Received: 26 July 2023

W) Check for updates

Accepted: 17 October 2023

DOI: 10.1002/jmv.29201

RESEARCH ARTICLE

MEDICAL ViIRoLOGY WILEY

Integrative single-cell transcriptome analysis provides new
insights into post-COVID-19 pulmonary fibrosis and potential

therapeutic targets

Yumin Kim?
Ji-Hwan Park®* |

1Department of Biomedical Science and
Engineering, Gwangju Institute of Science and
Technology, Gwangju, Republic of Korea

2Department of Cancer Genetics and
Genomics, Roswell Park Comprehensive
Cancer Center, Buffalo, New York, USA

3Korea Bioinformation Center, Korea
Research Institute of Bioscience &
Biotechnology, Daejeon, Republic of Korea

“Department of Bioscience, University of
Science and Technology (UST), Daejeon,
Republic of Korea

Correspondence

Ji-Hwan Park, Korea Bioinformation Center,
Korea Research Institute of Bioscience &
Biotechnology, Daejeon 34141,

Republic of Korea.

Email: jhpark706@kribb.re. kr

Chang-Myung Oh, Department of Biomedical
Science and Engineering, Gwangju Institute of
Science and Technology, Gwangju 61005,
Republic of Korea.

Email: cmoh@gist.ac.kr

Funding information

National Research Foundation of Korea;
GIST Research Institute (GRI) I1IBR; 2023 Joint
Research Project of Institutes of Science and
Technology; Ministry of Education,
Grant/Award Number: 2020R1C1C1004999;
Roswell Park Health Research Incorporated
(HRI) Start-Up Funds, Grant/Award Number:
#71311101; SAS Foundation Grant,
Grant/Award Number: #62331001; Roswell
Park Alliance Grant, Grant/Award Number:
#62293901

| Yeongmin Kim! |
Chang-Myung Oh?

Hyobin Julianne Lim? | Dae-Kyum Kim? |

Abstract

The global COVID-19 pandemic caused by the severe acute respiratory syndrome
coronavirus 2 virus has resulted in a significant number of patients experiencing
persistent symptoms, including post-COVID pulmonary fibrosis (PCPF). This study
aimed to identify novel therapeutic targets for PCPF using single-cell RNA-
sequencing data from lung tissues of COVID-19 patients, idiopathic pulmonary
fibrosis (IPF) patients, and a rat transforming growth factor beta-1-induced fibrosis
model treated with antifibrotic drugs. Patients with COVID-19 had lower alveolar
macrophage counts than healthy controls, whereas patients with COVID-19 and IPF
presented with elevated monocyte-derived macrophage counts. A comparative
transcriptome analysis showed that macrophages play a crucial role in IPF and
COVID-19 development and progression, and fibrosis- and inflammation-associated
genes were upregulated in both conditions. Functional enrichment analysis revealed
the upregulation of inflammation and proteolysis and the downregulation of
ribosome biogenesis. Cholesterol efflux and glycolysis were augmented in both
macrophage types. The study suggests that antifibrotic drugs may reverse critical
lung fibrosis mediators in COVID-19. The results help clarify the molecular
mechanisms underlying pulmonary fibrosis in patients with severe COVID-19 and
IPF and highlight the potential efficacy of antifibrotic drugs in COVID-19 therapy.
Collectively, all these findings may have significant implications for the development

of new treatment strategies for PCPF.
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1 | INTRODUCTION

The novel coronavirus strain designated as severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent
of coronavirus disease 2019 (COVID-19). It first emerged in
Wuhan, China, in 2019 and since then, has rapidly spread
worldwide.? In March 2020, the World Health Organization
(WHO) declared COVID-19 a pandemic. As of December 2022,
over 659 million confirmed cases of COVID-19 and more than 6.7
million deaths had been reported globally.? Most patients
presented with mild symptoms and recovered within 1-2 weeks.®
However, certain individuals exhibited persistent symptoms that
lasted for several weeks or months. This condition was designated
as “long COVID.”*

COVID-19 pneumonia may induce fibrotic lung damage known
as post-COVID pulmonary fibrosis (PCPF), which is a frequent
complication in patients with long COVID-19.> Between 45% and
54% of all hospitalized COVID-19 survivors experience lung fibrosis.®
Even after 1 year, one-third of all patients with moderate COVID-19
present with fibrotic changes and severe impairment of the diffusing
capacity for carbon monoxide in the lungs (DLCO).” There have also
been reports of cases of pulmonary fibrosis following asymptomatic
COVID-19 infection.® In general, patients with pulmonary fibrosis
have a poor quality of life and require additional medical care.”*° The
high prevalence of PCPF has become a severe problem worldwide.'!
Nevertheless, its underlying mechanism is unclear and a cure is yet to
be developed.”

Idiopathic pulmonary fibrosis (IPF) is a chronic, debilitating lung
disease characterized by abnormal fibrotic tissue accumulation in the
lungs. It results in progressive lung function impairment and
eventually causes respiratory failure.!> The precise molecular
mechanisms underlying IPF development are elusive. However,
several antifibrotic drugs, such as nintedanib and pirfenidone, have
been approved for IPF treatment.*® These drugs inhibit the fibrotic
process and have lowered mortality in patients with IPF.1? Further-
more, they have improved lung function in patients suffering from
other forms of fibrotic lung disease.*

IPF and PCPF share similar clinicopathological features, such as
reduced DLCO, disrupted alveolar-capillary barriers, renin-
angiotensin-aldosterone system imbalance, increased oxidative
stress, and chronic inflammation. Hence, they both may respond to
similar therapeutic strategies.>*® In the present study, we profiled
single-cell gene expression in the lung tissues of COVID-19 and IPF
patients. Comparative single-cell transcriptome analyses revealed
altered abundance and activity of individual cell types, prioritizing
certain key cell types, cellular processes, signaling pathways, and
genes may be common to both IPF and PCPF pathophysiology. We
also compared gene expression profiles in the lungs of a rat
transforming growth factor beta-1 (TGF-B1)-induced pulmonary
fibrosis model treated with antifibrotic agents. This integrated
approach elucidated the pathogenesis of the fibrotic changes
associated with COVID-19 infection and facilitated the identification
of novel therapeutic modalities against PCPF.

2 | METHODS
2.1 | Single-cell RNA seq data analysis

Publicly available raw data (GSE149878, GSE145926, and GSE158127)
were downloaded and then Cell Ranger! (10x genomics; v. 6.1.1) was
used for mapping to the GRCh38 human reference genome and then
loaded using the Seurat? package (v. 4.1.1). Given processed data was
available (GSE122960), raw_feature_bc_matrix.h5 file was loaded also
using Seurat package. Because we used processed data from
GSE122960, the versions of the reference genome in GSE149878
and GSE122960 did not match. Before merging two independent data
sets (GSE149878 and GSE122960) reference genome matching was
performed by filtering out mismatched gene. The corrected count
matrices were combined through the Seurat? package and quality
control was conducted. In brief, empty droplets were excluded using the
EmptyDrops function in the DropletUtils® (v. 1.16.0) package in R at
false discovery rate (FDR) < 0.01. Detailed information on the methods
used in this study can be found in the Supporting Information. Sample

characteristics are summarized in Table S1.

3 | RESULTS

3.1 | Similar cell abundance alterations in the lung
tissues of both COVID-19 and IPF patients reveal
potential regulatory cell types in fibrosis

We performed an integrative data analysis using multiple publicly
available data sets to determine the key cell types, cellular processes,
signaling pathways, and genes of human pulmonary fibrosis (Figure 1A).
These sources included single-cell RNA-Seq data from patients diagnosed
with severe COVID-19 (GSE149878), those presenting with severe IPF,
and control subjects (GSE122960). We used the fluorescence-activated
cell sorting-sorted scRNA-Seq data set obtained from COVID-19 patients
and control subjects (GSE158127) and the scRNA-seq data set of
bronchoalveolar lavage fluid from severe and mild COVID-19 patients
and control subjects (GSE145926) to validate our analysis. Additionally,
we incorporated bulk RNA-seq data derived from a rat TGF-B1-induced
fibrosis model with or without administration of antifibrotic drugs, such as
nintedanib, sorafenib, and pirfenidone (GSE120679). We integrated two
independent data sets with batch correction (GSE122960 and
GSE149878) to disclose pathophysiological similarities between IPF and
PCPF and performed gene expression profiling of 94 005 cells without
two samples due to highly biased cell type fractions (Figure Slab).
Uniform manifold approximation and projection results corroborated the
similarities between the gene expression profiles of COVID-19 and IPF
relative to those of the Control (Figure S1c). We performed cell clustering
and cell type annotation and identified 21 cell types and their distinct
marker genes (Figure 1B,C). To prioritize potential regulatory cell types in
fibrosis, we examined the differences in lung cell composition among the
Control, COVID-19, and IPF groups (Figure 1D, Table S2). The COVID-19
group had higher proportions of mature and immature neutrophils
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FIGURE 1 Similar changes in cell abundance in lung tissues of COVID-19 and, idiopathic pulmonary fibrosis (IPF) patients reveal potential
regulatory cell types in fibrosis. (A) Workflow of comparative analysis. Two independent single-cell RNA-seq data were integrated (data set A).
Data sets B-1 and B-2 were used for validation of common differentially expressed genes (DEGs) and data set C was used to evaluate antifibrotic

drugs for common DEGs. Molecular network analysis includes information on protein-protein interactions,

analysis of upstream regulators,

validation, and whether gene expression is reversed by antifibrotic drugs. (B) UMAP of cells obtained from two independent studies (GSE149878

and GSE122960). (C) Heatmap showing expression of marker genes associated with different cell types. (D)
donors were averaged for each group. Each group is assigned a different color. The number under the cell

Cell-type fractions in patients and
types in the panel indicated the

maximum range of cell type fractions starting at zero. Significant differences in the COVID-19 versus control and IPF versus control comparisons
are denoted by *(p < 0.05; two-way analysis of variance). UMAP, uniform manifold approximation and projection.
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than the Control and IPF groups. Both the COVID-19 and IPF
groups exhibited significant (p <0.05) decreases in alveolar
macrophages (AMs) and alveolar type Il cells (AT2) relative to
those in the Control. Conversely, there were significantly (p < 0.05)
higher monocyte-derived macrophages (Mo-Macs) and CD8" T cell
fractions in the COVID-19 and IPF groups than in the Control.
These findings suggested the four cell-types (AMs, AT2 cells,
Mo-Macs, and CD8" T cells) as the potential regulatory cell
types, contributing to the pathophysiological similarities between
PCPF- and IPF-associated fibrosis.

3.2 | Common alterations in the activity of
regulatory cell types suggest key cellular processes
and genes in both IPF- and PCPF-associated fibrosis

To investigate alterations in the cellular activity of the four potential
regulatory cell types, we identified the differentially expressed genes
(DEGs) for each cell type by comparing the gene expression profiles of
COVID-19 and IPF against those of the Control group. For COVID-19,
we identified 524, 268, 455, and 450 DEGs in AMs, Mo-Macs, AT2 cells,
and CD8* T cells, respectively. For IPF, we identified 190, 267, 291, and
62 DEGs in AMs, Mo-Macs, AT2 cells, and CD8" T cells, respectively
(Figure S2a). We examined the overlap of DEGs between COVID-19 and
IPF to prioritize the key cell types showing similar changes in gene
expression in both conditions. Only AMs and Mo-Macs significantly
(p <0.00001) shared DEGs (Figure S2a). Hence, these cell types may
contribute to the pathophysiology of both IPF and PCPF in terms of both
cell abundances and activities to clarify molecular characteristics of 94
and 129 DEGs in AMs and Mo-Macs, respectively (Figure 2A and
Table S3). Genes related to fibrosis and inflammation, such as secreted
phosphoprotein 1 (SPP1), S100 calcium-binding protein A8 (S100A8), and
5100A9,%Y” were commonly upregulated while those encoding inhibin
subunit beta A (INHBA) were downregulated in the two types of
macrophages of COVID-19 and IPF compared to levels in the Control.
To investigate the cellular processes and signaling pathways
regulated by AMs and Mo-Macs in both COVID-19 and IPF, we
performed functional enrichment analysis of gene ontology biological
process and kyoto encyclopedia of genes and genomes (KEGG)
pathways using the upregulated and downregulated DEGs common to
each cell type with various other cell types and disease conditions
(Figure 2B). Several KEGG pathways and gene ontology terms were
significantly (p < 0.05) represented by the upregulated regardless of
cell type. These included lysosome biogenesis and function, antigen
processing and presentation, proteolysis, mononuclear cell migration,
response to wounding, inflammatory response, chemotaxis, and cell
adhesion. The ribosome biogenesis and function were significantly
downregulated in both COVID-19 and IPF macrophages (Figure 2B).
The DEGs related to lipid metabolism (cholesterol metabolism and lipid
transport) were commonly upregulated in AMs, whereas those
associated with carbohydrate metabolism (carbohydrate metabolic
process, pyruvate metabolic process, and glycolytic process) were
commonly upregulated in the Mo-Macs of both COVID-19 and IPF.

The foregoing findings were validated using two independent single-
cell RNA-seq data sets from other COVID-19 patients with fibrosis
(GSE158127 and GSE145926, Figure S2b-e). DEGs analysis was
performed for COVID-19 (B-1, and B-2) with control of each data set
(Table S3). To confirm that DEGs from IPF versus Control were also
detected in other data sets, COVID-19 versus Control was compared in
data set B-1. The dot plot shows that 77 and 56 genes were common in
AM and Mo-Mac, respectively, across two data sets (Figure S2f).
Additionally, to identify how common DEGs were similar among
independent single-cell RNA-seq data sets, DEG ID similarity was
determined using Sgrensen-Dice coefficient. Among the COVID-19 data
sets, some common DEGs were conserved, although the mild COVID-19
data set exhibited a little overlap for common DEGs (Figure S2g).
Additionally, functional enrichment analysis of both macrophages in each
data set revealed similar enrichment across data sets, but weak
enrichment in common DEGs (Figure S2h). We then endeavored to
elucidate the associations among various biological terms. To this end,
we used a process network analysis based on the Sgrensen-Dice
coefficient to analyze the similarity of the genes belonging to each term.
We identified 21 clusters and classified them into immune, metabolism,
oxidative stress, ribosome, and other groups (Figure 2C). Figure 2D
shows how significantly each term in the process network analysis was
up-, downregulated, or both. Terms significantly enriched in AMs and
Mo-Macs were colored (Figure S2i). AMs were weakly enriched in
clusters related to ribosome, actin cytoskeleton organization, and
response to reactive oxygen species but strongly enriched in cytokine
production pathways. Mo-Macs were weakly enriched in cytokine
production and apoptotic process. Cholesterol metabolism was enriched
in AMs, while glycolysis was enriched in Mo-Macs (Figures 2D and S2i).

3.3 | Transcriptomic analysis of the impact
of antifibrotic drugs on a rat TGF-B1-induced
pulmonary fibrosis model

We investigated how antifibrotic drugs affect gene expression in the
lungs of rats with TGF-B1-induced pulmonary fibrosis. To this end, data
set C was employed (GSE120679). We explored the potential of these
drugs as therapeutic interventions against PCPF. Nintedanib,®%
pirfenidone,?® and sorafenib?® were administered to a rat model of
TGF-B1-induced pulmonary fibrosis, and a bulk RNA-seq analysis was
conducted on the lung tissue samples.?2 We compared the transcrip-
tomic profiles of the lung tissues of untreated rats (Negative control),
those with TGF-B1-induced pulmonary fibrosis (Fibrosis group), those
with TGF-B1-induced pulmonary fibrosis, and nintedanib treatment
(Nintedanib group), those with TGF-B1-induced pulmonary fibrosis and
pirfenidone treatment (Pirfenidone group), and those with TGF-B1-
induced pulmonary fibrosis and sorafenib treatment (Sorafenib group).
A principal component analysis (PCA) showed that the Ninteda-
nib group presented with a gene expression profile comparable to
that of the TGFB1-induced fibrosis group. Moreover, the Pirfenidone
group was distinct from those subjected to the other antifibrotic
drugs (Figure S3a). The heatmap in Figure 3A illustrates the DEGs
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between the lung transcriptomes of the Negative control group and
those of the fibrosis group. Figure 3B shows that a significant number
of genes were altered in response to the antifibrotic drug treatment
compared to TGFB1-induced fibrosis samples. Patterns P1, P2, P3,
and P4 comprise the genes that were significantly down-, up-, up-,
and downregulated, respectively, in the Fibrosis group compared
with those in the Negative control group. After antifibrotic drug
treatment, the expression of genes in P1 and P2 were upregulated
and downregulated, respectively, by at least one antifibrotic drug.
Genes in P1 and P2 were defined as “Reversed genes” that switched
expression levels after the antifibrotic drug treatments. We then
quantified the prevalence of reversed genes in the three antifibrotic
drug treatment groups. The Sorafenib group exhibited the highest
density of reversed genes (Figure S3b,c and Table S3). The heatmap
of gene expression (Figure 3B) illustrates that pirfenidone-induced
exclusively dynamic changes in gene expression, whereas sorafenib
induced the most changes in gene expression in reversed genes.

Next, we conducted a functional enrichment analysis on each
antifibrotic drug. The TGFB1-induced fibrosis group exhibited
reduced immune response, complement coagulation cascades,
increased extracellular matrix organization, collagen fibril organiza-
tion, angiogenesis, and transforming growth factor beta receptor
signaling pathway. Among the three antifibrotic drugs, sorafenib
most reversed the TGFB1-induced alteration of biological pathways
(Figure S3d). Figure 3C shows that most of the genes reversed by
antifibrotic drugs were associated with key molecular pathways
involved in the development of pulmonary fibrosis, including
inflammation, immune response, and tissue remodeling.?® Hence,
antifibrotic drugs may target the critical pathogenic mechanisms
underlying the development of pulmonary fibrosis. We compared the
gene expression data with the data set (C) to assess how antifibrotic
drugs alter the expression of verified genes identified by the two
validation data sets. The expression of a total of 113 validated
common DEGs was determined in the antifibrotic drug data set (C),
and pirfenidone reversed gene expression the most followed by
sorafenib (Figure 3D). Furthermore, we examined whether validated
or not at least one validation data set for all cell types and whether
those genes were reversed by at least one antifibrotic drug. Sixteen
genes satisfied the criteria, of which downregulation of surfactant
genes (SFTPC, SFTPD, and SFTPB) in epithelial cells was a common
characteristic, and collagen genes (COL1A1, COL3A1) in fibroblast
were highly upregulated (Figure S3e).

3.4 | Integrated analysis of the molecular networks
associated with pulmonary fibrosis

We aimed to reveal the vital pathways that must be targeted in PCPF
treatment. To this end, we compared the profiles of COVID-19, IPF
single-cell RNA, and antifibrotic drug-treated lung transcriptomes
with reversed genes (Figure 4). We then integrated these data sets
and constructed molecular networks using protein-protein interac-
tion (PPI), upstream regulator analyses, and functional enrichment
analysis of common DEGs. The predicted molecular networks in the
AMs and Mo-Macs of fibrotic lung tissues are shown in. Lipid
metabolism was significantly altered in both types of macrophages

E24,25 and

during fibrosis. The genes encoding apolipoprotein
SPP1%17 were upregulated in fibrotic lung tissues. These proteins
play important roles in pulmonary inflammation and fibrosis
(Figure 4). Phospholipase A2 group VII (PLA2G7) was also upregu-
lated, and this enzyme is linked to oxidized low-density lipoprotein.
We also identified a key mediator of COVID-19 pathogenesis.?®
Genes controlling antigen processing and chemotaxis were upregu-
lated, whereas those regulating the complement system were
downregulated. We also validated these changes in other single-cell
RNA-seq data set B-1 (Figure S4a). SARS-CoV-2 may suppress mRNA
translation in host cells.?”?® Our analysis showed downregulation of
the genes regulating ribosome function in both macrophage types.

We also detected the upregulation of glycolysis-related genes
in Mo-Macs. Glycolysis is a critical feature of M1 macrophages.?’
In the lung, elevated glycolysis under hypoxia may play crucial
roles in Mo-Mac survival and lung fibrosis activation. The enolase
1 (ENO1) gene was upregulated in both AMs and Mo-Macs in
fibrotic lung tissues (Figure 4). ENO1 expression was upregulated
in pulmonary fibrosis.*%3! Thus, ENO1 is a key enzyme in the
metabolic reprogramming of fibrotic lung and a potential
therapeutic target for PCPF.

We performed PPI network and upstream regulator analyses to
identify the hub genes associated with lung fibrosis. Figures 4
and S4a show the predicted interactions among shared genes related
to the key pathways in both COVID-19 and IPF. The URA predicted
that GRN is the most significant, negative upstream regulator in AMs
and also confirmed in COVID-19 validation data sets (Figure S4b,c).
Granulin (GRN) was identified as the most significant hub gene in
both groups and was highly expressed in AMs (Figure S4d). GRN
controls macrophage polarization.>? The genes regulating cholesterol

FIGURE 2 Alterations in regulatory cell type activity common to both idiopathic pulmonary fibrosis (IPF) and post-COVID pulmonary fibrosis
indicate key cellular processes and genes in both types of fibrosis. (A) Dot plot of log,-FC of COVID-19 and IPF versus Control showing 94 and 129
common differentially expressed genes (DEGs) in alveolar macrophages (AMs) and monocyte-derived macrophages (Mo-Macs), respectively. Each
gene is a DEG in at least one group when comparing COVID-19 versus Control and IPF versus Control. Gray dots represent DEGs found in only one
disease group. The log2-FC cutoff is 0.58, and the adjusted p value (p adj. val) is 0.01. (B) Functional enrichment analysis of common DEGs in AMs and
Mo-Macs. (C) Process network analysis of GOBP and KEGG pathways that were clarified using the common DEGs in AMs and Mo-Macs. Clusters
were grouped based on their functionality. Representative GO or KEGG in each cluster are shown in the right panel along with the cluster number.
Each node indicates a GOBP or KEGG pathway. Edge thickness indicates similarity between their DEGs determined with the Sgrensen-Dice
coefficient. (D) Significant meaningful terms are colored in red and blue, which correspond to upregulated and downregulated nodes, respectively.
GO, gene ontology; GOBP, gene ontology biological process; KEGG, kyoto encyclopedia of genes and genomes.
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efflux, antigen processing, chemotaxis, and complement and coagu-
lation cascades were also important in AMs (Figure 4). In addition,
chemotactic cytokines, recognized as a prominent risk factor
contributing to the onset of cytokine storm, were found to be
upregulated in both macrophages (Figure 4).3® Inhibitors of these
chemotactic cytokines have been proposed as a novel therapeutic

target for the treatment of pulmonary fibrosis.>*

4 | DISCUSSION

We performed a comparative analysis of single RNA-seq data sets of
human pulmonary fibrosis obtained from patients with severe COVID-19
and IPF. We identified 21 distinct cell types in the lung and revealed the
differences in cellular composition among the COVID-19, IPF, and
Control groups. Recent studies showed that chemokine ligand 2 (CCL2)
signaling is a key mediator of lung fibrosis®> and is associated with severe
immunopathogenesis in COVID-19.24%” Inhibitors of C-C chemokine
receptor type 2 (CCR2), the main CCL2 receptor, demonstrated
therapeutic potential in both animal and human studies.>®~4°

In both COVID-19 and IPF cohorts, a significant increase in the
expression of genes associated with fibrotic pathways was observed. For
instance, collagen gene upregulation was observed in fibroblasts in both
COVID-19 and IPF patient cohorts (Figure S3e). This finding is consistent
with a recent study by Das et al.** characterizing the molecular profiles
of COVID-19. The authors emphasized the crucial role of collagen genes
in the pulmonary pathology resulting from COVID-19. Additionally, they
uncovered the activation of IL6-STAT3 and TGF-b-SMAD2/3 signaling
pathways in SARS-CoV-2 virus-infected cells. Our results showed that
these pathways were reversed after treatment with antifibrotic agents
(Figure S3d). Furthermore, the expression level of COL1A1 was highly
correlated with the proximity of fibroblasts to infiltrating macrophages or
monocytes.*! These results in spatial levels, support that fibroblast and
infiltrated macrophages were key pathology players in PCPFs.

Both the COVID-19 and IPF groups presented with decreases in
AMs and increases in Mo-Macs. A pathway analysis showed that the
genes related to fibrosis and inflammation were upregulated in both
COVID-19 and IPF AMs and Mo-Macs. Genes mediating lipid
metabolism were upregulated in COVID-19 and IPF AMs, while those
mediating glycolysis were enriched in COVID-19 and IPF Mo-Macs. A
process network analysis revealed that the COVID-19 and IPF AMs
were weakly enriched in cytoskeleton organization and reactive oxygen

species response and strongly enriched in cytokine production, while
COVID-19 and IPF Mo-Macs were weakly enriched in both cytokine
production and apoptotic process. The molecular signatures common to
both COVID-19 and IPF indicate that the antifibrotic drugs administered
for IPF treatment have potential therapeutic value against COVID-19 as
well. We analyzed the impact of antifibrotic drugs on the transcriptome
of a rat model of TGF-B1-induced lung fibrosis. Nintedanib, sorafenib,
and pirfenidone effectively reversed the expression of lung fibrosis-
related genes, including syndecan-2 (SDC2)*? PLA2G7,*® and serpin
family G member 1 (SERPING1),** common to COVID-19, IPF, and TGF-
B1-induced lung fibrosis transcriptomes.

We also observed upregulation of the genes related to cholesterol
efflux, including ATP binding cassette subfamily A member 1 (ABCA1),
which is a vital transporter enabling cholesterol efflux.*®> ABCA1
prevents lung inflammation and fibrosis by promoting surfactant
production.*® A recent single-cell RNA-seq study disclosed that PLA2G7
is upregulated in macrophages and is linked to fibroblast-to-
myofibroblast transition,*> in addition to being a potential PCPF
driver.#” A drug screening assay showed that the PLA2G7 inhibitor
darapladib is a therapeutic candidate for COVID-19.*¢ Our findings
showed that PLA2G7 was upregulated in the lungs of COVID-19
patients, and its expression was reversed by antifibrotic drugs. This
discovery might explain the mechanism underlying the potential benefit
of antifibrotic drugs to patients with COVID-19.%°

We found that glycolysis was upregulated in Mo-Macs. Glycolysis
enables inflammatory immune cells to generate metabolic energy
rapidly.??>® The SARS-CoV-2 virus induces metabolic changes in
immune and respiratory endothelial cells.> Nevertheless, the results of
the present study suggested that antifibrotic drugs did not reverse the
expression of genes related to glycolysis, including ENO1. Therefore,
antifibrotic drugs alone may not provide optimal COVID-19 treatment.
Administration of the glycolysis inhibitor 2-deoxy-b-glucose suppressed
SARS-CoV-2 multiplication in vitro and provided clinical benefits to
COVID-19 patients in a phase Il clinical trial.>?

It is intriguing and worthy of further discussion that there was a
marked increase in genes related to lysosome and proteolysis in both
AMs and Mo-Macs (Figure 2B). These findings are consistent with
previous reports on the importance of lysosome and proteolysis in
coronaviruses. Ghosh et al. recently suggested that lysosomal exocytosis
is an important mechanism for coronavirus egress.”® Meyer et al. have
suggested the critical role of proteolytic cleavage of viral and cellular
proteins in SARS-CoV-2 replication.’*>> This finding implies a potential

FIGURE 3 Transcriptomic analysis of the impact of antifibrotic drugs on a rat TGFB1-induced pulmonary fibrosis model. (A, B) Heatmap
showing gene expression induced by antifibrotic drugs in the negative control and rat TGFB1-induced fibrosis groups (A) and in rat TGFB1-
induced fibrosis and antifibrotic drug-treated groups (B). Gene expression was divided into six patterns denoted by P1-Pé. Genes in P1 and P2
correspond to downregulated-to-upregulated (negative control vs. fibrosis group and fibrosis vs. antifibrotic drug groups) and upregulated-to-
downregulated, respectively, and are defined as reversed genes. Genes in P3 and P4 correspond to upregulated-to-upregulated and
downregulated-to-downregulated, respectively. Antifibrotic drug-mediated upregulated and downregulated genes are denoted P5 and Pé,
respectively. Hierarchical clustering was applied to each group. (C) Functional enrichment analysis of the reversed gene sets corresponding to P1
and P2. Each row in the heatmap corresponds to Figure 2B. (D) Relative gene expression heatmap for 113 validated common DEGs in alveolar
macrophages or monocyte-derived macrophages (left panel) and corresponding relative gene expression heatmap (right panel) in rat antifibrotic
drug treatment data sets. Each color represents comparison groups previously denoted. TGF-B1, transforming growth factor beta-1.
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overlap of cellular mechanisms in these distinct cell types. Among the
four cathepsin family genes CTSL, CTSB, CTSZ, and CTSA that are
upregulated common DEGs, which code for lysosomal cathepsin
proteases, CTSL and CTSB are validated in data set B-1. These two
genes are recognized contributors to SARS-CoV-2 infection. However,
as there is no discernible variation in their expression under the influence
of the three antifibrotic drugs, pursuing them as additional targets would
be potentially effective in the treatment of PCPF. Then, we performed
PPl network and URA analyses to elucidate the crucial pathways
implicated in PCPF treatment. GRN is expressed in macrophages and is
the most influential element of this molecular network. It encodes
progranulin, which participates in inflammation, wound healing, and
lysosomal activity.>® Increasing progranulin levels increased the propor-
tion of regulatory T cells and reduced inflammation and apoptosis in
acute lung injury models.3? Progranulin upregulation repressed fibrotic
genes and reduced liver fibrosis in animal chronic liver disease models.>”
However, other studies have reported contradictory results. Progranulin
was upregulated in a mouse influenza viral infection model, and
progranulin-deficient mice were protected from influenza virus-induced
lung injury.>® High serum progranulin levels were detected in COVID-19
patients.’”°  Further research is required to clarify the role of
progranulin in COVID-19 pathogenesis.

This study had certain limitations. First, data sets utilized in the
comparative analysis were obtained from a limited number of sources.
For IPF, only three samples were used for the single-cell analysis.
Therefore, the results may not fully reflect the real heterogeneity among
patients with fibrotic lung disease. While we validated our findings in the
validation data set, additional research is essential to obtain more
statistically supported data. Furthermore, the rat model used to study
fibrosis might not fully capture the complexity of human pulmonary
fibrosis. Future investigations using large sample sizes of human data are
necessary to validate the foregoing findings. Second, lung transcriptomic
profiles from mild COVID-19 patients without fibrosis were not available.
Therefore, a direct comparison between these groups was not possible.
Therefore, we are unable to provide definitive risk factors for the
development of pulmonary fibrosis in COVID-19 patients. Finally,
demographics and clinical biomarkers were not included in our
comparative analysis. Integrating multiomics data and clinical biomarkers
is necessary to identify more precise long-term COVID-19 treatment
strategies. Such a comprehensive analysis would provide a deeper
understanding of the disease and facilitate personalized approaches to
patient care.

In conclusion, our study sheds new light on the transcriptomic
changes observed in COVID-19- and IPF-related pulmonary fibrosis
and the effects of antifibrotic drugs on these conditions. Moreover,
our findings highlight promising therapeutic targets for PCPF. Further
investigation is necessary to confirm the results presented here and
to evaluate their clinical relevance for the treatment of COVID-19-

and IPF-associated lung fibrosis.
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