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Abstract
Although extrapulmonary manifestations of coronavirus disease 2019 (COVID-19) are increasingly reported, no effective 
therapeutic strategy for these multisystemic complications is available due to a poor understanding of the pathophysiology of 
COVID-19 multiorgan involvement. In this study, differentially expressed genes (DEGs) of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2)-infected extrapulmonary organs including human pluripotent stem cells (hPSCs)-derived liver 
organoids and choroid plexus organoids besides transformed lung alveolar (A549) cells were analyzed. First, pathway enrich-
ment analysis was done to compare the underlying biological pathways enriched upon SARS-CoV-2 infection in different 
organs. Then, these lists of DEGs were used in a connectivity map (CMap)-based drug repurposing experiment. Also, pro-
tein–protein interaction (PPI) network analysis was done to compare the associated hub genes. The results revealed different 
biological pathways and genes responsible for SARS-CoV-2 multisystemic pathogenesis based on the organ involved that 
highlighted the need for considering organ-specific treatments or even personalized therapy. Besides, some FDA-approved 
drugs were proposed as the potential therapeutic candidates for each infected cell line.
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Coronavirus disease 2019 (COVID-19) was first reported in 
China rapidly spreading across the world. Although initial 
studies showed COVID-19 as a respiratory tract infection, 
recent investigations have revealed the multisystemic nature 
of this virus. However, the mechanism of SARS-CoV-2 
multiorgan involvement is still unknown. Since available 
experiments analyzing SARS-CoV-2-infected extrapulmo-
nary tissues are scant, we aimed to analyze transcriptomic 
signatures of SARS-CoV-2-infected cell lines belonging to 
different organs to compare the genes and their associated 
functional pathways responsible for viral pathogenesis in 
each organ. Since infectious microorganisms such as the 
SARS-CoV-2 virus change the host transcriptome and gene 
expression of the infected cells in the way optimal for their 
replication, gene expression analysis can help to under-
stand the underlying mechanisms involved in SARS-CoV-2 

pathogenesis and host immune system dysregulation through 
COVID-19. Besides, we set out to perform a drug repurpos-
ing experiment. Transcriptomic signatures of SARS-CoV-
2-infected cells were compared with genomic signatures of 
cell lines treated with various compounds known as connec-
tivity map (CMap). Results of the CMap analysis would be 
shown with a connectivity score for each drug-disease pair 
ranging from − 1 to + 1. A negative connectivity score shows 
that the compound can reverse the genomic signature of the 
disease; so, it can be proposed as the therapeutic option for 
the mentioned disease (Qu and Rajpal 2012).

Differentially expressed genes

Gene Expression Omnibus (GEO) database of National 
Center for Biotechnology Information (NCBI) (http:// www. 
ncbi. nlm. nih. gov/ geo/) was searched for “COVID-19” or 
“SARS-CoV-2” related datasets. A total of 3200 datasets 
were found and 2500 of them were conducted on “homo 
sapiens.” The datasets were manually searched for datasets 
that contained transcriptomic data of SARS-CoV-2-infected 
extrapulmonary organs. Seven datasets were identified. All 
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these seven datasets were reviewed to select the datasets 
with the most similar protocols. Finally, GSE151803 and 
GSE157852 were selected.

The GSE157852 (Jacob et al. 2020) includes transcrip-
tomic analysis of human-induced pluripotent stem cells 
(hiPSCs)-derived choroid plexus organoids that were 
mock-treated or infected with SARS-CoV-2 at 24 h post-
infection (hpi) and the GSE151803 (Yang et al. 2020) con-
tains the transcriptomic analysis of SARS-CoV-2-infected 
versus mock-treated human pluripotent stem cells (hPSCs)-
derived cells including liver organoids 24 hpi. Besides, the 
GSE147507 dataset (Blanco-Melo et al. 2020) containing 
the transcriptomic profile of SARS-CoV-2-infected versus 
mock-treated transformed lung alveolar (A549) cells 24 hpi 
was also selected for comparison with the previously men-
tioned datasets.

For the differential expression analysis of these datasets, 
genes with p-value < 0.05 and ǀfold-changeǀ > 2 were iden-
tified as differentially expressed genes (DEGs). A total of 
1039 genes were identified to be modulated by SARS-CoV-2 
infection in hPSCs-derived liver organoids (499 upregulated 
and 540 downregulated genes). For hiPSCs-derived choroid 
plexus organoids, a total of 460 genes were modulated by 
SARS-CoV-2 infection (317 upregulated and 143 downregu-
lated genes) and for A549 cells, a total of 1458 genes were 
differentially expressed upon SARS-CoV-2 infection (690 
upregulated and 768 downregulated genes). Volcano plots 
of the differentially expressed genes were plotted by http:// 
www. bioin forma tics. com. cn, a free online platform for data 
analysis and visualization (Fig. 1).

Gene analysis and functional pathway 
enrichment

The identified DEGs were analyzed with the Metascape 
web tool (http:// metas cape. org/) (Zhou et al. 2019). First, 
the upregulated genes of these three cell lines were uploaded 
separately. Pathway enrichment analysis was performed for 
each given gene list with the following ontology sources: 
Kyoto Encyclopedia of Genes and Genomes (KEGG) Path-
way, Gene Ontology (GO) Biological Processes, Reac-
tome Gene Sets, Canonical Pathways, and Comprehensive 
Resource of Mammalian Protein Complexes (CORUM). 

The pathways enriched in each gene list were furtherly 
compared. All the mentioned steps were repeated with the 
downregulated genes.

Upregulated genes of SARS-CoV-2-infected hPSCs-
derived liver organoids were mainly enriched in “comple-
ment and coagulation cascades,” “response to molecule of 
bacterial origin,” and “response to interferon-gamma.” How-
ever, the most significantly enriched pathways in upregulated 
genes of SARS-CoV-2-infected hiPSCs-derived choroid 
plexus organoids were “response to wounding,” “positive 
regulation of cellular component movement,” “blood vessel 
development,” and “regulation of cell adhesion.”

Then, downregulated genes were uploaded. For infected 
hPSCs-derived liver organoids, “biological oxidations,” 
“monocarboxylic acid metabolic process,” and “hormone 
metabolic process” were the most enriched biologic terms. 
Downregulated genes of infected hiPSCs-derived choroid 
plexus organoids were mainly enriched in “sodium ion 
transport” and “anion transport.” However, downregulated 
genes of infected A549 cells were enriched in “DNA replica-
tion” and “cell cycle.” Figure 1 demonstrates the mentioned 
results.

Considering all the mentioned results, SARS-CoV-2 
infection would modify gene expression of the choroid 
plexus cells in a way leading to direct brain tissue damage 
and subsequent wound healing processes, stimulation of 
pathways related to blood vessel development (angiogenesis) 
that can predispose the infected tissue to brain hemorrhages 
due to anatomical instabilities of new vessels, and initiation 
of inflammatory responses through the enrichment of path-
ways responsible for locomotion, cell adhesion, and chemo-
taxis. Interestingly, pathways associated with ion channels, 
intracellular respiration, and small molecule catabolic pro-
cesses were significantly downregulated in infected choroid 
plexus cells supporting the hypothesis of a decrease in CSF 
production in infected cases.

Besides, enrichment analysis of infected liver organoids 
showed upregulation of pathways related to inflamma-
tory and immune responses and downregulation of genes 
involved in organic compounds metabolic processes medi-
ated through cytochromes and other associated cofactors as 
the critical function of hepatocytes.

Protein–protein interaction

The “Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING)” database version 11.5 (https:// string- db. 
org/) was used for the construction of the protein–protein 
interaction (PPI) network for each gene list. Cytoscape soft-
ware version 3.9.1 and the cytoHubba tool were also used 
to visualize the PPI networks and calculate the top 20 hub 
genes for each network.

Fig. 1  Volcano plots of the differentially expressed genes (DEGs) in 
SARS-CoV-2-infected liver organoids (A), SARS-CoV-2-infected 
choroid plexus organoids (B), and SARS-CoV-2-infected A549 cells 
(C). Red and blue dots respectively indicated the upregulated and 
downregulated genes. Also, heatmaps of the top-level enriched bio-
logical terms across upregulated (D) and downregulated (E) genes of 
SARS-CoV-2-infected liver organoids, SARS-CoV-2-infected choroid 
plexus organoids, and SARS-CoV-2-infected A549 cells 24 hpi are 
shown colored by p-values. “Log10(P)” is the p-value in log base 10
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Figure 2 illustrates networks of the top 20 hub genes 
for each gene list. As the figure presented, SERPINE 1 (a 
gene involved in inhibition of fibrinolysis and stimulation 
of thrombophilia), HGF (a protein regulating cell growth, 
motility, and angiogenesis), and CCL2 (one of the cytokine-
related genes) were the top 3 hub genes of infected choroid 
plexus’ upregulated genes. On the other hand, top hub genes 
of downregulated genes of infected choroid plexus organoids 
were CDHR1 (a gene belonging to the cadherin family and 
mutation of this gene was associated with retinal dystro-
phies), PPARGC1A (a gene needed for energy metabolism), 
and RSAD2 (an antiviral gene).

For liver organoids, CCL2, CCL5, and CXCL10 involved 
in the cytokine response were the top upregulated hub genes. 
Also, HAO2, BAAT, and SLC27A2 were the top 3 downregu-
lated hub genes mainly involved in hepatic metabolic processes.

CMap analysis

The “CMap build 02” (https:// porta ls. broad insti tute. org/ 
cmap/), available in the PharmacoGx package, was used for 
connectivity map analysis (Smirnov et al. 2016). Lists of the 
identified DEGs were uploaded as the input data separately 
followed by querying the CMap library of gene expression 
profiles of various compounds. The results were presented 
with a connectivity score for each drug/compound-disease pair.

Ten compounds significantly reversed genomic signatures 
of infected hPSCs-derived liver organoids; “fasudil,” “dicou-
marol,” and “cycloserine” had the most negative connectivity 
scores. Interestingly, previous experiments have also shown 
substantial effectiveness of fasudil for a wide range of liver 
injuries (Thorlacius et al. 2006). Fasudil has been also pro-
posed as the potential prophylactic and therapeutic agent for 
COVID-19-infected critically ill patients (Abedi et al. 2020).

For SARS-CoV-2-infected hiPSCs-derived choroid 
plexus organoids, “cimetidine,” “6-azathymine,” and 
“amylocaine” had the highest scores. Available studies 
have discussed potential therapeutic and prophylactic 
effects of histamine H2 receptor antagonists such as the 
cimetidine on COVID-19 mainly through H2 receptor-
mediated immunomodulatory actions on mast cells (Ennis 
and Tiligada 2021). Furthermore, the possible effects of 
histamine H2 receptor antagonists on the brain are still 
under investigation. As Jiang et al. revealed, histamine 
H2 receptor antagonists can promote the oligodendrocyte 
differentiation, remyelination, and recovery of cognition 
and motor functions following hypoxic-ischemic encepha-
lopathy (Jiang et al. 2021).

Besides, “tocainide,” “amantadine,” and “khellin” were 
identified to significantly reverse transcriptomic signatures 
of SARS-CoV-2-infected A549 cells (supplement 1).

In conclusion, comparing transcriptomic profiling of 
SARS-CoV-2-infected extrapulmonary organs in this 

Fig. 2  The top 20 hub genes derived from protein–protein interaction 
networks based on upregulated genes of SARS-CoV-2-infected liver 
organoids (A), SARS-CoV-2-infected choroid plexus organoids (B), 
and SARS-CoV-2-infected A549 cells (C) besides downregulated 

genes of SARS-CoV-2-infected liver organoids (D), SARS-CoV-2-in-
fected choroid plexus organoids (E), and SARS-CoV-2-infected A549 
cells (F)
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study has revealed that functional biological pathways 
enriched during the infection vary substantially among 
different organs. SARS-CoV-2 infection can trigger 
brain tissue damage and angiogenesis besides suppress-
ing CSF production. However, infected hepatic cell lines 
showed a more significant inflammatory response with 
downregulation of essential metabolic and detoxification 
processes. This evidence strongly supports the theory 
that the virus involves various organs with different 
underlying mechanisms confirming that applying the 
same treatments for patients with the involvement of 
different organs is not reasonable. Moreover, proposing 
novel methods to apply personalized therapy based on 
the “omics” data should also be considered as a further 
step.
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