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Abstract 

 

The COVID-19 pandemic has resulted in millions of deaths and affected socioeconomic 

structure worldwide and the search for new antivirals and treatments are still ongoing.  

In the search for new drug target and to increase our understanding of the disease, we used 

large scale immunofluorescence to explore the host cell response to SARS-CoV-2 infection. 

Among the 602 host proteins studied in this host response screen, changes in abundance and 

subcellular localization were observed for 97 proteins, with 45 proteins showing increased 

abundance and 10 reduced abundances. 20 proteins displayed changed localization upon 

infection and an additional 22 proteins displayed altered abundance and localization, together 

contributing to diverse reshuffling of the host cell protein landscape. We then selected 

existing and approved small-molecule drugs (n =123) against our identified host response 

proteins and identified 3 compounds - elesclomol, crizotinib and rimcazole, that significantly 

reduced antiviral activity. Our study introduces a novel, targeted and systematic approach 

based on host protein profiling, to identify new targets for drug repurposing. The dataset of 

~75,000 immunofluorescence images from this study are published as a resource available 

for further studies.  
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Introduction 

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) causing COVID-19 has 

led to more than 5 million deaths (https://covid19.who.int/) and initiated an unforeseen health 

and socioeconomic crisis (1). Such continued threats by emerging pathogens emphasize the 

need for new approaches to comprehensively identify therapeutic targets and drug candidates.  

 

Upon infection, viruses commonly hijack host cell machinery to enable replication. This 

leads to re-organization of the cellular proteome composition (2,3) such as up- or 

downregulation of signaling pathways (4–6)  which can be quantified by large-scale omics 

methods. Additionally, host cells may alter abundance of proteins related to cellular defense 

and homeostasis. Accumulating evidence highlights the importance of host protein 

translocations from one organelle to another during viral infection, contributing either to host 

protection or viral replication (7). While bulk omics analyses capture the systematic changes, 

they lack spatial resolution at a single cell level and thereby information about infection-

induced phenotypic changes of cellular components and translocations of specific host 

proteins within the cell. This information can provide deeper insight into the host cell 

response to viral infection since protein location is often correlated with function (8–11). 

Employing systematic in situ methodologies for studying virus-host interactions can also 

reveal host protein targets required by the virus for further replication and thus have 

implications for antiviral drug target identification, as well as drug repurposing and discovery 

efforts. 

Publications during the first year of the pandemic have reported hundreds of host cell proteins 

directly interacting with at least one of the 31 SARS-CoV-2 viral proteins (12–18). These 

interactions were mainly studied by affinity capture methods and protein tagging of bait 

proteins.  

 

In this study we investigated host cell responses upon infection using immunofluorescence 

and antibodies from the Human Protein Atlas (HPA)(8,9,19,20) to map the changes of host 

protein abundance levels and subcellular localization upon infection with SARS-CoV-2.  

Additionally, we selected existing and approved small-molecule drugs against our identified 

altered host proteins and identified compounds with antiviral activity.  
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Our study introduces a novel systematic approach based on spatial protein profiling to 

identify novel host targets for drug repurposing, here demonstrated for SARS-CoV-2. 

 

Results 

SARS-CoV-2 infection affects diverse cellular functions and pathways  

In order to better understand the interplay between SARS-CoV-2 and the host cell machinery, 

we developed an image-based assay to detect SARS-CoV-2 infection in Vero E6 cells, 

followed by high-resolution immunofluorescence microscopy to investigate changes in the 

subcellular localization and abundance of host cell proteins upon infection (Figure 1a). The 

host cell proteins were selected and included in the host-response screen based on literature 

mining of previous reports identifying cellular proteins interacting with SARS-CoV-2 

proteins (14–18). Building on the unique antibody resources generated within the HPA 

project (www.proteinatlas.org) and our established workflow for systematic subcellular 

mapping of proteins (8,19), 602 antibodies targeting proteins encoded by 662 genes (25 

multi-targeting for highly similar proteins within the same family) were immunostained in 

mixed populations of infected and non-infected Vero E6 cells 24 hours after introduction of 

SARS-CoV-2 to the cell culture (Supplementary table 1). For the multi-targeting antibodies, 

at least one of the targets had previously been identified to interact with SARS-CoV-2. After 

confocal microscopy, images were uploaded into an in-house developed Covid Image 

Annotator tool in the ImJoy platform (21). Using a DPNUnet model, individual cells were 

segmented and labeled as infected and non-infected based on staining intensity of the SARS-

CoV-2 nucleocapsid protein. Host protein staining intensities were then quantified and 

compared between infected and non-infected cells to identify altered protein abundance. 

Staining patterns were manually annotated to assess changes in subcellular location between 

the populations (Figure 1a, Supplementary Figure 1). The complete image dataset of the 

host response screen is available at Figshare data portal (22). 

 

By mapping the host response of 602 proteins, we identified 97 proteins with either changed 

subcellular location (spatial redistribution) or altered abundance (defined as a significant 

difference in staining intensity) between the infected and non-infected cells. By combining 

our observations for the 97 proteins with the results on host cell protein interactions from 

literature with specific viral proteins 18 we generated a network map of the host cell-virus 

interactions using Cytoscape(23) (Figure 1B).  
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Among the 97 proteins, most connections are linked to the SARS-CoV-2 components ORF3, 

ORF7B and membrane (M) protein. The M protein is one of the structural components 

common to all coronaviruses. ORF3 and ORF7B belong to the accessory factors, which tend 

to be non-essential for viral replication, but important for pathogenesis and virus-host 

interactions (24,25), and both ORF3 and ORF7B have been shown to modulate host cell 

immune responses (26,27). The host responses to SARS-CoV-2 are associated with multiple 

cellular components and diverse cellular functions (Figure 1B). Grouping and functional 

enrichment analysis of responding proteins includes proteins localizing to endosomes and 

mitochondria, and for factors involved in Golgi ribbon formation, Ras signaling, TLR4 

signaling, heat shock response, lipopolysaccharide response, heparin metabolism and chloride 

membrane transport according to the Gene Ontology (GO), Reactome, and KEGG databases. 

This is in agreement with the known ability of coronaviruses to manipulate the host cell at 

various levels(28,29).  

 

For example, multiple host proteins corresponding to the following genes STX6, VAMP4, 

VPS35, RAB5A, RAB5B, CLIP1 and GJA1 that are known to be involved in endosomal 

functions, displayed increased abundance as well as subcellular re-location following SARS-

CoV-2 infection (Supplementary Table 1, Figure 1B). This observation is in agreement that 

endosome formation is known to be important for host cell entry and systemic infection by 

coronaviruses (30,31). Furthermore, SARS-CoV-2 infection resulted in increased abundance 

of the proteins from the EXOSC3 and EXOSC5 genes, core components of the RNA-

exosome complex, which plays a major role in RNA homeostasis in the cytosol and nucleus, 

including quality control, degradation and processing of different RNA species (32). Both 

EXOSC3 and EXOSC5 interact with SARS-CoV-2 NSP8 protein which is a cofactor of the 

viral RNA-dependent RNA polymerase (33), suggesting these host proteins might play a role 

in viral RNA replication. Other recent studies have also reported direct interactions between 

host proteins and viral RNA and how SARS-CoV-2 infection profoundly remodels the 

cellular RNA-bound proteome(34). 

We also identified three proteins from the toll-like receptor 4 (TLR4) signaling pathway, 

IRAK3, RIPK1 and NFKBIA, showing increased levels upon SARS-CoV-2 infection. TLR4 

recognizes pathogen-associated molecular patterns (PAMPs) and activates innate immune 

systems by releasing proinflammatory cytokines via a series of events (35,36). One of the 

major transcriptional response to cellular stress is mediated by the heat shock response and 
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we detected chaperones HSPA1A, HSPA9 and HSBP1 with increased staining intensity 

which thus suggested higher abundance upon infection, suggesting the stress response 

activation in infected cells as reported by previous studies (37–41). 

 

We observed increased abundance of HS2ST1 and GLCE. From the work by Gordon and 

Stukalov the SARS-CoV-2 proteins NSP7 and ORF7B are shown to interact with HS2ST1 

and GLCE, respectively (15,18). These proteins are known to be involved in heparin 

metabolism, and heparin being an anticoagulant and anti-inflammatory protein(42). Our data 

showing increased abundance in infected cells, supports the importance of heparin 

metabolism against the viral infection (43).       

 

Majority of host proteins show increased protein abundance and diverse spatial 

reorganization upon infection 

Visual inspection together with computational analysis identified 10 proteins with decreased 

and 45 proteins with increased abundance 24 h post SARS-CoV-2 infection (Figure 2A and 

Supplementary Table 1). Interestingly, 8 out of 10 proteins with decreased abundance were 

localized to mitochondria. For example the protein GRPE like 1, reported to interact with 

NSP10 of SARS-CoV-2 by Gordon et al (15) was downregulated significantly upon infection 

(Figure 2B) implying a potentially reduced mitochondrial function. In contrast, the 45 

proteins with increased abundance were diverse in their localization. For example, IRAK3 

(Interleukin-1 receptor-associated kinase), a marker for inflammation and innate immune 

system regulator displayed higher abundance in the plasma membrane, Golgi apparatus and 

ER compartment following infection (Figure 2C). Another target displaying significantly 

increased abundance was SRP72 with increased expression in both the cytosol and ER 

(Figure 2A).  

Taken together our data reveal alterations in abundance for many host proteins with the 

majority showing higher abundance upon infection. Other proteomics studies recently 

published also report on a large number of significantly altered proteins upon SARS-CoV-2 

infection, however with varying fraction of upregulated versus downregulated proteins 

depending on time point of measurement (6,14).  

 

Further, we identified 42 proteins undergoing spatial reorganization upon infection, among 

which 22 proteins also showed increased abundance. A circos plot representing the 

reorganization of host cell proteins upon infection is shown in Figure 2D. Upon infection, 
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massive reorganization of proteins occurs with a large number of proteins relocating to Golgi, 

ER and cytosol. For example, HSPA9 is a mitochondrial residing heat shock protein, which is 

partially translocating to the cytosol upon infection (Figure 2E). Furthermore, the cytosolic 

levels vary within the population of infected cells, which could potentially be linked to viral 

replication cycle stage. A second example is NUP98, a protein in the nuclear pore complex, 

which undergoes spatial reorganization from nucleus and vesicles in non-infected cells to 

nucleus, vesicles and Golgi apparatus in SARS-CoV-2 infected cells (Figure 2F). Also for 

the ER resident protein GANAB, the staining indicates a translocation to the Golgi Apparatus 

(Figure 2H). However, this may be rather a result of changed ER morphology upon 

infection, as the target protein stain overlaps with the ER marker used in the screen. A third 

example is CMPK1, a nuclear resident protein that localizes to the Golgi apparatus in non-

infected cells, but also to vesicles in infected cells. Among the proteins with both spatial 

reorganization and altered abundance is the chaperone HSPA1A, which displays increased 

abundance as well as redistribution from vesicles in non-infected cells to cytosol and plasma 

membrane in infected cells (Figure 2G). Altogether, our host-response screen of 602 host 

cell proteins identified 97 proteins with altered protein abundance and/or subcellular 

distribution 24 hours post SARS-CoV-2 infection.   

 

As mentioned above, instead of carrying all necessary elements for replication and spread, 

viruses hijack host cell machinery. Thus, we hypothesize the identified host cell proteins with 

altered spatial or expression profile to be putative targets for modulation to limit viral 

infection and spread.    

 

Drug repurposing based on host-virus interplay mapping reveals antiviral activity of 

rimcazole, elesclomol and crizotinib. 

In order to identify any available drugs designed to target the putative host proteins, the 

SPECS repurposing library was selected as a collection of annotated drugs. The library has 

been gathered based on the design criteria of the Broad Repurposing collection (44) and 

contains 5277 compounds including 3056 in clinical development across 600 indications and 

2221 in preclinical development with varying degrees of validation. To select candidates for 

drug repurposing based on the cellular responses to SARS-CoV-2, drugs within the SPECS 

library were mapped to the 97 host proteins based on available drug annotations using the 

CLUE API and HIPPIE services (Supplementary Figure 3). Altogether, 123 drugs were 
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identified as repurposing candidates against 21 of the 97 host proteins. The number of drugs 

towards proteins varied with as many as 36 drugs targeting AXL/MET, while proteins such 

as GANAB and CLCN7 are only targeted by one drug (Supplementary Table 2).  

To test the antiviral activity of the 123 drug repurposing candidates against SARS-CoV-2, 

our host response image based assay was transferred from 96 to 384 well plates and 

supplemented with a compound treatment step (Figure 3A). Vero E6 cells were infected with 

SARS-CoV-2 in suspension and seeded onto pre-spotted compounds in duplicate for 24 

hours. Infected cells treated with DMSO served as a control for infection baseline. Cells were 

immunostained for SARS-CoV-2 Spike protein, Calreticulin as an ER marker, and by 

Hoechst to identify cell nuclei. Images were subsequently acquired by high-content confocal 

microscopy (Figure 3A). Infection rate was quantified as the percentage of SARS-CoV-2 

positive cells in relation to the total number of cells. For the DMSO controls, on average 80% 

of the cells were infected (Figure 3B, D). Importantly, drug concentrations not exceeding 

20% toxicity in non-infected cells were chosen for antiviral activity evaluation (data not 

shown). Assay quality was confirmed with Z’-factors of 0.84 and 0.90 on two assay 

replicates. In total, 13 out of 116 drugs significantly reduced SARS-CoV-2 infection rate to 

below the 3x standard deviation (SD) threshold, representing the hit compounds (hit rate 

11%) while the rest of the drugs had limited activity (Figure. 3B-D, Supplementary Figure 

4A). Crizotinib, elesclomol and rimcazole targeting AXL/MET, HSPA1A and 

SIGMAR1/SLC12A4, respectively, reduced SARS-CoV-2 infection nearly to the rate of non-

infected cells or those treated with remdesivir; a reference antiviral compound (45,46) 

(Figure 3B, D). These host proteins responded by increased abundance in the host response 

screen, indicating increased expression upon SARS-CoV-2 infection (Supplementary Table 

1). The remaining ten hit compounds showed varying activity by reducing the infection rate 

from 65% to 39% (Figure 3B). Cell viability was reduced to 59-65 % during the treatment 

with crizotinib, epalrestat, ranirestat and SMI-4a, but not with the rest of the hit compounds, 

highlighting the need for dose-response activities to identify drug therapeutic windows 

(Figure 3C, Supplementary Figure 4). Altogether, this data presents a target-centric 

workflow and the identification of 13 compounds as repurposing candidates against COVID-

19.  
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Discussion 

Diverse families of viral pathogens are well known to alter host proteome organization as part 

of their replication cycle (3,28) and accumulating evidence highlights the importance of 

protein translocations during viral infection (2). For better understanding of the host response 

to infection it is a golden standard to investigate virus and host proteins using bulk systematic 

methods such as quantitative proteomics (47,48) or sophisticated but low-throughput 

microscopy to unravel structure and interactions between specific viral and host cell 

structures or proteins at low scale (49,50). Some studies have explored the subcellular 

localization of the individual viral proteins using tagged versions of the proteins and 

immunofluorescence (47). While this adds important information about the viral proteins and 

complement the affinity capture methods used for studying interactions, it does not reveal 

changes in subcellular distribution of the host cell proteins. Most studies focusing on 

identifying antivirals and treatments neglect the spatial as well as single- and sub-cellular 

information on a systematic scale. 

 

In this work, we leveraged spatial information at subcellular resolution during infection to 

build an approach for systematically shortlisting host proteins as potential antiviral targets. 

Mapping subcellular changes during infection enables a view inside intimately balanced 

homeostasis and its disturbances on an organelle, biomolecule or protein level that can guide 

therapeutic target or drug discovery (7). We present a novel systematic spatial profiling 

approach of SARS-CoV-2 infected cells to map the in situ landscape of host responses and 

subsequently demonstrate its opportunities for target-specific drug repurposing. In fact, our 

study feeds several potential antiviral targets to future follow-up studies as well as for drug 

discovery. Our data-driven approach also differs from conventional hypothesis-driven drug 

discovery where often a single specific target is chosen for drug screening. 

 

By utilizing the antibody resources and expertise gathered within the HPA project and 

selecting antibodies specific to host proteins with previously validated interactions with 

SARS-CoV-2, we mapped abundance and re-localization of host responses to SARS-CoV-2 

infection. Of the 602 proteins we studied, 97 changed in abundance and/or spatial re-

localization, illustrating multifaceted responses in these interactions. Most proteins responded 

to SARS-CoV-2 with increased rather than reduced abundance which could reflect either 

activated cellular defense mechanisms or virus-orchestrated support to its replication 
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machinery. We then considered the host responses as potentially druggable phenotypes, 

matched proteins with existing drugs from the SPECS repurposing library and identified 

elesclomol, rimcazole and crizotinib as drug repurposing candidates. Importantly, the 

approach with HPA antibodies covering most of the relevant proteome enables larger target-

focused systematic screening campaigns for the discovery of new host-virus biology. 

 

Thorough validation of target role in a disease state is undoubtedly a critical step in classical 

drug discovery, however studying solely the change in protein abundance and/or spatial 

localization can already indicate putative drug targets in the disease of interest. Utilizing the 

host responses to SARS-CoV-2 infection, we explored drug repurposing path by matching 21 

host responses with available drug annotations in the SPECS library. Additionally, we 

envision the remaining 76 proteins as promising target validation and drug discovery starting 

points. For instance, Polypyrimidine tract-binding protein 2 (PTBP2), an RNA binding 

protein involved in pre-mRNA splicing, has been described as a potential novel drug target 

by Gordon et al study (15). The drug repurposing proof-of-concept identified three categories 

of drug-target links being relevant for coronavirus infection as well as infectious diseases 

generally. We anticipate how crizotinib, elesclomol and rimcazole could exhibit activity via 

three possible mechanisms: inhibition of their annotated target(s), effects on unknown 

proteins or by poly-pharmacological activity.  

As a multi-target tyrosine kinase inhibitor, crizotinib is known to target AXL, MET, ALK 

and RON (the latter two not explored in this study) used in the treatment of ALK-positive 

metastatic non-small cell lung cancers (51). In SARS-CoV-2 infection, AXL interaction with 

the Spike protein has shown to be crucial for virus entry into cells and supportive of viral 

infection in primary lung epithelium (52). Another AXL inhibitor, bemcentinib, has the 

potential to increase the survival of COVID-19 patients compared to standard of care as 

presented in Phase II trial by BerGenBio (Clinical Trial: NCT04890509), supporting AXL-

mediated antiviral activity of crizotinib. Still, crizotinib is only one out of seven AXL 

inhibitors having an antiviral activity in our study and thereby seems to exhibit diverse 

activity on distinct target(s) in their primary disease indication and COVID-19 patients.  

Rimcazole is a carbazole derivative acting partially as a SIGMAR1 antagonist with additional 

affinity for dopamine transporters which was discontinued as an anti-schizophrenia drug in 

early 1980s due to lack of efficacy(53). In fact, other SIGMAR1 inhibitors, but not rimcazole, 

have been previously identified as antivirally active in in vitro repurposing screens against 

HCV, Ebola virus (EBOV) and coronaviruses, including SARS-CoV-2 (54–58). However, 
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concerns were recently raised around SIGMAR1 inhibitors when induction of 

phospholipidosis was described to underlie the antiviral activity of most of the proposed 

repurposing candidates (59). Similarly to crizotinib, rimcazole is the only one out of 22 

SIGMAR1 inhibitors that presented antiviral activity. 

Elesclomol is mainly known as a pre-clinical anti-cancer drug candidate inducing oxidative 

stress in mitochondria (60), triggering apoptosis in cancer cells and activation of heat shock 

proteins and signaling pathway (61) . Increased abundance of HSPA1A gene encoding for the 

major cytosolic HSP70 protein upon SARS-CoV-2 infection, as well as elesclomol antiviral 

activity indicates HSP70 putative role in the virus infection cycle. We speculate the elevated 

expression levels of heat shock proteins to be part of the cellular defense mechanism, aiding 

in targeting viral proteins for degradation, rather than assisting in folding of the viral proteins.    

 

A limitation of this study is that results are based on data from the non-human cell line Vero 

E6, originating from the African green monkey. This cell line is known for its dampened 

innate immune response and permissiveness to SARS-CoV-2, which makes it a feasible but a 

limiting virology model (62). When comparing subcellular localization of the hits from the 

host-response screen between non-infected Vero E6 cells and the immunofluorescence data 

on human cell lines as previously generated within the HPA, 80% of the patterns overlap 

between the species (data publicly available at www.proteinatlas.org). Looking at staining 

similarities across all proteins (n=546) stained in Vero E6 in addition to human cell lines 

within the HPA, 75% show overlap in subcellular localization. Due to the inter-species 

similarities, we speculate that host proteome landscape responses to SARS-CoV-2 infection 

in a partially similar manner in human cell lines.  

 

In this work we performed targeted phenotyping of disease relevant proteins as a funnel to 

guide target selection for drug repurposing or discovery. Further, we suggest that “targeted 

phenotyping” can be used to prioritize host targets for novel drugs, in this case for the 

treatment of COVID-19.  

Our approach can be applied as a stand-alone filter or as an integrated layer in multi-omics 

study for the selection of relevant host responses in infectious diseases. Given that the 

approach is easily scalable and transferable for infectious agents or other diseases beyond 

SARS-CoV-2, we anticipate that the spatial dimension will support fitting a crucial piece in 

the puzzle of various diseases.  
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Materials and Methods 

 

Cell culture and virus infection 

Vero E6 cell line was grown at 37°C in a 5% CO2 condition in Dulbecco’ modified Eagle’s 

medium (DMEM) containing 10% FBS (Gibco). For the host protein response screen 10,000 

cells/well were seeded on 96 well microplates (Perkin Elmer, CellCarrier-96 Ultra 

Microplates, tissue culture treated, product number 6055302) and incubated for 20 - 24 h. 

The cells were washed twice with PBS and infected with SARS-CoV-2 at MOI 0.001 for 1 h 

at 37 °C. The SARS-CoV-2 strain (CoV-2/human/SWE/01/2020) was obtained from the 

Public Health Agency of Sweden. 

The virus containing media was removed and washed twice with PBS followed by 

replenishing with fresh media containing 2% FBS and incubated for 24 h. After washing 

twice with PBS the cells were fixed with 4% paraformaldehyde (PFA) (Sigma Aldrich, 

Darmstadt, Germany) for 1 h, followed by washing with PBS. The 96-well assay was adopted 

to a 384-well format suitable for drug screening by introducing a drug treatment step and by 

changing the infection procedure. For the experiments with drug treatments, cells were 

detached using TryplE (Gibco, USA) and resuspended in fresh media without FBS and 

infected with SARS-CoV-2 at MOI 0.05 for 1 h at 37 °C. The virus containing media was 

removed and the cells were washed twice with PBS followed by replenishing with fresh 

media containing 10% FBS. 30 µL containing 2,500 cells/well were seeded on 384 well-

plates (Perkin Elmer, PhenoPlate 384-well microplates) containing pre-dispensed compounds 

dissolved in DMSO. 

 

Antibody selection  

Validated antibodies from the HPA project were blasted against the Chlorocebus sabaeus 

sequence from Ensembl. Proteins with more than 60% identity across the whole length of the 

antigen sequences used to generate the HPA antibody were selected. 

 

 

Immunofluorescence staining 
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Host response screen 

Cells were fixed, permeabilized and stained as previously described (19). Briefy, fixed cells 

were washed with PBS, permeabilized using 0.1% Triton X-100 (Sigma Aldrich) in PBS for 

a total of 15 min with new Triton solution added every 5 minutes (3 x 5 minutes). very and 

washed again with PBS by using a Tecan Evo Freedom pipetting workstation. Cells were 

then incubated in primary antibodies overnight in PBS containing 4% FBS. Rabbit polyclonal 

primary antibodies generated at the HPA were diluted in concentration of 2 µg/ml. The 

commercial antibody towards the Sigma-1 R (MAB1076, R&D systems) was diluted to 3 

µg/ml, chicken Calreticulin (Abcam, ab2908) to 1 µg/ml and mouse SARS-CoV-2 

Nucleoprotein monoclonal antibody (MA1-7404, Thermofisher) to 10 µg/ml. Cells were then 

washed 4X with PBS and incubated with secondary antibodies for 90 min in dark at RT. 

Secondary antibodies goat anti�mouse Alexa Fluor 555 (A21424), goat anti�rabbit Alexa 

Fluor 488 (A11034), and goat anti�chicken Alexa Fluor 647 (A21449), were diluted to 2.5 

µg/ml in PBS containing 4% FBS. Following, cells were incubated with 0.2 µg/ml DAPI for 

10 min and washed 4X with PBS. Plates were sealed and stored at +4°C until image 

acquisition. 

 

Drug repurposing screen 

Fixed cells were washed with PBS, permeabilized using 0.1% Triton X-100 (T8787, Sigma-

Aldrich) in PBS for 15 min, washed with PBS and blocked in 4% BSA (A7030, Sigma-

Aldrich) for 1 h at RT. Cells were then incubated with primary antibodies overnight at 4°C. 

Primary antibodies generated at the HPA were diluted to 2 µg/ml, commercial Sigma-1 R 

antibody to 3 µg/ml (MAB1076, R&D systems) chicken Calreticulin (Abcam, ab2908) to 1 

µg/ml and mouse SARS-CoV-2 Spike monoclonal antibody (GTX632604 GeneTex) to 1 

µg/ml. Upon primary antibody incubation, cells were washed 6x with PBS and incubated 

with secondary antibodies for 90 min in dark at RT. Secondary antibodies goat anti�mouse 

Alexa Fluor 555 (A21424), goat anti�rabbit Alexa Fluor 488 (A11034), and goat 

anti�chicken Alexa Fluor 647 (A21449), were diluted to 2.5 µg/ml in PBS containing 4% 

BSA. Following, cells were incubated with 1 µg/mL Hoechst 33342 for 10 min and washed 

4X with PBS. Plates were sealed and stored at +4°C until image acquisition. 

 

 

Image acquisition 
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Immunostained cells were imaged in PBS using a laser-based Opera Phenix high-content 

microscope (PerkinElmer) in confocal mode with a 63X water objective. Nine to twelve 

fields of view were imaged per well (corresponding to a few hundred to thousand individual 

cells), at three different z-planes to ensure proper focus throughout the automatic image 

acquisition across the plates. Raw 16-bit images were exported as TIFF files and the z-planes 

were combined to create max projections prior to analysis. All raw data images including all 

individual z-planes are available on Figshare (22) (https://scilifelab.figshare.com) under the 

following doi: 10.17044/scilifelab.14315777.  

 

For the drug repurposing screen images were additionally acquired with a 10X air objective 

and four fields of view per well for inclusion of the entire cell population per well.  

 

Cell segmentation and Image quantification host protein interaction screen 

The acquired images were transferred to an application built in the ImJoy platform (21) (a 

server-based web application) for manual annotation of the subcellular locations of each 

protein under investigation.  

For quantification of relative protein expression in infected and non-infected cells, images 

were segmented to identify individual cells, as well as the regions of the nucleus and the 

cytoplasm. We used a DPNUnet model trained with manually segmented HPA images) to 

generate binary cell masks for each image. The segmentation masks were generated for the 

nucleus by using the DAPI channel and the whole cell by using the ER channel as input. The 

cytoplasm was defined by subtracting the nuclear region from the whole cell. Intensities for 

the target protein, ER and SARS-CoV-2 channels were then quantified separately for these 

regions, both as mean and integrated values. To define infected and non-infected cells, we 

calculated the mean pixel values for each cell by using the third quartile (51% to 75% highest 

values (above the median) pixel values for the virus channel in the region of the cytoplasm. 

Based on the value a threshold is set to define whether cells are infected or not. The 

segmentation panel marks the infected and non-infected cells differently to verify the 

segmentation model and enables further fine tuning of the threshold value if needed. For each 

well, protein staining intensity was quantified for infected and non-infected cell populations 

and the fold change between the populations was calculated. A t-test was done to calculate 

the statistical significance between the infected and non-infected populations and the p-value 

was adjusted for false discovery rate with Benjamini Hochberg. Proteins with adjusted p-

value < 0.01 and log2 of fold change > 1 were considered upregulated. Proteins with adjusted 

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


p-value < 0.01 and log2 of fold change < 1 were considered downregulated. Violin plots were 

generated and the overall distribution of fold change for the analysed proteins were displayed 

in a volcano plot.  

 

During manual annotation of protein subcellular localization, annotators assigned the 

population of infected and non-infected cells to one or multiple subcellular organelles, which 

included nucleoplasm, nuclear membrane, nucleoli, nucleoli fibrillar center, nuclear speckles, 

nuclear bodies, kinetochore, mitotic chromosome, endoplasmic reticulum, Golgi apparatus, 

vesicles, peroxisomes, endosomes, lysosomes, intermediate filaments, actin filaments, focal 

adhesion sites, microtubules, microtubule ends, cytokinetic bridge, midbody, midbody ring, 

cleavage furrow, mitotic spindle, primary cilia, centriolar satellites, centrosome, lipid 

droplets, plasma membrane, aggresome, cytosol, mitochondria, cytosol, cytosolic bodies and 

rods and rings. The proteins were categorized as spatial hits if the subcellular locations were 

annotated differently between non-infected and infected cell populations.  

 

Generation of virus and host protein interaction network  

Viral bait - host protein and host protein-protein interaction network was visualized with 

Cytoscape (63). SARS-Cov-2 Viral bait - host protein interactions were derived from two 

recently published papers by Gordon et al. and Stukalov et al (15,18). with a significant 

threshold of 0.05. Human protein - protein interactions were derived from String database 

(64). Protein complexes and biological process grouping were derived from 

CyCommunityDetection (23). In specific, communities were detected with Louvain, Infomap 

and HiDeF. Functional enrichment were determined by the robust functional groups found by 

Enrichr (65) out of Gene Ontology databases (GO_Biological_Process_2018, 

GO_Cellular_Component_2018, GO_Molecular_Function_2018), KEGG database 

(KEGG_2019_Human), Reactome database (66), WikiPathways and Human Phenotype 

Ontology.  

 

Quantification of SARS-CoV-2 infection upon compound treatment 

Image analysis was performed using Harmony software (PerkinElmer). Cell nuclei were 

identified using the Hoechst 33242 channel, through application of the “Find nuclei” 

algorithm. Cell boundaries were identified using the Alexa 647 channel detecting Calreticulin 

signal through the application of the “Find cytoplasm” algorithm. To distinguish infected and 

non-infected cells, average intensity of the Alexa 555 channel detecting SARS-CoV-2 Spike 
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protein was calculated for the perinuclear space by a 60% increased area around the nuclei 

with applied threshold. After image analysis, per-well data was used to calculate cell viability 

and infection rate. Cell viability was calculated as percentage from the total number of cells 

in DMSO-treated control and infection rate was calculated as SARS-CoV-2+ cell percentage 

from the total number of cells in corresponding treatment. Data was plotted using Graphpad 

Prism software. 

 

Drug library annotation 

The SPECS repurposing library was obtained from Chemical Biology Consortium Sweden. 

The 5291 available drugs were annotated using the CLUE API service 

(https://clue.io/developer-resources#apisection). In detail, for 5114 compounds with an 

available pert_iname, we first retrieved compound information, mechanism of action and 

targets from the CLUE database. For 3674 compounds, a unique set of 1895 gene symbols 

were reported. To visualize the connections between drugs and protein targets, a Protein-

Protein Interaction (PPI) network was obtained from HIPPIE (http://cbdm-01.zdv.uni-

mainz.de/~mschaefer/hippie/index.php, v2.2). Then, a subnetwork composed of the 97 

proteins and their adjacent edges was considered. Interactions with compounds were then 

added (Supplementary Figure 3) considering the CLUE target gene names. 

 

Compound handling for drug repurposing screen 

Assay ready plates with pre-dispensed compounds were prepared in black 384-well imaging 

plates (Perkin Elmer, PhenoPlate 384-well microplates, tissue culture treated, product number 

6057302) using acoustic dispensing (Echo 550, Labcyte). For investigational compounds 

from the SPECS library, the assay ready plates contained either 2.5 nL or 30 nL of compound 

stock solutions in DMSO (10 mM or 0.1 mM), corresponding to non-toxic doses chosen 

based on toxicity evaluation in non-infected cells (data not shown). Reference compound 

remdesivir was spotted in 30 nL of 10 mM stock solution in DMSO as an antiviral reference 

compound. DMSO was used as negative control and spotted in 30 nL. Spotting volumes, 

stock concentrations and final assay concentrations for all drugs are summarized in 

Supplementary Table 2. The plates were then heat-sealed using a peelable aluminum seal 

(Eppendorf, 0030127790) with a thermal microplate sealer (PlateLoc, Agilent) and then 

stored at -20 °C until use. On the day of the experiment the plates were allowed to thaw for 

30 minutes prior to removal of the seal.  
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Figure legends 

 

Figure 1. Immunofluorescence-based screen confirms complex interaction networks 

between SARS-CoV-2 and host proteins. A) Overview of the workflow starting from 

SARS-CoV-2 infection in Vero E6 cell line followed by downstream immunostaining, 

imaging and computational analysis. B) Protein-protein interaction network showing the 97 

proteins that were altered upon infection with SARS-CoV-2. Protein clusters belonging to 

different GO terms (biological process, cellular components, molecular function, KEGG 

pathway and reactome pathway) are highlighted. 

 

 

Figure 2. SARS-CoV-2 infection results in altered expression and translocation of many 

host proteins. A) Volcano plot showing overview of the host proteins with modulated 

expression in the nucleus and cytosol following viral infection. Proteins with significant 

intensity changes are shown in green. B, C) Representative images of proteins with reduced 

or increased intensity during SARS-CoV-2 infection, respectively. D) Circos plot showing 

the protein subcellular location of translocated proteins from non-infected cells (left) and 

infected cells (right). Nui - nucleoli, N - nucleoplasm, C - cytosol, Mt - microtubules, Mit - 

mitochondria, ER – endoplasmic reticulum, GA – Golgi Apparatus, PM – plasma membrane, 

V – vesicles. E, F) Representative images of spatially translocated proteins in the infected 

cells. G) Representative images of protein displaying both spatial translocation and increased 

intensity in infected cells. H) Representative images showing the altered ER morphology 

upon infection. (B, C, E-H) Host protein in green, SARS-CoV-2 NP in red, DAPI in blue, 

calreticulin in yellow. Scale bar represents 10 µm. The graph (right panel) shows quantified 

mean intensity of the host protein signal in the nucleus or cytosol for non-infected (NI) and 

infected (I) cells. P-value more than 0.05 = ns, less than or equal to 0.05 = *, less than or 

equal to 0.01 = **, less than or equal to 0.001 = *** and less than or equal to 0.0001 = ****.  

 

Figure 3. Repurposing based on host cell protein profiling reveals crizotinib, rimcazole 

and elesclomol antiviral activity. A) Overview workflow protocol of SARS-CoV-2 

infection, compound treatment and image acquisition/analysis. (B-C) Vero E6 cells were 

infected with SARS-CoV-2 MOI 0.05 in suspension, seeded on 384 well-plates containing 
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pre-dispensed compounds and incubated for 24 h. Upon fixation, cells were stained for 

SARS-CoV-2 Spike, Calreticulin and cell nuclei by Hoechst and analysed by high-throughput 

microscopy. Data is presented as mean of two technical replicates per compound from n=1 

biological replicate. B) Infection rate (% total cell count) of SARS-CoV-2 infected Vero E6 

cells upon drug treatment. C) Viability of Vero E6 upon drug treatment. D) Representative 

images of uninfected cells and SARS-CoV-2-infected Vero E6 cells treated with DMSO, 

crizotinib, elesclomol, rimcazole or remdesivir.  

 

Supplementary Figure 1. Overview of the image analysis pipeline starting from imaging to 

computational analysis and generation of final results. 

 

Supplementary Figure 2. Examples for organelle markers namely nucleoplasm, cytosol, 

endoplasmic reticulum, Golgi apparatus, microtubules, mitochondria, plasma membrane, 

vesicles. Scale bar represents 10 µm. 

 

Supplementary Figure 3. A) Workflow of matching host targets with existing drugs in the 

SPECS repurposing library (see details in Materials and Methods and Supplementary Table 

2). In the network visualization single unconnected proteins or proteins not available in the 

reference PPI are not shown. For following drug repurposing screen, only annotations 

retrieved from the Clue API database were used.  

 

Supplementary Figure 4. Antiviral activity and cellular viability response of Vero E6 cells 

treated with selected compounds in the SPECS library. (A-B) Vero E6 cells were infected 

with SARS-CoV-2 MOI 0.05 in suspension, seeded on 384 well-plates containing pre-

dispensed compounds and incubated for 24 h. Upon fixation, cells were stained for SARS-

CoV-2 Spike, Calreticulin and cell nuclei by Hoechst and analysed by high-throughput 

microscopy. Data is presented as the mean of two technical replicates per compound from 

n=1 biological replicate. A) Infection rate (% of total cell count) of SARS-CoV-2 infected 

Vero E6 cells upon drug treatment. B) Viability of Vero E6 upon drug treatment. 

 

Supplementary Table 1. Intensity and spatial information summary of all evaluated 

proteins. Summary of all proteins and antibodies used in the study with protein mean 

intensity in the nucleus, cytosol, and cell areas (Sheet 1). Localization details of all proteins 

in infected and non-infected cells (Sheet 2). 
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Supplementary Table 2. Summary of gene targets, corresponding drugs and 

concentrations used in the drug repurposing screen. Drug target annotations based on 

CLUE (Sheet 1), Drug concentrations (Sheet 2). 

 

 

Acknowledgements 

In vitro work for the repurposing screen with active SARS-CoV-2 was performed at the 

Biomedicum BSL-3 Core Facility, Karolinska Institutet. The compound library and plating 

thereof was provided by the Chemical Biology Consortium Sweden (CBCS). We also 

acknowledge the Human Protein Atlas, funded by Knut and Alice Wallenberg foundation for the 

use of all primary antibodies in the screen. We acknowledge the Spatial Proteomics Facility, 

funded by SciLifelab for optimizing and performing the host protein identification screen and 

Knut and Alice Wallenberg for funding of the particular study (KAW 2020-0182). This work has 

also been supported by EPIC-XS, project number 823839, funded by the Horizon 2020 

programme of the European Union.  

 

 

 

References 

1.  Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, et al. Addendum: A pneumonia 
outbreak associated with a new coronavirus of probable bat origin. Nature. 2020 
Dec;588(7836):E6.  

2.  Cook KC, Cristea IM. Location is everything: protein translocations as a viral infection 
strategy. Curr Opin Chem Biol. 2019 Feb;48:34–43.  

3.  Jean Beltran PM, Cook KC, Cristea IM. Exploring and Exploiting Proteome Organization 
during Viral Infection. J Virol. 2017 Sep 15;91(18):e00268-17.  

4.  You J, Hou S, Malik-Soni N, Xu Z, Kumar A, Rachubinski RA, et al. Flavivirus Infection 
Impairs Peroxisome Biogenesis and Early Antiviral Signaling. J Virol. 2015 
Dec;89(24):12349–61.  

5.  Du Y, Bi J, Liu J, Liu X, Wu X, Jiang P, et al. 3Cpro of foot-and-mouth disease virus 
antagonizes the interferon signaling pathway by blocking STAT1/STAT2 nuclear 
translocation. J Virol. 2014 May;88(9):4908–20.  

6.  Selkrig J, Stanifer M, Mateus A, Mitosch K, Barrio-Hernandez I, Rettel M, et al. SARS-
CoV-2 infection remodels the host protein thermal stability landscape. Mol Syst Biol. 
2021 Feb;17(2):e10188.  

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


7.  Glingston RS, Deb R, Kumar S, Nagotu S. Organelle dynamics and viral infections: at 
cross roads. Microbes Infect. 2019 Feb;21(1):20–32.  

8.  Thul PJ, Åkesson L, Wiking M, Mahdessian D, Geladaki A, Ait Blal H, et al. A 
subcellular map of the human proteome. Science. 2017 May 26;356(6340):eaal3321.  

9.  Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardinoglu A, et al. 
Proteomics. Tissue-based map of the human proteome. Science. 2015 Jan 
23;347(6220):1260419.  

10.  Fagerberg L, Hallström BM, Oksvold P, Kampf C, Djureinovic D, Odeberg J, et al. 
Analysis of the human tissue-specific expression by genome-wide integration of 
transcriptomics and antibody-based proteomics. Mol Cell Proteomics MCP. 2014 
Feb;13(2):397–406.  

11.  Geladaki A, Kočevar Britovšek N, Breckels LM, Smith TS, Vennard OL, Mulvey CM, et 
al. Combining LOPIT with differential ultracentrifugation for high-resolution spatial 
proteomics. Nat Commun. 2019 Dec;10(1):331.  

12.  Wu F, Zhao S, Yu B, Chen Y-M, Wang W, Song Z-G, et al. A new coronavirus 
associated with human respiratory disease in China. Nature. 2020 Mar;579(7798):265–9.  

13.  Chan JF-W, Kok K-H, Zhu Z, Chu H, To KK-W, Yuan S, et al. Genomic characterization 
of the 2019 novel human-pathogenic coronavirus isolated from a patient with atypical 
pneumonia after visiting Wuhan. Emerg Microbes Infect. 2020;9(1):221–36.  

14.  Bojkova D, Klann K, Koch B, Widera M, Krause D, Ciesek S, et al. Proteomics of 
SARS-CoV-2-infected host cells reveals therapy targets. Nature. 2020 
Jul;583(7816):469–72.  

15.  Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, et al. A SARS-CoV-
2 protein interaction map reveals targets for drug repurposing. Nature. 2020 
Jul;583(7816):459–68.  

16.  Guzzi PH, Mercatelli D, Ceraolo C, Giorgi FM. Master Regulator Analysis of the SARS-
CoV-2/Human Interactome. J Clin Med. 2020 Apr 1;9(4):E982.  

17.  Lim YX, Ng YL, Tam JP, Liu DX. Human Coronaviruses: A Review of Virus-Host 
Interactions. Dis Basel Switz. 2016 Jul 25;4(3):E26.  

18.  Stukalov A, Girault V, Grass V, Karayel O, Bergant V, Urban C, et al. Multilevel 
proteomics reveals host perturbations by SARS-CoV-2 and SARS-CoV. Nature. 2021 
Jun;594(7862):246–52.  

19.  Stadler C, Skogs M, Brismar H, Uhlén M, Lundberg E. A single fixation protocol for 
proteome-wide immunofluorescence localization studies. J Proteomics. 2010 Apr 
18;73(6):1067–78.  

20.  Uhlén M, Björling E, Agaton C, Szigyarto CA-K, Amini B, Andersen E, et al. A human 
protein atlas for normal and cancer tissues based on antibody proteomics. Mol Cell 
Proteomics MCP. 2005 Dec;4(12):1920–32.  

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


21.  Ouyang W, Mueller F, Hjelmare M, Lundberg E, Zimmer C. ImJoy: an open-source 
computational platform for the deep learning era. Nat Methods. 2019 Dec;16(12):1199–
200.  

22.  Figshare data portal. https://scilifelab.figshare.com) DOI:10.17044/scilifelab.14315777.  

23.  Singhal A, Cao S, Churas C, Pratt D, Fortunato S, Zheng F, et al. Multiscale community 
detection in Cytoscape. PLoS Comput Biol. 2020 Oct;16(10):e1008239.  

24.  Redondo N, Zaldívar-López S, Garrido JJ, Montoya M. SARS-CoV-2 Accessory Proteins 
in Viral Pathogenesis: Knowns and Unknowns. Front Immunol. 2021;12:708264.  

25.  Rohaim MA, El Naggar RF, Clayton E, Munir M. Structural and functional insights into 
non-structural proteins of coronaviruses. Microb Pathog. 2021 Jan;150:104641.  

26.  Konno Y, Kimura I, Uriu K, Fukushi M, Irie T, Koyanagi Y, et al. SARS-CoV-2 ORF3b 
Is a Potent Interferon Antagonist Whose Activity Is Increased by a Naturally Occurring 
Elongation Variant. Cell Rep. 2020 Sep 22;32(12):108185.  

27.  Yang R, Zhao Q, Rao J, Zeng F, Yuan S, Ji M, et al. SARS-CoV-2 Accessory Protein 
ORF7b Mediates Tumor Necrosis Factor-α-Induced Apoptosis in Cells. Front Microbiol. 
2021;12:654709.  

28.  de Wilde AH, Snijder EJ, Kikkert M, van Hemert MJ. Host Factors in Coronavirus 
Replication. Curr Top Microbiol Immunol. 2018;419:1–42.  

29.  V’kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. Coronavirus biology and 
replication: implications for SARS-CoV-2. Nat Rev Microbiol. 2021 Mar;19(3):155–70.  

30.  White JM, Whittaker GR. Fusion of Enveloped Viruses in Endosomes. Traffic Cph Den. 
2016 Jun;17(6):593–614.  

31.  Yang N, Shen H-M. Targeting the Endocytic Pathway and Autophagy Process as a Novel 
Therapeutic Strategy in COVID-19. Int J Biol Sci. 2020;16(10):1724–31.  

32.  Januszyk K, Lima CD. The eukaryotic RNA exosome. Curr Opin Struct Biol. 2014 
Feb;24:132–40.  

33.  Lubin JH, Zardecki C, Dolan EM, Lu C, Shen Z, Dutta S, et al. Evolution of the SARS-
CoV-2 proteome in three dimensions (3D) during the first 6 months of the COVID-19 
pandemic. Proteins. 2021 Sep 27;  

34.  Kamel W, Noerenberg M, Cerikan B, Chen H, Järvelin AI, Kammoun M, et al. Global 
analysis of protein-RNA interactions in SARS-CoV-2-infected cells reveals key 
regulators of infection. Mol Cell. 2021 Jul 1;81(13):2851-2867.e7.  

35.  Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol. 
2014;5:461.  

36.  Lester SN, Li K. Toll-like receptors in antiviral innate immunity. J Mol Biol. 2014 Mar 
20;426(6):1246–64.  

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


37.  Barna J, Csermely P, Vellai T. Roles of heat shock factor 1 beyond the heat shock 
response. Cell Mol Life Sci CMLS. 2018 Aug;75(16):2897–916.  

38.  Gomez-Pastor R, Burchfiel ET, Thiele DJ. Regulation of heat shock transcription factors 
and their roles in physiology and disease. Nat Rev Mol Cell Biol. 2018 Jan;19(1):4–19.  

39.  Heck TG, Ludwig MS, Frizzo MN, Rasia-Filho AA, Homem de Bittencourt PI. 
Suppressed anti-inflammatory heat shock response in high-risk COVID-19 patients: 
lessons from basic research (inclusive bats), light on conceivable therapies. Clin Sci Lond 
Engl 1979. 2020 Aug 14;134(15):1991–2017.  

40.  Wan Q, Song D, Li H, He M-L. Stress proteins: the biological functions in virus 
infection, present and challenges for target-based antiviral drug development. Signal 
Transduct Target Ther. 2020 Jul 13;5(1):125.  

41.  Stewart GR, Young DB. Heat-shock proteins and the host-pathogen interaction during 
bacterial infection. Curr Opin Immunol. 2004 Aug;16(4):506–10.  

42.  Hippensteel JA, LaRiviere WB, Colbert JF, Langouët-Astrié CJ, Schmidt EP. Heparin as 
a therapy for COVID-19: current evidence and future possibilities. Am J Physiol Lung 
Cell Mol Physiol. 2020 Aug 1;319(2):L211–7.  

43.  Paiardi G, Richter S, Oreste P, Urbinati C, Rusnati M, Wade RC. The binding of heparin 
to spike glycoprotein inhibits SARS-CoV-2 infection by three mechanisms. J Biol Chem. 
2022 Feb;298(2):101507.  

44.  Corsello SM, Bittker JA, Liu Z, Gould J, McCarren P, Hirschman JE, et al. The Drug 
Repurposing Hub: a next-generation drug library and information resource. Nat Med. 
2017 Apr 7;23(4):405–8.  

45.  Agostini ML, Andres EL, Sims AC, Graham RL, Sheahan TP, Lu X, et al. Coronavirus 
Susceptibility to the Antiviral Remdesivir (GS-5734) Is Mediated by the Viral 
Polymerase and the Proofreading Exoribonuclease. mBio. 2018 Mar 6;9(2):e00221-18.  

46.  Sheahan TP, Sims AC, Leist SR, Schäfer A, Won J, Brown AJ, et al. Comparative 
therapeutic efficacy of remdesivir and combination lopinavir, ritonavir, and interferon 
beta against MERS-CoV. Nat Commun. 2020 Jan 10;11(1):222.  

47.  Liu X, Huuskonen S, Laitinen T, Redchuk T, Bogacheva M, Salokas K, et al. SARS-
CoV-2-host proteome interactions for antiviral drug discovery. Mol Syst Biol. 2021 
Nov;17(11):e10396.  

48.  Davidson AD, Williamson MK, Lewis S, Shoemark D, Carroll MW, Heesom KJ, et al. 
Characterisation of the transcriptome and proteome of SARS-CoV-2 reveals a cell 
passage induced in-frame deletion of the furin-like cleavage site from the spike 
glycoprotein. Genome Med. 2020 Jul 28;12(1):68.  

49.  Ke Z, Oton J, Qu K, Cortese M, Zila V, McKeane L, et al. Structures and distributions of 
SARS-CoV-2 spike proteins on intact virions. Nature. 2020 Dec;588(7838):498–502.  

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


50.  Caldas LA, Carneiro FA, Higa LM, Monteiro FL, da Silva GP, da Costa LJ, et al. 
Ultrastructural analysis of SARS-CoV-2 interactions with the host cell via high resolution 
scanning electron microscopy. Sci Rep. 2020 Sep 30;10(1):16099.  

51.  Chuang JC, Neal JW. Crizotinib as first line therapy for advanced ALK-positive non-
small cell lung cancers. Transl Lung Cancer Res. 2015 Oct;4(5):639–41.  

52.  Wang S, Qiu Z, Hou Y, Deng X, Xu W, Zheng T, et al. AXL is a candidate receptor for 
SARS-CoV-2 that promotes infection of pulmonary and bronchial epithelial cells. Cell 
Res. 2021 Feb;31(2):126–40.  

53.  Gilmore DL, Liu Y, Matsumoto RR. Review of the pharmacological and clinical profile 
of rimcazole. CNS Drug Rev. 2004;10(1):1–22.  

54.  Friesland M, Mingorance L, Chung J, Chisari FV, Gastaminza P. Sigma-1 receptor 
regulates early steps of viral RNA replication at the onset of hepatitis C virus infection. J 
Virol. 2013 Jun;87(11):6377–90.  

55.  Gastaminza P, Whitten-Bauer C, Chisari FV. Unbiased probing of the entire hepatitis C 
virus life cycle identifies clinical compounds that target multiple aspects of the infection. 
Proc Natl Acad Sci U S A. 2010 Jan 5;107(1):291–6.  

56.  Chockalingam K, Simeon RL, Rice CM, Chen Z. A cell protection screen reveals potent 
inhibitors of multiple stages of the hepatitis C virus life cycle. Proc Natl Acad Sci U S A. 
2010 Feb 23;107(8):3764–9.  

57.  Madrid PB, Panchal RG, Warren TK, Shurtleff AC, Endsley AN, Green CE, et al. 
Evaluation of Ebola Virus Inhibitors for Drug Repurposing. ACS Infect Dis. 2015 Jul 
10;1(7):317–26.  

58.  Dyall J, Coleman CM, Hart BJ, Venkataraman T, Holbrook MR, Kindrachuk J, et al. 
Repurposing of clinically developed drugs for treatment of Middle East respiratory 
syndrome coronavirus infection. Antimicrob Agents Chemother. 2014 Aug;58(8):4885–
93.  

59.  Tummino TA, Rezelj VV, Fischer B, Fischer A, O’Meara MJ, Monel B, et al. Drug-
induced phospholipidosis confounds drug repurposing for SARS-CoV-2. Science. 2021 
Jul 30;373(6554):541–7.  

60.  Buccarelli M, D’Alessandris QG, Matarrese P, Mollinari C, Signore M, Cappannini A, et 
al. Elesclomol-induced increase of mitochondrial reactive oxygen species impairs 
glioblastoma stem-like cell survival and tumor growth. J Exp Clin Cancer Res CR. 2021 
Jul 12;40(1):228.  

61.  Kirshner JR, He S, Balasubramanyam V, Kepros J, Yang C-Y, Zhang M, et al. 
Elesclomol induces cancer cell apoptosis through oxidative stress. Mol Cancer Ther. 
2008 Aug;7(8):2319–27.  

62.  Osada N, Kohara A, Yamaji T, Hirayama N, Kasai F, Sekizuka T, et al. The genome 
landscape of the african green monkey kidney-derived vero cell line. DNA Res Int J 
Rapid Publ Rep Genes Genomes. 2014 Dec;21(6):673–83.  

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


63.  Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a 
software environment for integrated models of biomolecular interaction networks. 
Genome Res. 2003 Nov;13(11):2498–504.  

64.  Jensen LJ, Kuhn M, Stark M, Chaffron S, Creevey C, Muller J, et al. STRING 8--a global 
view on proteins and their functional interactions in 630 organisms. Nucleic Acids Res. 
2009 Jan;37(Database issue):D412-416.  

65.  Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al. Enrichr: 
a comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids 
Res. 2016 Jul 8;44(W1):W90-97.  

66.  Yu G, He Q-Y. ReactomePA: an R/Bioconductor package for reactome pathway analysis 
and visualization. Mol Biosyst. 2016 Feb;12(2):477–9.  

 

 

 

 

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


Figure 1

1. Cell Infection 3. High-throughput
imaging

4. Computational image
analysis

A

B

2. Automated
immunostaining

Bait (Viral protein) Intensity up SpatialIntensity down Intensity up & Spatial

Bait - Protein Interaction Protein - Protein Interaction

BRD2

PRIM2

CLCC1

PABPC4

M
PITRM1
PPA2
PCCA
ACADM SLC30A9

ATP13A3

PTBP2

NSP6

EMC3
SIGMAR1

XPO5

BTAF1

ORF7A

ORF9C

GLCE

ERMP1

DAGLB

EFNB1
PEX13

GIGYF2

NSP2
WASHC4

MET

RAB5A
RAB5B

GJA1
CLIP1

VPS35STX6
STX16

ORF7B

TRIM59

PTPRM

Golgi ribbon

Heparin
metabolism

Lipopolysaccharide
response

Chloride
membrane
transport

TLR4 signaling and
tolerance

formation

Endosome

Regulation of
HSF1- mediated

heat shock response

Ras signaling

DPH5

ORF9B

TNPO2 FBN1
RTRAF PSMA4 RSAD2 FKBP7

GANAB

SCRIB

UBAP2

USP54RIPK1
NFKBIA

IRAK3
ASS1

COMNSP7 CCL2

ZYG11BFBXL12

ORF8

NSP12

UBE2V1ATP5PFACO2SLC35F2

CMPK1 PDHX EGR1
ORF10

ATG3

STAT2

PRIM1

NSP1

ZC3H18

E

CIT

NSP13

NSP9

NUP54

HSBP1
HSPA9HSPA1A

NUP98
MARK2ORF6

N

FYCO1

BAG3

CSNK2A2

GRPEL1

NSP10

Mitochondrial
matrix

α- DNA-polymerase :
primase complex

Exosome
(RNase complex)

TRIM7
PMPCA NCAPH2

MRPS2

NSP8

SRP72

MEPCE

EXOSC5EXOSC3

CCDC86

TNFAIP2

NLRX1
INTS4

FAM234A

PCDHAC2 OPN3

AKP1B1

LRRC47 AXL

RNPEP

CLCN7
SLC12A4

ORF3

HSTS21

PTPRS

VAMP4

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


Nucleus

HSPA1L

0

10

20

30

-lo
g1

0
(p
va

l)

IRAK3

0 3-1 1 2
log2 FC

A

HSPA9

F 0

2500

5000 *******

0

10000

20000 **** ****

0

5000

2500

Nucleus Cytosol

0

10000

20000

30000
**** ****

0
2000
4000

6000
8000

ns ns

**** ****
8000

12000

0

4000

NI I

nsns

M
ea

n
in
te
ns

ity

E

IRAK3

M
ea

n
in
te
ns

ity

GANAB

M
ea

n
in
te
ns

ity

H

HSPA1A

M
ea

n
in
te
ns

ity

G

NUP98

M
ea

n
in
te
ns

ity

ACO2GRPEL1

M
ea

n
in
te
ns

ity

C

B DAPI ER MERGEDSARS-CoV2

Cytosol

IRAK3

0

10

20

30

40
50

60

-1 0 1 2 3

HSPA1LSRP72

log2 FC

GRPEL1

Figure 2
D

N
ui NN

C
Mit

Mit
ER

ER

GA
GA

PM

PMV

V

C

N
ui

Mt

Mt

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


A

Figure 3

C

D

B

DMSO

Hoechst SARS-CoV-2 Spike Calreticulin (ER)

10 µM crizotinib 10 µM rimcazole 10 µM remdesivir10 µM elesclomol

SARS-CoV-2 
infection

-1h 0h 24h

Compound
treatment

Antibody
staining

Image
acquisition

Image
analysis

Uninfected

DMSO co
ntr

ol

AMG45
8

am
itri

pty
lin

e

cri
zo

tin
ib

da
na

zo
l

ele
sc

lom
ol

ep
alr

es
tat

for
eti

nib

NE-10
0

ran
ire

sta
t

rim
ca

zo
le

sir
am

es
ine

SMI-4
a

tiv
an

tin
ib

rem
de

siv
ir

0

25

50

75

100

SA
R

S-
C

oV
-2

+  c
el

ls
 (%

 o
f t

ot
al

 c
el

l c
ou

nt
)

DMSO co
ntr

ol

AMG45
8

am
itri

pty
lin

e

cri
zo

tin
ib

da
na

zo
l

ele
sc

lom
ol

ep
alr

es
tat

for
eti

nib

NE-10
0

ran
ire

sta
t

rim
ca

zo
le

sir
am

es
ine

SMI-4
a

tiv
an

tin
ib

rem
de

siv
ir

0

25

50

75

100

125

150
200

C
el

l v
ia

bi
lity

 (c
el

l c
ou

nt
 re

la
tiv

e 
to

 D
M

SO
 c

on
tro

l)

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


login Database

Annotator

Annotation
data file

DPNUnet

Result

Quantification data
after cell segmentation

Cell type defined

Manual annotation

Segmentation
Non-infected
(cell marked as '0')

Infected
(cell with unique ID)

Authentication
Server

data (image & annotation)

Image data

Verification
&

Fine tuning Set threshold

Supplementary Figure 1

Cell mask

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


FYCO1

Ve
si

cl
es

PTPRM

P
la

sm
a

M
em

br
an

e
E

R

HSP90B1

G
ol

gi
A

pp
ar

at
us GOLGA2

ACO2

M
ito

ch
on

dr
ia

M
ic

ro
tu

bu
le

s

TUBA1A

C
yt

os
ol

YBX1

Supplementary Figure 2

A
NASP

N
uc

le
op

la
sm

DAPI ER MERGEDSARS-CoV2

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


97
 p

ro
te

in
s 

su
bn

et
w

or
k

Li
br

ar
y 

an
no

ta
tio

n

DrugBank

ChEMBL

DB Targets 1086 proteins 
for 1074 drugs 

ChEMBL Targets

ChEMBL Binders

5291 drugs

SPECS-Broad 
Repurposing library

744 proteins 
for 733 drugs

2232 drugs (DrugBank ID)

4354 drugs (ChEMBL ID)
Kd, IC50 or Ki< 10 M 

5114 drugs 
(pert_iname)

Targets 1896 genes 
for 3674 drugs

CLUE Repurposing

1294 proteins 
for 1725 drugs

O
nl

y 
C

LU
E 

ta
rg

et
s

C
LU

E 
ta

rg
et

s 
 a

nd
 C

hE
M

BL
 in

te
ra

ct
io

ns

Supplementary Figure 3

.CC-BY 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/


A
Supplementary Figure 4

B

DMSO control
Uninfected

2-methoxyestradiol
4-IBP

4-PPBP
AD-5467
alectinib

alendronate
alrestatin
altiratinib
AMG-208
AMG-337
AMG458

amitriptyline
amuvatinib

API-001
apigenin

aspirin
BAY-11-7085

BD-1047
BD-1063

bicyclol
bindarit

BMS-536924
BMS-777607
BMS-817378

BMY-14802
bumetanide

cabozantinib
carfilzomib

chrysin
cinnamaldehyde
cis-aconitic-acid

crizotinib
cryptotanshinone

cutamesine
CX-4945
danazol

dehydrocorydaline
dextromethorphan

dimemorfan
ditolylguanidine

EBPC
elesclomol
ellagic-acid

EMD-1214063
emodin

enocitabine
entacapone

epalrestat
etidronic-acid

fisetin
flufenamic-acid

foretinib
gemcitabine-elaidate

golvatinib
GS-143
hyperin

I-BET151
I-BET-762
igmesine
INC-280

isoliquiritigenin
JNJ-38877605

JQ1-(+)
kaempferol

L-693403
LDC1267

luteolin
LY2801653

LY303511
metatinib

MGCD-265
miglitol

MK-2461
MK-8033
myricitrin

NE-100
necrostatin-1

nitecapone
NNC-711

nortriptyline
noscapine

NPPB
NVP-BVU972

opicapone
OR-486

orlistat
OTX015

PF-04217903
PHA-665752

pifithrin-mu
PRE-084
quercetin

ramatroban
ranirestat

remdesivir
remoxipride
RHC-80267

rimcazole
RS-504393

savolitinib
semaxanib

SGX523
siramesine

SK&F-10047-(+)
SMI-4a
sorbinil

sulindac
tivantinib

tolcapone
tolrestat
TP-0903

troglitazone
U-0521

ubenimex
UNC2025

VER-155008
XD-14

0 25 50 75 100
SARS-CoV-2+ cells (% of total cell count)

DMSO control
2-methoxyestradiol

4-IBP
4-PPBP

AD-5467
alectinib

alendronate
alrestatin
altiratinib
AMG-208
AMG-337
AMG458

amitriptyline
amuvatinib

API-001
apigenin

aspirin
BAY-11-7085

BD-1047
BD-1063

bicyclol
bindarit

BMS-536924
BMS-777607
BMS-817378

BMY-14802
bumetanide

cabozantinib
carfilzomib

chrysin
cinnamaldehyde
cis-aconitic-acid

crizotinib
cryptotanshinone

cutamesine
CX-4945
danazol

dehydrocorydaline
dextromethorphan

dimemorfan
ditolylguanidine

EBPC
elesclomol
ellagic-acid

EMD-1214063
emodin

enocitabine
entacapone

epalrestat
etidronic-acid

fisetin
flufenamic-acid

foretinib
gemcitabine-elaidate

golvatinib
GS-143
hyperin

I-BET-762
I-BET151
igmesine
INC-280

isoliquiritigenin
JNJ-38877605

JQ1-(+)
kaempferol

L-693403
LDC1267

luteolin
LY2801653

LY303511
metatinib

MGCD-265
miglitol

MK-2461
MK-8033
myricitrin

NE-100
necrostatin-1

nitecapone
NNC-711

nortriptyline
noscapine

NPPB
NVP-BVU972

opicapone
OR-486
orlistat

OTX015
PF-04217903
PHA-665752

pifithrin-mu
PRE-084
quercetin

ramatroban
ranirestat

remdesivir
remoxipride
RHC-80267

rimcazole
RS-504393

savolitinib
semaxanib

SGX523
siramesine

SK&F-10047-(+)
SMI-4a
sorbinil

sulindac
tivantinib

tolcapone
tolrestat
TP-0903

troglitazone
U-0521

ubenimex
UNC2025

VER-155008
XD-14

0 50 100 150 200

Cell viability (cell count relative to DMSO control)
.CC-BY 4.0 International licenseavailable 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 made 
The copyright holder for this preprintthis version posted March 29, 2022. ; https://doi.org/10.1101/2022.03.29.482838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.482838
http://creativecommons.org/licenses/by/4.0/

