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ABSTRACT 47 
 48 

Defining the subset of cellular factors governing SARS-CoV-2 replication can provide critical 49 
insights into viral pathogenesis and identify targets for host-directed antiviral therapies. While a number 50 
of genetic screens have previously reported SARS-CoV-2 host dependency factors, these approaches 51 
relied on utilizing pooled genome-scale CRISPR libraries, which are biased towards the discovery of 52 
host proteins impacting early stages of viral replication. To identify host factors involved throughout the 53 
SARS-CoV-2 infectious cycle, we conducted an arrayed genome-scale siRNA screen. Resulting data 54 
were integrated with published datasets to reveal pathways supported by orthogonal datasets, including 55 
transcriptional regulation, epigenetic modifications, and MAPK signalling. The identified proviral host 56 
factors were mapped into the SARS-CoV-2 infectious cycle, including 27 proteins that were determined 57 
to impact assembly and release. Additionally, a subset of proteins were tested across other coronaviruses 58 
revealing 17 potential pan-coronavirus targets. Further studies illuminated a role for the heparan sulfate 59 
proteoglycan perlecan in SARS-CoV-2 viral entry, and found that inhibition of the non-canonical NF-60 
kB pathway through targeting of BIRC2 restricts SARS-CoV-2 replication both in vitro and in vivo. 61 
These studies provide critical insight into the landscape of virus-host interactions driving SARS-CoV-2 62 
replication as well as valuable targets for host-directed antivirals. 63 

 64 
KEYWORDS 65 
SARS-CoV-2, genome-wide screen, pan-coronavirus, SMAC mimetics, Perlecan, host-directed 66 
antivirals 67 
 68 
INTRODUCTION 69 

As of May 2024, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative 70 
agent of COVID-19, has infected more than 775 million people worldwide and led to over 7 million 71 
deaths according to the World Health Organization (WHO). In the last 21 years, other coronaviruses 72 
have caused zoonotic outbreaks of severe viral respiratory illness in the human population. These 73 
include SARS-CoV-1, which was first reported in 2003 and has caused over 8,000 infections with a 74 
mortality rate of 9.5%1, and MERS, which was initially reported in 2012 and responsible for over 2,500 75 
infections with a 34.4% fatality rate2. Four years after the SARS-CoV-2 pandemic was declared and 76 
despite available therapeutics and vaccines, the virus still remains a global health threat due to vaccine 77 
hesitancy, limited rollout of vaccines in certain demographic areas, and the surge of variants with 78 
increased immune evasion, replicative fitness, and transmission3,4. Elucidating host-pathogen 79 
interactions that are critical for SARS-CoV-2 replication can facilitate the understanding of SARS-CoV-80 
2 biology and the development of host-directed antivirals that could benefit from broad-spectrum 81 
activities and reduced viral resistance5,6. 82 

SARS-CoV-2 belongs to the family of enveloped viruses known as Coronaviridae7, which are 83 
enveloped, positive strand RNA viruses8. Virions are spherical and decorated with Spike (S) 84 
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glycoproteins, which mediate receptor binding to facilitate viral entry9. Upon internalization, the viral 85 
RNA is released into the cytoplasm and transcribed into viral proteins10. These include structural 86 
proteins S, Envelope (E), Nucleocapsid (N), and Membrane (M) proteins, as well as 16 non-structural 87 
and 9 accessory proteins that are important for viral replication, innate immune evasion, and 88 
pathogenesis11,12. Coronaviruses induce the formation of double-membrane vesicles to promote the 89 
replication and transcription of their genomes13. Newly synthesized genomic RNAs are incorporated 90 
into virions and, following budding, infectious viruses are released from the host cell. Throughout their 91 
entire replication cycle, coronaviruses co-opt host factors that provide essential activities, including the 92 
cellular receptor ACE2 that is required for viral entry14. Previous CRISPR functional genetic screens 93 
have illuminated host factors and cellular pathways that are required for replication of SARS-CoV-2 94 
and other coronaviruses15–25. However, these CRISPR screens were conducted in a pooled format, 95 
biasing them to the identification of host factors affecting initial stages of viral replication. Therefore, 96 
the host factor requirements for SARS-CoV-2 egress and budding remain poorly characterized. 97 

Here, we report findings of an arrayed genome-wide siRNA screen to identify host factors involved 98 
throughout the entire SARS-CoV-2 infectious cycle. These factors were subsequently validated using 99 
targeted CRISPR-Cas9 technologies and integrated with previously reported OMICs, including 100 
functional genetics and proteomics, to reveal transcriptional control, epigenetic regulation and MAPK 101 
signalling as pathways implicated in SARS-CoV-2 replication with support from multiple studies. 102 
Proviral host factors were then mapped for their ability to support distinct stages of the SARS-CoV-2 103 
infectious cycle, e.g., entry, viral RNA replication/translation, or egress, and we found that the majority 104 
of host factors impact replication or egress. In addition, we identified 17 potential pan-coronavirus host 105 
factors, including perlecan, which was found to facilitate viral entry and was determined as a direct 106 
interactor of SARS-CoV-2 S protein. Small molecules targeting the proviral factor Baculoviral IAP 107 
Repeat Containing 2 (BIRC2) were found to inhibit SARS-CoV-2 infection in a dose-dependent manner. 108 
The proviral effects of BIRC2 on SARS-CoV-2 growth were further confirmed in vivo by treating 109 
infected mice with a BIRC2 inhibitor. Overall, this study provides new insights into host factors required 110 
for the entire SARS-CoV-2 replication cycle, including late stages, and identifies host-targeting 111 
inhibitors that can serve as the basis for new anti-SARS-CoV-2 therapies. 112 

 113 

RESULTS 114 

Genome-wide screen identifies host factors involved in SARS-CoV-2 replication  115 
The systematic identification of cellular factors that either support or restrict viral replication can 116 

provide valuable insights into SARS-CoV-2 biology, pathogenesis, and identify new antiviral targets. 117 
To uncover host factors involved in SARS-CoV-2 replication, we conducted a genome-wide siRNA 118 
screen in human Caco-2 cells challenged with USA-WA1/2020, the first SARS-CoV-2 US isolate 119 
(Figure 1A). This colorectal adenocarcinoma cell line was selected for the screen because the intestinal 120 
epithelium is a target for SARS-CoV-226,27 and these cells endogenously express ACE2 and TMPRSS2, 121 
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rendering them permissive to SARS-CoV-2 infection14. Furthermore, the siRNA knockdown efficiency 122 
is higher in Caco-2 cells compared to other SARS-CoV-2 permissive cell types such as Calu3. Cells 123 
were transfected with individually arrayed siRNAs, infected with SARS-CoV-2 for 48 h, 124 
immunostained for SARS-CoV-2 N protein, stained with DAPI, and then subjected to high content 125 
microscopy (Figure 1A). The impact of each individual gene knockdown on viral replication (% 126 
infected cells) was quantified based on DAPI+ events (number of cells) and SARS-CoV-2 N+ events 127 
(number of infected cells), and then normalized to the median % infection of each plate. Non-targeting, 128 
scramble siRNAs were included on each plate as negative controls, and siRNAs targeting SARS-CoV-129 
2 entry factors ACE2 and TMPRSS2 were included as positive controls (Figure S1A). Screens were 130 
conducted in duplicate and showed good reproducibility with a Pearson correlation coefficient (r) = 0.66 131 
(Figure S1B). Primary screening data were subjected to an analysis pipeline to identify siRNAs that 132 
affect viral replication (ranked based on Z-score) without impacting cell viability (cell count at least 133 
70% of scramble control). Using these criteria, we identified 253 proviral host factors (including 222 134 
with Z-scores < -2 in both replicates, and 31 with Z-score < -2 in replicate 1 and < -1.5 in replicate 2) 135 
(Figure 1B, green). Additionally, we identified 81 factors that restricted viral replication (Z-score > 1.5 136 
in both replicates), including CCND3, which we previously identified as a restriction factor for SARS-137 
CoV-228 (Figure 1B, red). Findings are summarized in Table S1. Reactome and gene ontology (GO) 138 
analyses of proviral factors revealed enrichment in intracellular protein transport (LogP=-3.5398), 139 
proteosome-mediated ubiquitin process (LogP=-3.1010), and cell junction organization (LogP=-140 
2.7385), among the top 10 enriched terms (Figure 1C, left). Antiviral factors were enriched in protein 141 
phosphorylation (LogP=-8.1590), JAK-STAT signalling (LogP=-4.0693), and demethylation (LogP=-142 
3.7072), amongst others (Figure 1C, right). Gene membership to these terms is included in Table S1. 143 
Host factors identified in the primary screen were subjected to a subsequent round of siRNA validation 144 
using four individually arrayed siRNAs per gene to minimize off-target effects. Here, 125 cellular 145 
factors were confirmed to affect the replication of SARS-CoV-2 with 2 or more siRNAs (Figure 1D) 146 
and their expression was verified across different relevant cell types29, including primary mucocilliated 147 
epithelial cells, which are a known target of SARS-CoV-2 (Figure S2A). We also further validated a 148 
subset of 12 factors using CRISPR-Cas9 knockout in the human lung cell line Calu-3 (Figure 1E). 149 
Combined, these data provide a list of validated host factors across different cell types that are involved 150 
in SARS-CoV-2 replication. 151 

 152 
Network integration reveals transcriptional control, epigenetic modifications, and MAPK 153 
signalling as relevant networks implicated in SARS-CoV-2 replication 154 

SARS-CoV-2 relies on a number of cellular proteins to complete its replication cycle, from 155 
surface receptors for viral entry to vesicle transport and sorting proteins for viral trafficking and 156 
release30. Conversely, in response to infection, the cell activates an antiviral program to clear infection28. 157 
A network integration model was generated to identify the interactomes and networks that the SARS-158 
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CoV-2 proviral and antiviral factors identified in our primary screen belong to and thereby gain a better 159 
understanding of their role in viral replication. First, we conducted a supervised network propagation by 160 
creating a grid that included the siRNA screening hits and their high confidence interactors as 161 
determined by the STRING database (see Methods). To put the host factors that we identified in context 162 
of previously identified SARS-CoV-2 host factors and highlight more confidence networks and host 163 
factors, we leveraged the first two reported SARS-CoV-2 functional genetic screens15,16, as well as the 164 
first two reported SARS-CoV-2 interactome and a phosphoproteomics datasets31–33. These datasets were 165 
integrated with the genetic screen data generated in this study and community detection algorithms were 166 
applied to identify densely interconnected clusters of factors that show significant membership in 167 
biological processes (Figure 2; see Methods). The resulting hierarchical ontology network revealed 168 
enrichment in metabolic pathways (p value = 2.83E-23) (Figure S2B), which were previously reported 169 
to affect viral replication by controlling cellular energy levels34, as well as enrichment in vesicle 170 
transport (p value = 7.62E-9). The vesicle transport cluster included factors such as Clathrin heavy chain 171 
1 (CLTC), important for entry of several RNA viruses35, and the vacuolar protein sorting associated 172 
protein 41 (VPS41) that was shown to associate with SARS-CoV-2 Orf3 protein31 (Figure S2C). A very 173 
dense cluster of both proviral and antiviral factors belonged to transcriptional regulation and epigenetic 174 
modifications networks (p value = 8.08E-9) (Figure 2 – bottom left, S2D), including histone modifiers 175 
such as the lysine demethylase KDM1A - also previously identified as a host factor involved in SARS-176 
CoV-2 replication15, and regulators of signal transduction such as the JAK1 tyrosine kinase. Another 177 
significant cluster was nicotinate and nicotinamide metabolism (p value = 7.81E-20) (Figure S2E), 178 
encompassing factors such as the entry receptor for SARS-CoV-2 ACE2 and one of its regulators, the 179 
adipokine Apelin (APLN)14,36,37. We also observed, as expected, enrichment in pathways involved in the 180 
innate immune and antiviral response (p value= 2.35E-11), which were in network with SARS-CoV-2 181 
proteins Orf3, Orf7b and M (Figure S2F). Lastly, there was a strong enrichment in factors involved in 182 
MAPK signalling (p value = 2.64E-19) (Figure S2G), including cell adhesion molecule CTNNA1, 183 
displayed in our network to interact with SARS-CoV-2 Orf7b protein and to be phosphorylated in 184 
response to infection. Overall, these analyses revealed host factors and networks that are supported by 185 
one or more OMICs datasets, thus providing a higher level of confidence and more insight into their 186 
mechanism of proviral or antiviral action. 187 
 188 
Mapping of host factors into SARS-CoV-2 infectious cycle reveals a direct interaction between 189 
perlecan and SARS-CoV-2 S protein 190 

The proviral host factors that were found to affect replication of SARS-CoV-2 with two or more 191 
siRNAs were evaluated for their effect during the three main stages of the SARS-CoV-2 infectious cycle: 192 
entry, replication and assembly/egress. First, to identify host factors involved in viral entry, siRNA-193 
transfected Caco-2 cells were infected with a vesicular stomatitis virus (VSV) encoding luciferase, 194 
pseudotyped with either SARS-CoV-2 S protein or VSV Glycoprotein (G), and luciferase levels were 195 
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measured as indicators of entry. siRNA-mediated knockdown of ACE2, TMPRSS2, COPB1, ATP6V0C, 196 
CLTC, APLN, HSPG2, IRLR2, LIME1 and AP1G1 significantly reduced entry mediated by SARS-CoV-197 
2 S protein (Figure 3A). Of these, CLTC and COPB1 were also found to participate in VSV-G mediated 198 
entry (Figure S3A), suggesting that both SARS-CoV-2 and VSV hijacked clathrin-mediated 199 
endocytosis to enter the host cells. Notably, the other eight factors showed no effect on VSV-G-mediated 200 
entry (Figures 3A, S3A), including TMPRSS2 or transmembrane protein LIME1, suggesting they are 201 
specific for SARS-CoV-2 S-dependent entry. 202 

HSPG2, also known as Perlecan, was found to be important for SARS-CoV-2 entry (Figure 203 
3A). Perlecan is an extracellular proteoglycan, commonly found in all native basement membranes38. 204 
Heparan sulfate (HS), which is a common modification of Perlecan, has been shown to act as a co-205 
receptor or an attachment factor for a number of viruses, including SARS-CoV-239,40. To test if Perlecan 206 
directly interacts with SARS-CoV-2 S protein, we isolated Perlecan from human coronary artery 207 
endothelial cells as previously described41 and measured its interaction with recombinant full-length S 208 
protein and its receptor binding domain (RBD) using a biacore biosensor. Both S and S RBD bound to 209 
Perlecan but not albumin (negative control) (Figure 3D, S3B-C), although the interaction was more 210 
significant with full-length S, illustrated by a higher response units (RU) value (Figure 3D). Treatment 211 
of the isolated Perlecan with an HSase eliminated binding, showing that the S protein interacts with the 212 
HS chain and not the core protein (Figure 3E). This is in agreement with previous data showing that 213 
HS is required for S binding to cells40. Collectively, this data suggests that HSPG2 facilitates SARS-214 
CoV-2 entry and directly interacts with S protein. 215 

Next, to define host factors that affect SARS-CoV-2 RNA replication and translation, viral RNA 216 
levels were quantified at 8 h post-infection in Caco-2 cells knockdown for each target gene (Figure 3B). 217 
This assay revealed 32 host factors that strongly inhibit SARS-CoV-2 RNA replication (>50% 218 
inhibition), but have no effect on viral entry. These include RNA-binding protein STRAP, which was 219 
previously reported as a SARS-CoV-2 interactor31, and the ubiquitin ligase FBXL12, a reported 220 
interactor of SARS-CoV-2 Orf832. Lastly, to identify factors involved in the late stages of the viral cycle, 221 
we infected naïve Caco-2 cells with viral supernatants that were collected at 18 h post infection of 222 
siRNA-transfected Caco-2 cells (Figure 3C) followed by immunostaining for viral N protein. We found 223 
that depletion of 27 host factors lowered by >50% the amount of infectious viral particle production 224 
without affecting viral entry or RNA replication, suggesting that they specifically participate in the late 225 
stages of SARS-CoV-2. These include the lysosomal protein SIDT2, which is in agreement with 226 
previous reports showing that SARS-CoV-2 hijacks lysosomes for egress42, the adhesion molecule 227 
CTNNA1, the member of the PAF complex LEO1, shown previously to be targeted by influenza A virus 228 
to suppress the antiviral response43, and the Golgi resident and vesicle trafficking protein GBF1, a 229 
previously reported interactor of SARS-CoV-2 M31 (Figure 3C). 230 
 231 
 232 
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Comparative screening reveals potential pan-coronavirus host factors 233 
Motivated by the premise that the identification of host factors essential for replication of several 234 

related viruses might inform broad-acting antiviral therapies, we prioritized 47 validated SARS-CoV-2 235 
proviral host factors based on their level of activity, and evaluated their impact on SARS-CoV-1 and 236 
MERS replication. From these, 17 factors were required for all three coronaviruses (Figure 4A). These 237 
include the palmitoyltransferase ZDHHC13, which has been linked to S-mediated syncytia formation 238 
and viral entry44, the mitochondrial TARS2, a reported interactor of SARS-CoV-2 M protein32, and the 239 
sorting protein VPS37B, which was previously associated with HIV-1 budding45, and was found in our 240 
analysis to affect SARS-CoV-2 egress (Figure 3C). In addition, eight host factors, including ACE2, 241 
AP1G1, and ACE2 positive regulator APLN, whose knockdown reduced ACE2 protein levels37 (Figure 242 
4B), were required for SARS-CoV-1 and SARS-CoV-2 infection, but had limited effects on MERS-243 
CoV infection. Collectively, these data has revealed a subset of host factors that are conserved across 244 
these three coronaviruses and have the potential to lay the groundwork for broad-acting anti-coronavirus 245 
therapies. 246 
 247 
Pharmacological inhibition of BIRC2 reduces SARS-CoV-2 replication in vitro and in vivo 248 

BIRC2 was one of the proviral host factors identified in our screen (Table S1). We previously 249 
reported BIRC2 as a critical host factor involved in HIV-1 transcription, through its role as a repressor 250 
of the non-canonical NF-κB pathway46. Degradation of BIRC2 results in the accumulation of NF-κB-251 
inducing kinase (NIK) and the proteolytic cleavage of p100 into p52, so that p52 can then bind the RELB 252 
transcription factor to undergo nuclear translocation and induce the expression of target genes47. To 253 
evaluate whether pharmacological inhibition of BIRC2 had an impact on SARS-CoV-2 replication, we 254 
employed two different BIRC2-specific small molecule antagonists, known as Smac mimetics, 255 
AZD5582 and SBI-09532946,48. First, we validated the impact of BIRC2 inhibition on NF-κB signalling 256 
as treatment of Caco-2 cells with AZD5582 resulted in cleavage of p100 to p52 in a dose-dependent 257 
manner (Figure S4A). Importantly, we also confirmed that treatment with either AZD5582 or  SBI-258 
095329 reduced SARS-CoV-2 infection in a dose-dependent manner without inducing cytotoxicity 259 
(Figure 5A). To further evaluate the impact of BIRC2 inhibition on SARS-CoV-2 replication in vivo, 260 
mice were pre-treated with AZD5582 (3 mg/kg), Nirmatrelvir (200 mg/kg), or DMSO (control) and then 261 
infected with SARS-CoV-2 (Omicron BA.5 and Alpha B.1.1.7) (Figure 5B, Figure S4B). Although 262 
prolonged treatment (6 days) with AZD5582 was not well tolerated and resulted in a significant 263 
reduction in mice body weight and survival (Figure S4C-D), at 3 days post-infection treatment with 264 
AZD5582 significantly reduced SARS-CoV-2 viral titers and RNA copy number in the lung both for 265 
Omicron and Alpha variants (Figure 5C-D, Figure S4E). Combined, these data show that BIRC2 266 
positively impacts SARS-CoV-2 replication in vitro and in vivo, suggesting its potential as a druggable 267 
target for SARS-CoV-2 treatment.  268 
 269 
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DISCUSSION 270 
In this study, we carried out a genome-wide siRNA screen to identify host factors involved 271 

throughout the complete SARS-CoV-2 infectious cycle, from attachment and entry to release of viral 272 
particles. These data were able to highlight host factors, and networks, supported by multiple OMICs 273 
measurements that are required for the replication of SARS-CoV-2 and other coronaviruses, thus 274 
constituting relevant therapeutic targets for host-directed antivirals. 275 

Since the beginning of the COVID-19 pandemic, several groups have utilized whole-genome pooled 276 
CRISPR screens to identify host factors involved in SARS-CoV-2 replication. Overall, the screens used 277 
different cell lines (Vero E6, A549, Huh7.5, Huh7, Calu-3, UM-UC-4, HEK-293), libraries, 278 
experimental conditions, and analysis pipelines15–25. Comparison of the top hits from some of these 279 
pooled screens revealed limited overlap at the gene level, including 91 host factors identified in two or 280 
more screens (8.60%), from which 15 were also found in our siRNA screen. GO analysis on these 281 
overlapping factors revealed endosomal transport (logP = -9.35686), chromatin remodelling (logP = -282 
7.96025), symbiotic interaction (-logP = -7.01573), vacuole organization (-6.42929), and regulation of 283 
DNA methylation (-logP = -6.42929) as the top five enriched biological processes. 284 

Pooled CRISPR screens tend to be biased towards identifying factors that play a role in the early 285 
stages of the viral cycle. In contrast, arrayed siRNA screens do not show this bias and capture the entire 286 
replication cycle. Accordingly, we found that 40% (4 out of 10) of the siRNA hits assigned to the early 287 
steps of the cycle were described in at least one pooled CRISPR screen, while only 6% (2 out of 32) and 288 
4% (1 out of 27) of the hits mapped to replication or the late stages, respectively, were identified as top 289 
hits in those screens (Table S3). Considering that 85.5% of the host factors identified by the siRNA 290 
screen were found to affect post-viral entry stages (Figure 3), these data provide novel insights into the 291 
poorly understood host factors required for SARS-CoV-2 assembly, trafficking, and budding. 292 

Integration of OMICs datasets can reveal host factors and networks with multiOMIC support 293 
thereby increasing the likelihood that they are critical for SARS-CoV-2 replication. In particular, 294 
integration of the data generated in this study with a CRISPR functional screen and proteomics - 295 
including protein-protein interactions (PPI) and phosphoproteomics - revealed enrichment in four major 296 
gene ontology (GO) categories. These are cellular homeostasis, including autophagy or cell-to-cell 297 
signalling; gene expression and transcription regulation, including epigenetic regulation and DNA 298 
damage; protein binding, including vesicle transport and innate immune regulation; and metabolism, 299 
including posttranslational modifications (glycosylation or ubiquitination), and MAPK signalling 300 
(Figure 2). In fact, several groups have reported critical physical and functional interactions between 301 
SARS-CoV-2 and the autophagy machinery to promote viral survival49,50, the role of glycosylation to 302 
enable S-mediated entry and stimulate innate immune activation51, or the ability of SARS-CoV-2 to 303 
hijack MAPK11 to promote viral replication52. Less understood is the role of epigenetic regulation 304 
during SARS-CoV-2. Although it may seem surprising that a cytoplasmic virus relies on nuclear factors 305 
to complete its infectious cycle, several cytoplasmic RNA viruses undergo nuclear translocation, are 306 
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able to mislocalize nuclear proteins into the cytoplasm, or rely on the cytoplasmic products of nuclear 307 
transcription factors or associated proteins53–55. In addition, recent work showed that SARS-CoV-2 308 
variants of concern have gained the ability to interact with members of the gene transcription regulator 309 
PAF complex56, including LEO1, which was found as a validated host factor in our screen (Figure 1E). 310 
However, more work will be required to understand the functional consequences of these interactions 311 
and mechanism of action. 312 

Among the factors found to affect SARS-CoV-2 entry was HSPG2 (Perlecan, Figure 3A). Perlecan 313 
is a large, multi-domain proteoglycan modified by HS that is located in the extracellular matrix (ECM) 314 
and basement membranes of the airway and alveolar epithelia and could therefore directly abet SARS-315 
CoV-2 infection38. Subsequently, we employed Surface Plasmon Resonance (SPR) and revealed 316 
Perlecan as a direct interactor of SARS-CoV-2 S protein, thus adding to the growing evidence that HS-317 
modified proteins could participate in SARS-CoV-2 entry. Studies utilizing enzymatic degradation of 318 
HS or using competitive inhibitors that block the binding sites of HS have demonstrated reduced 319 
infection rates of SARS-CoV-2 in cell cultures57. Furthermore, variations in the structure of HS chains 320 
can affect the efficiency of viral attachment and entry, indicating a level of specificity in the interaction 321 
between HS and SARS-CoV-2. The involvement of HS in the entry mechanism of SARS-CoV-2 is also 322 
consistent with their known roles in the entry of other viruses58. Further understanding of this mechanism 323 
could lead to broad-spectrum antiviral strategies targeting the initial attachment phase of viral infection. 324 

Another potential mechanism of broad-acting viral inhibition is targeting the inhibitor of apoptosis 325 
proteins (IAP), which play key and complex roles in innate immunity, inflammation as well as the 326 
regulation of cell death and cell proliferation59,60. Smac mimetics inhibit IAPs and have been recognized 327 
as potent HIV-1 latency reversal agents46, and more recently described to have antiviral properties48. In 328 
this study, we found two Smac mimetics, AZD5582 and SBI-095329, that through inhibition of the 329 
proviral host factor BIRC2, conferred antiviral properties in vitro against the ancestral Wuhan-1 SARS-330 
CoV-2, and in vivo (AZD5582) across the two variants of concern Omicron and Alpha. Although no 331 
toxicity was recorded in our in vitro experiments, prolonged treatment in mice resulted in reduced 332 
survival and body weight, suggesting more work will be required to address their safety profile. 333 
Importantly, a very recent publication showed that the Boehringer Ingelheim Smac mimetic BI-82, 334 
which is orally available, conferred antiviral activities across dengue, zika, and hepatitis B virus (HBV) 335 
in vitro, and was well-tolerated and showed potent efficacy against influenza A virus in vivo48. 336 
Combined with our data, this suggests that the expression program governed by non-canonical NF-�B 337 
signalling potently restricts SARS-Cov-2 replication both in vitro and in vivo, and further underscore 338 
the potential of Smac mimetics as broad-acting antiviral therapies. 339 

In summary, our study unveils novel host factors that are critical for all three main stages of SARS-340 
CoV-2 infectious cycle. Importantly, we carried out comparative screening across SARS-CoV-1 and 341 
MERS highlighting commonalities that could inform the development of host-directed, pan-coronaviral 342 
antiviral therapies. 343 
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METHODS 344 
 345 
Cells and Viruses. SARS-CoV-2 USA-WA1/2020, isolated from an oropharyngeal swab from a patient 346 
with a respiratory illness who developed clinical disease (COVID-19) in January 2020 in Washington, 347 
USA, was obtained from BEI Resources (NR-52281). These viruses were propagated using Vero E6 348 
cells, collected, aliquoted, and stored at −80 °C. Plaque forming unit (PFU) assays were performed to 349 
titrate the cultured virus. All experiments involving live SARS-CoV-2 followed the approved standard 350 
operating procedures of the Biosafety Level 3 facility at the Sanford Burnham Prebys Medical Discovery 351 
Institute. SARS-CoV-1 (MA15) was generated produced as decribed61.  The Jordan MERS-CoV strain 352 
(GenBank accession no. KC776174.1, MERS-CoV-Hu/Jordan-N3/2012) was kindly provided by Kanta 353 
Subbarao (National Institutes of Health, Bethesda, MD) and Gabriel Defang (Naval Medical Research 354 
Unit-3, Cairo, Egypt). All work with SARS-CoV-1 and MERS was performed in a Biosafety Level 3 355 
laboratory and approved by the University of Maryland Institutional Biosafety Committee. Caco-2 356 
(ATCC HTB-37), Vero E6 (ATCC CRL-1586), HEK293T (ATCC CRL-3216), Calu-3 (ATCC HTB-357 
55), A549-DPP4 (kind gift from Susan Weiss, UPenn), and A549-ACE2 (kind gift from Brad 358 
Rosenburg, Mount Sinai) cells were maintained in cell growth media: Dulbecco’s modified eagle 359 
medium (DMEM, Gibco) supplemented with 10 % heat-inactivated fetal bovine serum (FBS, Gibco), 360 
50 U/mL penicillin - 50 µg/mL streptomycin (Fisher Scientific), 1 mM sodium pyruvate (Gibco), 361 
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Gibco), and 1X MEM non-362 
essential amino acids solution (Gibco). All cells were regularly tested and were confirmed to be free of 363 
mycoplasma contamination. 364 
 365 
siRNA screening 366 
A whole-genome wide ON-TARGETplus SMARTpool siRNA library (Dharmacon, each containing 4 367 
siRNAs targeting an individual gene) was seeded at 0.5 pmol each/well in 384-well plates (Greiner). 368 
For reverse transfection, Lipofectamine RNAiMAX was added in 10 �L OPTI-MEM to each well at a 369 
final dilution of 1:100 using a Combi reagent dispenser, followed by addition of 3,000 Caco-2 cells in 370 
40 �L complete media per well. 48h post transfection, cells were challenged by SARS-CoV-2 at MOI 371 
0.625. 48h post infection, plates were fixed by 4% PFA in PBS for 4h at room temperature, then 372 
permeabilized by 0.4% Triton X-100 in PBS for 15min at room temperature. Plates were blocked by 373 
10% goat serum in 3% BSA in PBS for 30min at room temperature, followed by incubation of primary 374 
antibody against SARS-CoV-2 NP at 1,000 in 3% BSA in PBS at 4°C overnight. Primary antibody 375 
inoculum was removed and plates were washed 3 times with PBS by plate washer, then incubated with 376 
anti-rabbit Alexa Fluor 488 (Invitrogen) at 1,000 in PBS for 1h at room temperature. Secondary antibody 377 
inoculum was removed and plates were washed 3 times with PBS by plate washer, then DAPI was added 378 
in PBS. Plates were then sealed and imaged using the Celigo Image Cytometer (Nexcelom).. 379 
 380 
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Generation of Calu-3 CRISPR/Cas9 knockouts 381 
Detailed protocols for RNP production have been previously published62. Briefly, lyophilized guide 382 
RNA (gRNA) and tracrRNA (Dharmacon) were suspended at a concentration of 160 µM in 10 mM 383 
Tris-HCL, 150mM KCl, pH 7.4. 5µL of 160µM gRNA was mixed with 5µL of 160µM tracrRNA and 384 
incubated for 30 min at 37°C. The gRNA:tracrRNA complexes were then mixed gently with 10µL of 385 
40µM Cas9 (UC-Berkeley Macrolab) to form CRISPR-Cas9 ribonucleoproteins (crRNPs). Five 3.5µL 386 
aliquots were frozen in Lo-Bind 96-well V-bottom plates (E&K Scientific) at -80°C until use. Each gene 387 
was targeted by 4 pooled gRNA derived from the Dharmacon pre-designed Edit-R library for gene 388 
knock-out (sequences and catalog numbers provided in the table below). Non-targeting negative control 389 
gRNA (Dharmacon, U-007501) was delivered in parallel. Each electroporation reaction consisted of 390 
2.0x10^5 Calu-3 cells, 3.5 µL crRNPs, and 20 µL electroporation buffer. Calu-3 cells were grown in 391 
fully supplemented MEM (10% FBS, 1xPen/Strep, 1x non-essential amino acids) to 70% confluency, 392 
suspended and counted. crRNPs were thawed and allowed to come to room-temperature. Immediately 393 
prior to electroporation, cells were centrifuged at 400xg for 3 minutes, supernatant was removed by 394 
aspiration, and the pellet was resuspended in 20 µL of room-temperature SE electroporation buffer plus 395 
supplement (Lonza) per reaction. 20 µL of cell suspension was then gently mixed with each crRNP and 396 
aliquoted into a 96-well electroporation cuvette for nucleofection with the 4-D Nucleofector X-Unit 397 
(Lonza) using pulse code EO-120. Immediately after electroporation, 80 µL of pre-warmed media was 398 
added to each well and cells were allowed to rest for 30 minutes in a 37°C cell culture incubator. Cells 399 
were subsequently moved to 12-well flat-bottomed culture plates pre-filled with 500 µL pre-warmed 400 
media. Cells were cultured at 37°C / 5% CO2 in a dark, humidified cell culture incubator for 4 days to 401 
allow for gene knock-out and protein clearance prior to downstream applications. 402 
 403 

Gene Symbol Gene ID gRNA Sequence Catalog Number 

Non-targeting n/a n/a U-007501 

ACE2 59272 GATGCAATGGTGGACCAGGT CM-005755-01 

ACE2 59272 GCATCCAATTGGACTGATAT CM-005755-02 

ACE2 59272 GCTTATTACTTGAACCAGGT CM-005755-04 

ACE2 59272 TACCAAGCAAATGAGCAGGG CM-005755-03 

TMPRSS2 7113 CAATGCCATGGATTGTTAAG CM-006048-01 

TMPRSS2 7113 CTATCCCGCACAGCCCACTG CM-006048-03 

TMPRSS2 7113 TTCCAGTCGTCTTGGCACAC CM-006048-04 

TMPRSS2 7113 AGCCGCCAGAGCAGGATTGT CM-006048-02 

APLN 8862 TACCTGCTTCAGAAAGGCAT CM-017023-01 

APLN 8862 AGAAAGGCATGGGTCCCTTA CM-017023-02 

APLN 8862 GAAAGGCATGGGTCCCTTAT CM-017023-03 
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APLN 8862 TCTTCCAGCCCATTCCCATC CM-017023-04 

BICD2 23299 GTGGCTCAGACTTCAGGCTA CM-014060-02 

BICD2 23299 TGTCTGGCCAGCAGAATACA CM-014060-01 

BICD2 23299 GTGCTCAAAGCCATTGACCA CM-014060-04 

BICD2 23299 GAGGCCCTCAAACTCCACCT CM-014060-03 

CTNNA1 1495 GTGTCCAAATGGGACGACAG CM-010505-02 

CTNNA1 1495 GATGCCATCATATACCAGGC CM-010505-03 

CTNNA1 1495 GGATGCTGAAGTGTCCAAAT CM-010505-04 

CTNNA1 1495 GAGGGCGATGCGTTGCAGGT CM-010505-01 

DNAJC22 79962 ATGCTGGCGGCCACGCTAAT CM-014507-01 

DNAJC22 79962 TTTGCTGCCCAGGTGATAGT CM-014507-02 

DNAJC22 79962 AGTAGCCTCCAGATCCGGTA CM-014507-03 

DNAJC22 79962 GGCCACGCTAATGGGCAGTA CM-014507-04 

FBXL12 54850 GTGGCGGCTGATGGCCAGCA CM-005204-02 

FBXL12 54850 ATGCCATGTACCTTCGAAGG CM-005204-04 

FBXL12 54850 GATGGGCACCATGCTCAGGT CM-005204-01 

FBXL12 54850 ATGCGGATCCGGTCCCGTAC CM-005204-03 

GJD3 125111 GAGTAGACGACGAACAGCAC CM-016720-01 

GJD3 125111 GAAGAGCCAGAAGCGGTAGT CM-016720-02 

GJD3 125111 CTCTTGCTCGTCCTCGAACA CM-016720-03 

GJD3 125111 CTGCTCAGCGTAGCCGAGCT CM-016720-04 

LEO1 123169 AGACAAGGTACTGGTCTACA CM-016579-01 

LEO1 123169 CTGTGCTGATCTACATCTGA CM-016579-02 

LEO1 123169 CCTAATGATGATGAAGACGA CM-016579-04 

LEO1 123169 CCAAACAGTTCCTTATTACT CM-016579-03 

VPS37B 79720 AAGTGCTAACAGGGTCTCCA CM-014404-04 

VPS37B 79720 CTGCCTGAAGAAGTGCTAAC CM-014404-02 

VPS37B 79720 ACGCTTGACCCAGAAATACC CM-014404-03 

VPS37B 79720 CTGTAATCCTGGGTACGGCA CM-014404-01 

YWHAB 7529 GTGCCAGACCAAGACGAATT CM-008766-01 

YWHAB 7529 TGATATGGCTGCAGCCATGA CM-008766-02 

YWHAB 7529 GGCGCCTACCACATTCTTGT CM-008766-03 

YWHAB 7529 GTTGCCTACAAGAATGTGGT CM-008766-04 

ZDHHC13 54503 GTATGTGGCTGGATTATATA CM-020510-02 

ZDHHC13 54503 TATGTATCCAATAGCCCACA CM-020510-04 
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ZDHHC13 54503 AACTGATCCAGGCTTCACTA CM-020510-03 

ZDHHC13 54503 CCACACAGCAGTTGCATACA CM-020510-01 

 404 
Network analyses. Rationale: To understand the biochemical and functional context in which the 405 
identified host factors for SARS-CoV-2 function, we built a model that places these hits in known 406 
interactomes. A hierarchy of the clusters is generated wherein larger clusters are composed of smaller 407 
ones 63,64. Unlike the human-curated Gene Ontology (GO), the structure is derived by the use of a multi-408 
scale clustering algorithm applied to a reference protein-protein interaction network, in this case, a high-409 
confidence subset of the STRING database. To focus the model on the experimental data, it is built using 410 
the functional hits found in this study and their close neighbors. The interpretation of the experiment is 411 
performed by projecting the hits onto the clusters in the model, analogous to mapping them to GO terms 412 
65. Candidate names are proposed for each cluster by performing functional enrichment, finding the 413 
closest matching pathways and GO terms. Comparing this model to the result of a GO analysis, it has 414 
the advantages that its terms (clusters) are algorithmically derived from protein interactions that are in 415 
a sense "proximal" to the hits so that the hits can be investigated in the context of their underlying 416 
interactions. Approach: To explore the highest confidence interactions of “hit” proteins, we selected the 417 
STRING - Human Protein Links - High Confidence (Score >= 0.7) protein-protein interaction network 418 
available on NDEx as the “background” network (link provided below). We then performed network 419 
propagation to select a neighborhood of 300 proteins ranked highest by the algorithm with respect to 420 
these seeds 66. This “neighborhood” network was extracted from the background network. We then 421 
identified densely interconnected regions, i.e. “communities” within the neighborhood network, using 422 
the community detection algorithm HiDeF via the Community Detection Application and Service 423 
(CDAPS) 67,68 (app available at 24,25). The result of HiDeF from CDAPS was a “hierarchy” network 424 
where each node represented a community of proteins, and edges denoted containment of one 425 
community (the “child”) by another (the “parent”).  Finally, the hierarchy network was styled, 426 
communities were labelled by functional enrichment using gProfiler (via CDAPS), p values were 427 
calculated based on the accumulative hypergeometric distribution, and a layout was applied. The 428 
STRING - Human Protein Links - High Confidence (Score > = 0.7) network is available in the Network 429 
Data Exchange (NDEx) at http://ndexbio.org/#/network/275bd84e-3d18-11e8-a935-0ac135e8bacf. 430 
 431 
Generation pseudotyped SARS-CoV-2 virus 432 
VSV pseudotyped with Spike (S) protein of SARS-CoV-2 wild-type (WT) (Wuhan-Hu-1) were 433 
generated according to a published protocol69. Briefly, BHK-21/WI-2 cells (Kerafast, MA) transfected 434 
with SARS-CoV-2 S protein were inoculated with VSV-G pseudotyped ΔG-luciferase VSV (Kerafast, 435 
MA). After a 2h incubation at 37 °C, the inoculum was removed and cells were treated with DMEM 436 
supplemented with 5% FBS, 50 U/mL penicillin, and 50 µg/mL streptomycin. Pseudotyped particles 437 
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were collected 24h post-inoculation, then centrifuged at 1,000×g to remove cell debris and stored at −80 438 
°C until use. 439 
 440 
Mapping factors into the SARS-CoV-2 replication cycle 441 
Caco-2 cells were transfected with indicated siRNAs and incubated for 48 h at 37°C, 5% CO2. To 442 
determine the effect of the identified factors on viral entry, cells were infected with VSV-S-luciferase 443 
or VSV-G-luciferase and incubated for 16h. The activity of firefly luciferase was then quantified using 444 
the bright-Glo™ luciferase assay (Promega). To measure RNA replication and late stages, cells were 445 
infected with SARS-CoV-2 (USA-WA1/2020) at a MOI 0.625 for 1h on ice. Viral inoculum was 446 
removed and cells were washed twice with 1xPBS and supplemented with cell growth media. At 6h 447 
post-infection, intracellular viral RNA was purified from infected cells using the TurboCapture mRNA 448 
Kit (Qiagen) in accordance with the manufacturer's instructions. The purified RNA was subjected to 449 
first-strand cDNA synthesis using the high-capacity cDNA reverse transcription kit (Applied 450 
Biosystems, Inc). Real-time quantitative PCR (RT-qPCR) analysis was then performed using TaqPath 451 
one-step RT-qPCR Master Mix (Applied Biosystems, Inc) and ActinB CTRL Mix (Applied Biosystems, 452 
Inc) for housekeeping genes, and the following primers and probe for qPCR measurements of viral 453 
genes: N-Fwd: 5’-TTACAAACATTGGCCGCAAA-3’; N-Rev:     5’-GCGCGACATTCCGAAGAA-454 
3’; N-Probe: 5’-FAM-ACAATTTGCCCCCAGCGCTTCAG-BHQ-3’. To evaluate late stages, 455 
supernatants collected at 18h post-infection were used to infect naïve Vero E6 cells. At 18h post-456 
infection, cells were fixed with 5% PFA (Boston BioProducts) for 4h at room temperature and then 457 
subjected to immunostaining and imaging for SARS-CoV-2 N protein. 458 
 459 
Binding of Spike protein to Perlecan 460 
Immunopurified Perlecan isolated from human coronary artery endothelial cells41 (10 µg/mL in 461 
Dulbecco’s phosphate buffered saline (DPBS) pH 7.4) was immobilized onto gold sensor chips (Sensor 462 
chip Au, Cytiva) at 5 µL/min in an SPR system (Biacore T200, Cytiva) at 25 °C for 240s. The sensor 463 
chip flow channels were then washed with DPBS at 5 μL/min until a stable response unit (RU) was 464 
achieved. The flow channels were then exposed to bovine serum albumin (BSA; 10 mg/mL in DPBS) 465 
at a flow rate of 5 μL/min for 240s and washed with DPBS until a stable RU was observed. Control flow 466 
channels contained immobilized BSA. Spike protein (25, 50, 100 and 200 nM in DPBS) was exposed 467 
to the flow channels at a flow rate of 10 μL/min for 120s. The dissociation of Spike protein was measured 468 
in the following 600s. The RU values throughout the experiment for BSA were subtracted from the RU 469 
values for Perlecan to determine the level of specific binding. This experiment was repeated with 470 
Perlecan treated with heparinase III (0.01 U/mL in DPBS for 16 h at 37 °C; EC 4.2.2.8; Iduron, Cheshire, 471 
UK) to remove heparan sulfate (HS). n=3 per condition. 472 
 473 
 474 
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Evaluation of host factors using SARS-CoV-1 and MERS 475 
A549 cells stably expressing DPP4 or ACE2 were subject to siRNA mediated knockdown of select host 476 
factors for 72 hours prior to use. Transfection was performed as described in70, modified for a 96 well 477 
plate format. A549-DPP4 cells were infected with MERS-CoV (Jordan strain) and A549-ACE2 cells 478 
were infected with SARS-CoV (MA15 strain), both at MOI 0.1. 48-hour post infection, supernatant 479 
from infected cells was collected and virus titer determined by TCID50 assay (as described71). Two 480 
experiments were performed and the average TCID50/ml calculated. Scrambled siRNA sequences acted 481 
as a negative control and ACE2 and DPP4 targeting siRNAs were positive controls. 482 
 483 
Inhibition of SARS-CoV-2 replication in vitro by Smac mimetics 484 
Caco-2 cells were treated with the compounds (AZD5582 and SBI-0953294) for 18h prior to infection 485 
with SARS-CoV-2 (Wuhan-1 isolate) at MOI of 0.625. 48 hours post-infection, the infected cells were 486 
fixed with 4% paraformaldehyde for 2 h and permeabilized with 0.5% Triton X-100 for 15min. After 487 
blocking with 3% bovine serum albumin (BSA) for 15 min, cells were incubated with rabbit anti-SARS-488 
CoV-2 NP antibodies for 1hours. After two washes with phosphate-buffered saline (PBS), the cells were 489 
incubated with Alexa Fluor 488-conjugated goat-anti-rabbit IgG (Thermo Fisher Scientific) for 1 h at 490 
room temperature. After two additional washes, the cells were mounted with DAPI (BioLegend)  and 491 
images were acquired using the Celigo Image Cytometer (Nexcelom).  492 
 493 
In vivo experiments 494 
Male K18-hACE2 mice, aged 6-10 weeks old, were kept in biosafety level housing and given access to 495 
standard pellet feed and water ad libitum as we previously described. Mice were randomly allocated to 496 
experimental groups (n=3 for Omicron experiment, n=11 for Alpha experiment) for antiviral evaluation. 497 
All experimental protocols were approved by the Animal Ethics Committee in the University of Hong 498 
Kong (CULATR) and were performed according to the standard operating procedures of the biosafety 499 
level 3 animal facilities (Reference code: CULATR 5754-21). The experiments were not blinded. 500 
Experimentally, each mouse was intranasally inoculated with 10,000 PFU of SARS-CoV-2 (Omicron 501 
BA.5) or 200 PFU (Alpha B.1.1.7) in 20 µL PBS under intraperitoneal ketamine and xylazine 502 
anaesthesia. Twelve-hours before-virus-challenge, mice were intraperitoneally given either  503 
Nirmatrelvir (200 mg/kg), or AZD5582(3 mg/kg) or 1% DMSO in PBS (vehicle control). The second 504 
and third doses of drug treatment was performed at 12 and 36 hpi, respectively. For Omicron 505 
experiments, three animals in each group were sacrificed at 3dpi for virological analyses (Omicron). 506 
Lung tissue samples were collected. Viral yield in the tissue homogenates were detected by plaque assay. 507 
For Alpha experiments, animals (n=5) were monitored twice daily for clinical signs of disease. Their 508 
body weight and survival were monitored for 14 days or until death. Six animals in each group were 509 
sacrificed at 3dpi for virological analyses. Lung  tissue samples were collected. Viral yield in the tissue 510 
homogenates were detected by plaque assay.  A 30% body weight loss is set as human endpoint.  511 
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DATA AVAILABILITY 517 
The genome-wide siRNA screen data generated in this study have been deposited to Figshare 518 
(https://figshare.com/s/4117ac39b1d21b56f5e6).  519 
 520 
STATISTICS 521 
Statistical parameters including the exact value of n, dispersion, and precision measures (mean ± SD or 522 
SEM), and statistical significance are reported in the figures and figure legends. Statistical significance 523 
between groups was determined using GraphPad Prism v8.0 (GraphPad, San Diego, CA), and the test 524 
used is indicated in the figure legends. 525 
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 563 
MAIN FIGURE LEGENDS 564 
 565 
Figure 1 – Genome-wide siRNA screen identifies host factors involved in SARS-CoV-2 replication 566 
(A) Schematic representation of the genome-wide screen to identify human host factors that affect 567 
SARS-CoV-2 replication. (B) Ranked SARS-CoV-2 infectivity Z-scores from the genome-wide siRNA 568 
screen. Dashed lines illustrate cut-offs for hit calling strategy: Z-score ≤ -2 indicates proviral factors 569 
(green), Z-score ≥ 1.5 indicates antiviral factors (red). Controls are shown (e.g., siACE2, positive). (C) 570 
Functional enrichment analysis of identified proviral (left-green) and antiviral (right-red) host factors. 571 
(D) Deconvolution plot showing proviral host factors validated with one siRNA (grey), two siRNAs 572 
(dark blue), three siRNAs (light blue) and four siRNAs (pink). (E) Calu-3 cells treated with indicated 573 
gRNAs were infected with SARS-CoV-2 (MOI = 0.75) for 48 h prior to immunostaining for viral N 574 
protein. Shown is quantification of the normalized infection (% of SARS-CoV-2 N+ cells) relative to 575 
parental cells. Data show mean ± SD from one representative experiment in quadruplicate (n=4) of two 576 
independent experiments. Significance was calculated using one-way ANOVA with Dunnett’s post-hoc 577 
test. 578 
 579 
Figure 2 – Network integration reveals transcriptional control, epigenetic modifications, and 580 
MAPK signalling as relevant networks implicated in SARS-CoV-2 replication 581 
The network containing the identified proviral (green) and antiviral (red) human host factors was 582 
integrated with host factors reported to be relevant for SARS-CoV-2 infection. These include genetic 583 
CRISPR screen hits (Wei et al., 2020, light pink; Daniloski et al., 2020, dark pink), protein-protein 584 
interaction hits (Stukalov et al., 2020, blue; Gordon et al., 2020, purple), as well as hits from a 585 
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phosphoproteomics study (Bouhaddou et al, 2020, yellow). The network was subjected to supervised 586 
community detection66,72, and the resultant hierarchy is shown. Each node represents a cluster of densely 587 
interconnected proteins, and each edge (arrow) denotes containment of one community (edge target) by 588 
another (edge source). Labels indicate enriched biological processes. The percentage of each community 589 
that corresponds to each dataset is shown by matching colors. Edges indicate interactions from STRING 590 
database. Grey nodes indicate SARS-CoV-2 proteins. White denotes proteins in network (based on 591 
STRING) but not identified in any of the OMICs studies. * indicates highlighted clusters. 592 
 593 
Figure 3 – Mapping of host factors into the SARS-CoV-2 replication cycle reveals a direct 594 
interaction between entry factor perlecan and SARS-CoV-2 S protein 595 
(A) Caco-2 cells were subjected to siRNA-mediated knockdown of indicated host factors and then 596 
infected with SARS-CoV-2 pseudotyped VSV luciferase virus (VSV-S-luc) for 18h prior to 597 
measurement of luciferase signal.  (B) In parallel, cells were subjected to synchronized infection with 598 
SARS-CoV-2 (MOI = 5) for 8h prior to measurement of viral RNA, or (C) supernatants collected at 18h 599 
post-infection were used to infect naïve Vero E6 cells. The % of infected cells was then determined at 600 
18h post-infection using immunostaining for viral N protein (3-4). In parallel to these experiments, the 601 
impact of depleting these factors on SARS-CoV-2 replication was evaluated at 24 h post-infection in 602 
Caco-2 cells (full replication cycle, Figure 3A-C). Results are summarized in the heat map and show the 603 
mean (n=2) of relative activities compared to cells treated with non-targeting scramble siRNA. (D and 604 
E) Surface plasmon resonance (SPR) was used to evaluate binding of S protein and RBD to perlecan or 605 
perlecan without HS spike binding to immunopurified perlecan isolated from human coronary artery 606 
endothelial cells. Control flow channels contained immobilized BSA. S protein at indicated 607 
concentrations was run across the flow channels for 120 s and dissociation was measured in the 608 
following 600 s. The RU values throughout the experiment for BSA were subtracted from the RU values 609 
for perlecan to determine the level of specific binding. This experiment was repeated with perlecan 610 
treated with heparinase III. 611 
 612 
Figure 4 – Comparative screening reveals potential pan-coronavirus host factors 613 
(A) Heat map showing normalized infection of SARS-CoV-1, CoV-2, and MERS upon knockdown of 614 
indicated human host factors. Caco-2 cells depleted for indicated factors were infected with SARS-CoV-615 
2 (MOI = 0.625) for 48h prior to immunostaining for viral N protein. Shown is quantification of the 616 
normalized infection (% of SARS-CoV-2 N+ cells) relative to control cells (scrambled siRNA). A549-617 
DPP4 or A549-ACE2 were depleted for indicated factors and then infected with MERS or SARS-CoV-618 
1, respectively (both at MOI 0.1). At 48 h post-infection, supernatants were collected and used to 619 
calculate the TCID50. Data shows TCID50/ml relative to control cells (scrambled siRNA). Data show 620 
mean ± SD from one representative experiment in duplicate (n=2) of two independent experiments. (B) 621 
Cell lysates from Caco-2 cells mock-treated or treated with scrambled or APLN siRNAs for 48 h were 622 
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then subjected to SDS-PAGE and immunoblotted using antibodies specific for ACE2 and Actin (loading 623 
control). Blot is representative of two independent experiments. 624 
 625 
Figure 5 – Pharmacological inhibition of BIRC2 reduces SARS-CoV-2 replication in vitro and in 626 
vivo 627 
(A) Dose–response analysis of SBI-0953294 and AZD5582 showing infectivity (black), cell number 628 
(red) and cellular IC50 values. (B) Layout of mice experiments. Effect of AZD5582 on SARS-CoV-2 629 
Omicron replication in the lungs of infected mice as measured by plaque assay (C) and qRT-PCR (D). 630 
Tissue sampling was done at 72hpi. One-way ANOVA when compared with the vehicle control group, 631 
*p<0.05. And the detection limit=50 PFU/ml in a 12-well plate.  632 
 633 
SUPPLEMENTAL FIGURE LEGENDS 634 
 635 
Figure S1 – Genome-wide siRNA screen identifies host factors involved in SARS-CoV-2 636 
replication 637 
(A) Dot plot shows average SARS-CoV-2 infectivity Z-score values from the genome-wide siRNA 638 
screen. Controls are shown (non-targeting scrambled siRNA, negative; siACE2 and siTMPRSS2, 639 
positive). (B) Correlation plots of Z-score values for genome-wide siRNA screens using Caco-2 cells 640 
infected with SARS-CoV-2. R = Pearson correlation coefficient between screens. 641 
 642 
Figure S2 – Expression of the identified host factors in SARS-CoV-2 target cells 643 
(A) Heatmap shows percentage of detectable levels of expression of a given factor in the indicated cell 644 
type73. % expression >1 was considered a detectable level. (B-G) Zoom-in insets from selected 645 
biological processes are indicated with an asterisk * in the hierarchy. The nodes indicate host factors 646 
and their color matches the dataset where they were identified. Edges indicate interactions from 647 
STRING database. Grey nodes indicate SARS-CoV-2 proteins. 648 
 649 
Figure S3 – Mapping of host factors into SARS-CoV-2 infectious cycle 650 
(A) Caco-2 cells subjected to siRNA-mediated knockdown of the indicated host factors were infected 651 
with SARS-CoV-2 pseudotyped VSV luciferase virus (VSV-S) or VSV luciferase virus expressing its 652 
natural glycoprotein (VSV-G) for 18h prior to measurement of luciferase signal. Data represent mean 653 
from one representative experiment in duplicate (n=2). (B,C) Binding of spike protein and RBD to 654 
perlecan. Surface plasmon resonance (SPR) was used to evaluate spike binding to perlecan. This 655 
experiment was repeated twice. 656 
 657 
Figure S4 – Pharmacological inhibition of BIRC2 reduces SARS-CoV-2 replication in vitro and in 658 
vivo 659 
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(A) Cells were treated with AZD5582 at the indicated concentrations. 24 hours post-treatment, the cell 660 
lysates were analyzed by Western blotting for p100/p52 protein. A representative immunoblot presented 661 
here demonstrate that AZD5582 treatment induces the cleavage of p100. (B) Layout of mice 662 
experiments using SARS-CoV-2 B.1.1.7 (Alpha) infection. Effect of AZD5582 on SARS-CoV-2  663 
replication in survival (C) and body weight (D) were recorded for 14 days post-infection. Virus titer as 664 
measured in the lungs of infected mice by plaque assay (E) were performed on 3dpi. Tissue sampling 665 
was done at 72hpi. One-way ANOVA when compared with the vehicle control group. *P<0.05, 666 
****P<0.001. 667 
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Figure 1. Genome-wide siRNA screen identifies host factors involved in SARS-CoV-2 replication
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Figure 3. Mapping of host factors into SARS-CoV-2 infectious cycle reveals a direct interaction between 
entry factor perlecan and SARS-CoV-2 S protein
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Figure 4. Comparative screening reveals potential pan-coronavirus host factors

A B
SA

R
S.
C
oV
.2

SA
R
S.
C
oV
.1

M
ER

S
DPP4
GJD3
TARS2
HSPG2
ZDHHC13
FBXL12
ZBTB45
PRR13
MYL1
ADAMTSL1
PEF1
DBNDD2
NABP2
GBF1
VPS37B
PPCDC
KCNK7
SIDT2
ACE2
AP1G1
APLN
COL26A1
DSCR3
FHDC1
ISLR2
NDUFB3
TMPRSS2
BICD2
TRIM33
SLC35B2
DNAJC22
CLTC
COPB1
MAL
LEO1
MIP
WFDC2

0.2

0.4

0.6

0.8

1

M
oc
k

Sc
r

AP
LN

Caco-2

ACE2

Actin

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 10, 2024. ; https://doi.org/10.1101/2024.07.10.602835doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.10.602835
http://creativecommons.org/licenses/by/4.0/


AZD5582

0.0001 0.001 0.01 0.1 1 10
0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

Concentration (µM)

R
el

at
iv

e 
in

fe
ct

io
n

R
elative cell num

ber

     IC50 1.1

SBI-0953294

0.0001 0.001 0.01 0.1 1 10
0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

Concentration (µM)

R
el

at
iv

e 
in

fe
ct

io
n

R
elative cell num

ber
     IC50 0.26

Figure 5. Pharmacological inhibition of BIRC2 reduces SARS-CoV-2 replication in vitro and in vivo
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Figure S1. Genome-wide screen identifies host factors involved in SARS-CoV-2 replication
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Figure S2. Expression of the identified host factors in SARS-CoV-2 target cells
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Figure S3. Mapping of host factors into SARS-CoV-2 infectious cycle
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Figure S4. Pharmacological inhibition of BIRC2 reduces SARS-CoV-2 replication in vitro and in vivo
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