EF maxiprep kit (Macherey Nagel) followed by Novaseq 

sequencing to verify guide RNA representation. 

Lentiviral production 

Low-passage HEK 293FT cells were grown in DMEM supplemented with 10% FBS (D10 media) 

and passaged using TrypLE (Gibco). For viral plasmid transfection, Polyethylenimine ‘Max’ (PEI, 

linear, MW 40,000, VWR) at a concentration of 1mg/mL and pH 7.1 was used. PEI (0.71ug 

PEI/cm2 cell culture area) was mixed with 1 mL of DMEM. pMD2.G, PAX and library plasmid 

(0.178ug/cm2, at a 0.25 (pMD2.G): 0.5 (psPAX): 1(Library plasmid) ratio were thoroughly mixed 

with 1 mL DMEM. Following 10 min of incubation at room temperature, the DNA and PEI mixtures 

were combined, mixed and incubated for 30 min at room temperature. 150,000 cells/cm2 of 293FT 

cells in suspension were mixed with the PEI-DNA DMEM mixture and allowed to incubate for 5 

minutes at room temperature and then plated in D10 for 48 hours. Lentiviral supernatant media 

was harvested, filtered through a 0.45um filter and frozen at -80°C prior to titration on Calu-3 cells. 

SARS-CoV-2 stock preparation and infections 

The USA-WA1/2020 strain of SARS-CoV-2 was used in this study which was obtained from BEI 

Resources. The original stock from BEI was passaged through a 0.45 µM syringe filter and then 

5 µl was inoculated onto an 80% confluent T175 flasks (Nunc) of Vero-E6 cells to produce our p1 

stock. Cytopathic effect was monitored daily and flasks were frozen when cells exhibited ~70% 

cytopathic effect, usually ~48-72 hpi. Lysates were then thawed, collected, and cell debris was 

spun down at 3000 x rpm for 20 minutes. The clarified virus containing supernatants were then 

aliquoted and infectious viral particles were quantified with a TCID50 assay. To produce p2 

working SARS-CoV-2 stocks, 5 µl of the p1 stock was inoculated onto 80% confluent T175 flasks 

of Vero-E6 cells as described above.  
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Genome-wide, bidirectional CRISPR screens 

Calu-3 cells were transduced with lenti Cas9-Blast (Addgene #52962), or with lenti dCAS-

VP64_Blast (Addgene #61425), gifts from Feng Zhang. 24 hours post-transduction, cells were 

selected with 10ug/mL of blasticidin for 10 days. Cas9 and dCas-VP64 Calu-3 knock-in lines were 

then transduced with Brunello and Calabrese Set A libraries (Addgene #73179 and #92379) as 

appropriate, which were gifts from John Doench. Library transductions were conducted to 

maintain >1000X representation of sgRNAs. The Brunello library contains 76,441 sgRNAs, so 

>2.7x108 cells were transduced at MOI 0.3. The Calabrese library contains 56,762 sgRNAs, so 

>2x108 cells were transduced at MOI 0.3. 24 hpi, cells were selected with 1.5 ug/mL for 5 days. 

For the LOF screen, the Cas9 knock-in cell line transduced with Brunello sgRNAs were seeded 

at 3.5x107 cells per T225 flask and allowed to grow to 70% confluency. At this point, half of the 

cells were harvested for a Day 0 (D0) timepoint to serve as a reference for sgRNA enrichment 

analysis. The remaining cells were infected with the SARS-CoV-2 USA/WA-1 isolate at an MOI 

of 0.05. Cells were incubated for 4 days until >70% CPE was apparent. Throughout infection, 

media was changed every other day with R10+HGF. For the GOF screen, dCas-VP64 knock-in 

cells transduced with Calabrese sgRNAs were treated similarly except they were infected at an 

MOI of 0.05 for 5 days until >70% CPE was apparent. At 5 days post infection, surviving cells 

were uplifted and lysed according to manufacturer instructions using a genomic DNA extraction 

kit, followed by heat inactivation (Zymo Research). 

Next-generation sequencing 

Guide RNA cassettes were amplified from extracted genomic DNA to generate Illumina 

sequencing libraries. Namely, 3 ug of genomic DNA was added per 50uL PCR reaction using 

staggered primers to increase base diversity. PCR products were then pooled and purified using 

QIAquick PCR purification kits (Qiagen). Different libraries were then quantified with Kappaquant 

to determine relative concentrations of amplified product, then pooled to match concentrations. 

Pooled samples were then sequenced by Illumina Novaseq. In addition to the uninfected D0 and 

infected timepoints, the lentiviral plasmid prep was also sequenced to assess any guide 

distribution skew resulting from transduction. 

 

Computational analysis of CRISPR screens 

 

A previously published method for CRISPR screen analysis, MAGeCK, (Li, Wei et al. 2014) was 

used to rank genes based on redundant targeting guides via robust rank aggregation (RRA). Both 

GOF and LOF screens were performed with 4 replicates. sgRNA enrichment and depletion was 

assessed in infected vs. D0 uninfected samples for each paired sample using the --paired flag. 

Each set of top 100 screen hits was determined based on MAGeCK RRA rank and the false 

discovery rate in a negative control analysis. To investigate the relationships within each of these 

sets, we performed protein-protein interaction networks functional enrichment analysis with 

STRING (Szklarczyk, Damian et al. 2019). Any genes that exhibited depletion or enrichment in 

the top 500 hits between the plasmid library and the uninfected control were removed from 

STRING analysis as they are likely confounded by affecting cellular growth or survival unrelated 
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to viral infection. Nodes were resized based on MAGeCK scores. Specifically, the radius (𝑟) of 

each node was calculated as a constant factor (𝑐) scaled by 1.5 raised to the z-score (𝑧) of the 

corresponding gene’s negative log MAGeCK score: 𝑟	 = 	𝑐 ∗ 1. 5
*. 𝑧 was calculated from the 

distribution of the negative log MaGeCK scores in the relevant top 100 gene set.  

 

Secondary validation with individual guide RNAs 

 

Lentivirus for Cas9 KO was produced in 6-well plates (scaled down from the lentivirus production 

protocol). After 48 hours, viral supernatant was harvested, centrifuged at 800xg for 5 minutes to 

remove cell debris, and used to transduce 800,000 Cas9-expressing Calu-3 cells. 24h later, cells 

were selected with Blasticidin to completion. Lentivirus for CRISPR activators was produced as 

described above, scaled to T75 flasks. Clarified lentiviral supernatant was concentrated using 

LentiX Concentrator (Takara Bio). The concentrated aptamer guide RNA virus was used to 

transduce 5M Calu-3 cells expressing dCas9-VP64 prior to blasticidin selection the following day. 

 

Calu-3 validation infections and TCID50 assay  

 

2x105 Calu-3 cells were seeded into 24-well plates and infected with SARS-CoV-2 48 hours post-

seeding at an MOI of 0.05. Viral inoculums were incubated with cells for 30 minutes at 37 C, at 

which time they were removed and cells were washed once with 1xPBS. Regular media 

R10+HGF was then replaced and cells were incubated for the times indicated in the figures (24-

48 HPI). Plates were then frozen down to lyse cells and then thawed when ready to quantify virus 

by TCID50. To titer infectious viral particles, plates were thawed and viral lysates was serially 

diluted, and each dilution was applied to eight wells in 96-well plates containing Vero-E6 cells. 

Three days later, CPE was counted visually and TCID50/mL was calculated using the dilution 

factor required to produce CPE in half of the wells (4/8) for a given dilution.   

qPCR validation of overexpressing cell lines 

Cells were cultured in 96-well plates until >70% confluency, and cDNA was acquired with direct 

lysis to reverse transcription protocol as described in (Joung et al., 2017). Taqman qRT-PCR was 

completed with the following probes: TAF7L (Hs00227589_m1), TEAD3 (Hs00243231_m1), 

CCNE1 (Hs01026536_m1), IRF5 (Hs00158114_m1), MUC1 (Hs00159357_m1), MUC4 

(Hs00366414_m1), MUC13 (Hs00217230_m1), MUC21 (Hs01379324_g1), CD44 

(Hs01075861_m1). GAPDH was used as an endogenous control gene. 

Generation of replication competent vesicular stomatitis virus (VSV) pseudovirus 

Recombinant VSV expressing eGFP and SARS-CoV-2-S (VSVdG-eGFP-CoV-2-S) was 

generated as previously described (Wang et al., 2021). In short, VSVdG-eGFP (Addgene, 

Plasmid #31842) was modified to insert in frame with the deleted VSV-G a codon optimized 

SARS-CoV-2-S based on the Wuhan-Hu-1 isolate (GenBank:MN908947.3), which was mutated 

to remove a putative ER retention domain (K1269A and H1271A). The virus was rescued and 

passaged in Huh7.5.1 cells multiple times until widespread GFP fluorescence and cytopathic 

effects were observed. Virus was propagated on Vero-E6 cells and titrated on VeroE6 cells 
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overexpressing TMPRSS2. Sequencing revealed additional mutations at the C-terminus 

(1274STOP) and a partial mutation at A372T (~50%) in the ectodomain. Similar adaptive 

mutations were found in a previous published VSVdG-CoV-2-S (Dieterle et al., 2020).  

Recombinant VSV expressing eGFP and rabies virus G (VSVdG-eGFP-RABV-G) was generated 

in a similar manner. Rabies virus (RABV) glycoprotein (G) was amplified from a template 

containing the G sequence from SAD-B19. This gene was assembled into VSV-eGFP-dG 

(Addgene, Plasmid #31842) in frame with the G coding sequence between MluI and NotI to 

generate VSV-eGPF-RABV-G. To rescue the VSVdG-RABV-G, 293FT cells (Thermo Fisher 

Scientific) were co-cultured with VeroE6 cells in a 6-well plate. Cells were transfected with 

pCAGEN-VSV-N (300ng), pCAGEN-VSV-P (500ng), pCAGEN-VSV-L (200ng), pCAGEN-VSV-G 

(800ng), pCAGGS-T7 (200ng), and VSV-eGFP-dG-RABV-G (500ng) using JetPrime (Polyplus).  

Media was changed to DMEM + 2% FBS after 1 day, and cells were observed until widespread 

GFP was observed by day 7. Rescued virus was plaque purified, propagated, and titrated on 

Vero-E6 cells. Sequencing confirmed that the sequence matched the SAD-B19 and no mutations 

were observed. 

Quantifying pseudovirus infection 

Cells were plated in clear 96-well plates for infection and 50-80% confluence the next day. Media 

was removed from cells and pseudovirus was added at an MOI of 0.1 in 200 µl of DMEM+2% 

FBS. Plates were spun at 900xg at 30°C for 60 minutes. After spinfection, individual wells were 

imaged over time using an Incucyte System (Sartorius) in a 37°C incubator at 5% CO2. Images 

were taken of each well at 4x magnification, and infection was tracked by GFP. The number of 

GFP positive foci per well normalized to cell area was calculated using Incucyte Analysis 

Software. 

Mucin-selective protease treatment of Calu-3 cells 

Calu-3 cells overexpressing CRISPR activator components and MUC4- and NTG-targeting 

sgRNAs were seeded into 96-well plates, targeting 30% density for the next day. After allowing 

for attachment, media was changed to RPMI+2% FBS. 22 hours later, StcE mucinase diluted in 

RPMI+2% FBS was spiked into mucinase-treated wells to achieve a final concentration of 20nM 

mucinase. Vehicle conditions received RPMI+2% FBS to maintain equal well volumes. 2 hours 

later, the pseudovirus VSVdG-eGFP-CoV-2-S and control VSVdG-eGFP-RABV-G were added to 

achieve MOI 0.1, then centrifuged at 900xg at 30°C for 60 minutes. After spinfection, individual 

wells were imaged over time using an Incucyte System (Sartorius) in a 37°C incubator at 5% CO2.  

Images were taken of each well at 4x magnification, and infection was tracked by GFP.  The 

number of GFP-positive foci per well was calculated using Incucyte Analysis Software. 

Single-cell RNA meta-analysis of TMPSSR2+ACE2+ ciliated lung epithelial cells 

AUC values for transcripts for ciliated human lung epithelial cells co-expressing ACE2 and 

TMPSSR2 were obtained from published supplementary data from (Muus et al., 2021). AUC 
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values for the top 100 hits based on MAGeCK rank for each screen that were present in the 

dataset were retrieved and sorted high to low for each screen in the screen comparison.  

 

Bulk RNA-seq analysis of mucin gene expression in response to SARS-CoV-2 infection 

We identified previously reported RNA-seq datasets of diverse cells and tissues after SARS-

CoV-2 infection in order to examine differential mucin gene expression. We derived Calu3- cell 

differential gene expression data and post-mortem human lung data from GSE147507 (Blanco-

Melo et al., 2020), human alveolar organoid data and human lung graft data from GSE152586 

(Katsura et al., 2020), mouse lung data from GSE154104 (Winkler et al., 2020), and hamster 

trachea and hamster lung data from GSE161200 (Hoagland et al., 2021). log2fold-change of 

transcript expression levels upon SARS-CoV-2 infection and false discovery rates (FDR) for the 

mucin genes were identified from each corresponding manuscript’s reported values. Missing 

values indicate no expression data was reported for that gene in the given dataset. 

RNA-seq analysis for COVID-19 clinical samples 

Filtered feature-barcode matrices for 13 BALF samples (4 healthy controls, 9 individuals with 

COVID-19 were obtained from GSE145926 and GSM3660650 (NCBI). The standard pre-

processing workflow in Seurat was followed. Samples were analyzed and further filtered down 

using quality control metrics to remove batch effects. After removing unwanted cells, each sample 

was normalized using ‘LogNormalize’ and integrated into one assay using Seurat v4. Linear 

transformation was applied to the data using ’ScaleData’ prior to dimensional reduction. The top 

2,000 variable genes were identified using the ‘FindVariableFeatures’ method and were used to 

perform PCA. UMAP was then performed using the top 50 principal components. Seurat uses a 

graph-based approach to cluster cells which was applied here using the ‘FindNeighbors’ and 

‘FindClusters’ functions. Once each cell was assigned to a cluster, genetic markers KRT18, 

KRT19 and TPPP3 were used to identify epithelial cell clusters. The integrated assay was then 

subsetted to only include epithelial cells. The cells were regrouped based on the sample donor’s 

disease state. Gene expression data was extracted from the epithelial cell subset using 

‘GetAssayData’ on its RNA assay. Finally, differentially expressed genes were identified between 

the healthy control cells and COVID19-infected cells using the ‘FindMarkers’ method. We 

calculated differential gene expression using the scDD R package (Korthauer, Keegan et al. 2019) 

with the hyperparameters a0 = 0.01, b0 = 0.01, mu0 = 0, s0 = 0.01, and alpha = 0.01. 
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