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Abstract: Respiratory viruses are the causative agents responsible for seasonal epidemics and occa-
sional pandemic outbreaks and are a leading cause of death worldwide. Type I interferon (IFN«/ 3)
signaling in the lung epithelial cells plays a major role in the innate immunity to respiratory viruses.
Gene signatures are a set of differentially expressed genes in a particular disease or condition and
are used to diagnose, monitor, and predict disease progression. These signatures can be used to
identify regulatory modules and gene regulatory networks (GRNs) in mammalian signal transduction
pathways. Considerable progress has been made in the identification of type I interferon-regulated
gene signatures in the host response to respiratory viruses, including antiviral, immunomodulatory,
apoptosis, and transcription factor signatures. Respiratory virus infections and host defenses require
a dramatic change in the metabolic flux of macromolecules involved in nucleotide, lipid, and protein
metabolism. The profiling of IFN-stimulated metabolic genes induced in the host response to several
respiratory viruses led to the identification of a common gene signature in human lung epithelial
cells and in the lungs of mouse models of respiratory virus infection. The regulation of the metabolic
gene signature was correlated with the induction of IFN-beta (IFN-f) and IFN-inducible transcription
factors at the RNA level in lung epithelial cells. Furthermore, the gene signature was also detected
in response to bacterial lipopolysaccharide-induced acute lung injury. A protein interaction net-
work analysis revealed that metabolic enzymes interact with IFN-regulated transcription factors
and members of the unfolded protein response (UPR) to form a module and potentially regulate
type I interferon signaling, constituting a feedback loop. In addition, components of the metabolic
gene expression signature were differentially regulated in the lung tissues of COVID-19 patients
compared with healthy controls. These results suggest that the metabolic gene signature is a potential
therapeutic target for the treatment of respiratory virus infections and inflammatory diseases.

Keywords: respiratory virus; innate immunity; gene signature; lung; interferon; metabolism; JAK-STAT;
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1. Introduction

Type I interferons (IFNs) are pluripotent cytokines that play a major role in the host
immune response to respiratory viruses, including Respiratory Syncytial Virus (RSV),
influenza, and coronaviruses (e.g., SARS-CoV-2), by regulating several hundred genes
involved in antiviral defense, immune modulation, and cell growth [1,2]. SARS-CoV-2
infection and the resulting severe coronavirus disease 19 (COVID-19) have caused millions
of deaths worldwide [3,4]. A variety of high-throughput studies in the last 3 years have
provided novel insights into respiratory virus-host interactions, including gene signatures
for antiviral defense, cytokine and chemokine responses, and signal transduction path-
ways, and the identification of potential drug targets [5-10]. Gene expression profiling
by microarrays and RNA-seq enabled the global monitoring of cell-, tissue-, and disease-
specific gene expression signatures in human lung cells in response to SARS-CoV-2 and in
COVID-19 patients through the simultaneous quantitative analysis of differential expres-
sion levels of thousands of genes on a single platform [5,6,9,10]. Multiplex antibody assays
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provided important information on the temporal activation of cytokine levels, including
type I and type Il interferons (IFN), tumor necrosis factor-alpha (TNF-«), interleukin-1 beta
1(IL-1$3), and interleukin 6 (IL-6) in the bronchoalveolar lavage fluid (BALF) of COVID-19
patients [11]. Multilevel proteomics revealed the function of SARS-CoV-2-encoded viral
proteins and their interactions with the host genome and global alterations in signaling
such as transforming growth factor-beta (TGE-f3) and autophagy signaling in A549 human
lung adenocarcinoma cells reconstituted with viral entry receptor ACE2 [12]. Metabolic
studies revealed high levels of the tryptophan catabolic product kynurenine in the serum
of COVID-19 patients [13,14]. Tryptophan is an essential amino acid for cell survival,
and the intracellular enzyme that breaks down tryptophan to kynurenine is known as
indoleamine-3,5-dioxygenase or IDO1 [15]. Furthermore, elevated levels of cholesterol-25-
hydroxylase (CH25H), which is involved in cholesterol metabolism, have been reported
in serum samples of COVID-19 patients [13]. Modulating cell metabolism to their ad-
vantage is a key tactic of respiratory viruses in their interactions with the host [16,17].
Macromolecules such as nucleotides, carbohydrates, proteins, and fats play major struc-
tural and functional roles in cell metabolism and are essential for viral replication and
multiplication. Among these macromolecules, proteins composed of amino acids are the
most diverse in terms of functions, such as enzyme activities that accelerate metabolic
processes and hormones and neurochemicals, which are substances that deliver signals
within the body to regulate cell metabolism. Many enzymes involved in gene regulation
require vitamins and co-factors such as those generated during metabolism, demonstrating
a direct link between metabolism and gene expression [18]. The transcriptional induction
of host catabolic enzymes by interferon depletes the essential components of cell survival,
such as amino acid, lipid, nucleotide, and polyamine reserves, to limit respiratory virus
proliferation [19]. Metabolic reprogramming by type I interferons in response to respiratory
virus infection includes increasing the uptake of amino acids and promoting the synthesis
of amino acid-derived metabolites, such as polyamines, coenzymes, and nitric oxide, in
different cell types [17,19]. Polyamines are essential for cell proliferation and differenti-
ation, whereas nitric oxide is a signaling molecule with various immunoregulatory and
antiviral functions [20]. Respiratory virus infection induces glycolysis and inhibits type
I interferon production and the antiviral response in plasmacytoid dendritic cells [21].
Another important metabolic effect of IFNs is the regulation of fatty acid metabolism and
oxidative phosphorylation [22]. The availability of multiple GEO datasets of human lung
epithelial cells infected with several respiratory viruses as well as mouse models of respira-
tory virus infection has led to the identification of differentially expressed genes (DEGs)
or gene signatures [5,6,23-29]. Bioinformatic analyses of lung gene expression datasets
from cell culture and mouse models of respiratory virus infection revealed the induced ex-
pression of five key enzymes involved in macromolecule metabolism. Respiratory viruses
induce an IFN-regulated metabolic gene signature that includes cholesterol-25-hydroxylase
(CH25H), nicotinamide phosphoribosyltransferase (NAMPT), eukaryotic translation ini-
tiation factor 2 alpha kinase 2 (EIF2AK?2), sterile alpha motif and histidine/aspartic acid
domain-containing protein (SAMHD1), and indoleamine-3,5-dioxygenase (IDO1) at the
RNA level in human lung epithelial cells. These metabolic enzymes are involved in the feed-
back regulation of type I interferon signaling. Furthermore, this novel interferon-regulated
metabolic gene signature was also activated in response to bacterial lipopolysaccharide
(LPS), and it also interacts with proteins involved in the unfolded protein response (UPR)
activated specifically by SARS-CoV-2 infection in lung epithelial cells [29]. In this study,
the regulation of metabolic gene signatures in human lung epithelial cells and in mouse
models in response to respiratory viruses and type I interferon signaling was investigated.

2. Materials and Methods
Gene Expression Datasets and Bioinformatics

Standard bioinformatic methods were used [5,6,26]. Gene expression profiles of
human lung cell lines infected with respiratory viruses and COVID-19 patients have
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been reported previously [5,30-32]. Microarray data in Gene Expression Omnibus (GEO)
datasets GSE147507, GSE 47960, and GSE 148729 and GEO profiles were retrieved
from the PubMed (NIH) resources. ImmGen RNA seq SKYLINE resources were used
(http:/ /rstats.immgen.org/Skyline_COVID-19/skyline.html, accessed on 7 August 2023).
Double-stranded RNA (poly IC)-induced gene signatures in the mouse lungs were retrieved
from GSE 39304 as described previously [33]. Gene signatures of mice infected with re-
constructed 1918 influenza were retrieved from GSE70445 as described previously [32].
RSV-induced gene signatures in wild-type (WT) and PKR KO mice were retrieved from GSE
18170 as described previously [34]. LPS-induced gene signatures in wild-type and BPIFA1KO
mice were retrieved from GSE 104214 as described previously [35]. The GEO datasets were
analyzed with the GeoR2R method (NCBI). Corresponding mock and treatment data and
multiple datasets were used. Outliers of expression were excluded in the data analysis.
Additional gene expression datasets were also downloaded from the ImmGen browsers and
Coronascape. Cluster analysis was performed using gene expression software tools [36].
Protein—protein interactions were visualized in the STRING database [37]. Gene ontology
(GO) and signaling pathway analyses were performed in Metascape [38]. Interferon-related
data were retrieved from the Interferome database at www.Interferome.org, accessed on 12
September 2023. Gene-specific information such as intracellular location and functions were
retrieved from standard bioinformatics websites such as Mouse Genome Informatics (MGI)
and Genecards (https:/ /www.genecards.org/, accessed on 7 October 2023).

3. Results
3.1. Profiling a Metabolic Gene Expression Signature in Response to Respiratory Viruses and
Type I Interferon Signaling

Bioinformatic studies revealed antiviral, cytokine, chemokine, and apoptosis gene sig-
natures in lung epithelial cells in response to several respiratory viruses, including RSV,
influenza, and SARS-CoV-2 [23-25,32]. Furthermore, the delineation of gene signatures in
the transcriptome facilitated the identification of key hubs, modules, and gene regulatory
networks in response to respiratory viruses [26,27]. Previous studies have identified the role
of transcription factor subnetworks in the regulation of antiviral and immunomodulatory
functions as well as cell growth in response to type I interferon signaling and respiratory
viruses [28]. Recent studies have shown a direct link between metabolism and transcrip-
tion [18,39]. However, the diverse roles of IFN-stimulated metabolic enzymes in the regula-
tion of transcription in response to respiratory viruses remains to be explored. Respiratory
syncytial virus (RSV) infections are common in children and not a concern for adults and do
not pose a pandemic threat [24]. In contrast, HPIV3 infections are more common in adults
with a compromised immune system [40]. The profiling of IFN-stimulated metabolic genes
in gene expression datasets of lung epithelial cells infected with RSV and HPIV3 respira-
tory viruses revealed an induced expression of five key enzymes involved in nucleotide,
lipid, and protein metabolism (Figure 1). Some of these metabolic effectors of interferon
signaling are well known, including CH25H, which is involved in cholesterol metabolism;
IDO1, which is involved in tryptophan catabolism; and EIF2AK2 (PKR), which is involved
in the regulation of protein synthesis [15,41,42]. NAMPT and SAMHDI are metabolic en-
zymes involved in innate immunity and nucleotide metabolism [43,44]. SAMHD1’s enzyme
functions include deoxy-nucleoside triphosphate activity (dNTPase), which reduces cellular
dNTP levels to restrict viral replication. These enzymes deplete the metabolic building
blocks required for optimal viral replication and multiplication [19]. Recent studies have
also revealed the role of these five metabolic enzymes in the control of transcription and
interferon-stimulated gene expression (Table 1). CH25H converts cholesterol to 25-hydroxy
cholesterol (25-HC), thereby repressing cholesterol synthesis and influencing transcriptional
regulation in macrophages [41]. IDOL1 is a rate-limiting enzyme in the catabolism of trypto-
phan as well as a regulator of stress-induced transcription factors and solute transporter gene
expression [45]. NAMPT and SAMHDI1 regulate NAD+ levels in the cell and are involved in
the regulation of transcription [39]. EIF2AK2 is a serine/threonine kinase involved in the


http://rstats.immgen.org/Skyline_COVID-19/skyline.html
www.Interferome.org
https://www.genecards.org/

J. Mol. Pathol. 2024, 5

136

regulation of transcription factors, such as NF-«kB and IRF-1, and type I interferon produc-
tion [42]. Consistent with their role in transcription, several of these metabolic enzymes were
also identified in the nucleus in addition to their predominant cytoplasmic compartment
localization. In contrast, CH25H was exclusively located in the cytoplasm (Table 1).
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Figure 1. Regulation of the interferon-regulated metabolic gene signature and transcription factors
by RSV and HPIV3 in A549 cells. (A) Human A549 lung cells mock-infected or infected with RSV
for 24 h. (B) A549 cells mock-infected or infected with HPIV3 for 24 h. Data from 3 samples for
each condition are shown. RNA levels were normalized by the DESeq2 method. Low and high gene
expression are represented by blue and red, respectively.

Table 1. Regulation of an interferon-regulated metabolic gene signature by respiratory viruses.

Gene Interferome Interferome Sub-Cellular Transcription
Gene Name - -
Symbol (IFN-a/b) (IFN-g) Location Regulation
8 8
Nucleotide Metabolism
SAM-domain and .
SAMHD1 HD-domain + + Nucleus, Cytosol 77 I\Ev'i NAD
containing protein
NAMPT N1C9t1nam1de Phos- + + Nucleus, Cytosol NAD" levels
phoribosyltransferase
Lipid/cholesterol metabolism
CH25H Cholesterol + + Cytosol, ER Oxysterol production
25-Hydroxylase y ! Y P
Prorein/Aminoacid metabolism
EIF2AK2 Eukaryotic initation + + Cytosol, Nucleus ~ NFkB, IRF1, STAT1
factor 2 alpha kinase 2
IDO1 Indolaemine + + Cytosol, Nucleus ~ ATF4, NRF2, ATF3

2,3-Dioxygenasel

+ sign indicates positive regulation.

3.2. Regulation of Metabolic Gene Signature Expression by Coronaviruses

Most gene expression studies on SARS-CoV-2 were performed in well-established
human lung epithelial cell lines such as Calu-3, A549, and NHBE. The basal expression
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of metabolic genes was very low in these cell lines. The infection of Calu-3 cells with
SARS-CoV-2 dramatically induced the expression of the metabolic gene signature at the
RNA level within 24 h. Mock-infected cells served as controls (Figure 2A). The induction of
the metabolic gene signature was correlated with IFN-beta (IFNB1), STAT1, STAT2, and
IRF9 at the RNA level (Figure 2B). A time-course analysis revealed that the metabolic gene
signature was induced within 12-24 h after virus infection (Figure 2C). These results are
consistent with the interpretation that IFN-3 production by viral RNA recognition via the
Toll-like receptor (TLR) pathway drives autocrine or paracrine IFN-f3 signaling involving
the Jak-Stat pathway and the activation of interferon-stimulated gene expression [33,34].
SARS-CoV-2 was more effective in the induction of IDO1 and CH25H at the RNA level
than SARS-CoV-1 in Calu-3 cells. In contrast, SAMHD1 and NAMPT were both induced to
the same extent by both coronaviruses (Figure 2D). The productive infection of human lung
epithelial cells by SARS-CoV-2 requires the cell membrane proteins ACE2 and TMPRSS2
to facilitate viral entry [46]. SARS-CoV-2 infection of A549 cells failed to induce IFNB1
and interferon-stimulated gene expression. The expression of ACE2 in A549 cells restored
SARS-CoV-2-mediated induction of IFNB1, STAT1, STAT2, and IRF9 mRNA expression
(Figure 3A,B). These studies revealed the important role of ACE2 in viral entry, activation
of type I IFN signaling, and temporal regulation of interferon-stimulated transcription
factors and the metabolic gene signature. Although cell culture models of respiratory virus
infection provide important details on virus replication and the differential regulation of
gene expression, they may not accurately reflect the host—pathogen interactions in vivo,
where multiple immune and non-immune cell types in the lung interact in a complex
manner. Mouse models of SARS-CoV-2 infection were recently developed to study host-
pathogen interactions in vivo [47]. In an aerosol infection mouse model, SARS-CoV-2
induced the type I interferon-regulated transcription factors and metabolic gene signature,
confirming the results in human lung epithelial cells (Figure 3C).
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Figure 2. Regulation of interferon-regulated metabolic genes and transcription factors by SARS-CoV-2
in Calu-3 cells. (A) Heatmap representation of RNA levels of metabolic genes after mock infection or
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virus infection in Calu-3 cells for 24 h. (B) Heatmap representation of IFN-beta- and IFN-regulated
transcription factors at the RNA level after mock infection or virus infection in Calu-3 cells for
24 h. (C) Heatmap representation of RNA levels of metabolic genes after mock infection or virus
infection in Calu-3 cells for 4, 12 or 24 h. Data from two or three samples for each condition are
shown. (D) Regulation of the metabolic gene signature by SARS-CoV-1 and SARS-CoV-2 after mock
infection or virus infection in Calu-3 cells. Data from two samples for each condition are shown. RNA
expression levels were normalized by the DEseq2 method.
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Figure 3. Regulation of the metabolic gene signature and interferon-stimulated transcription fac-
tors in A549 cells expressing ACE2 receptors and in an aerosol model of SARS-CoV-2 infection in
mice. (A) Expression levels of IFN-regulated transcription factors in A549 cells with or without
expression of ACE2 receptors after infection with SARS-CoV-2 for 24 h. (B) Changes in expression
of metabolic regulators in A549 cells expressing ACE2 receptors were mock-infected or infected
with the SARS-CoV-2 virus for 24 h. Data from three samples for each condition are shown. RNA
expression levels were normalized by the DEseq2 method. (C) Regulation of metabolic gene signature
and interferon-regulated transcription factors at the RNA level in the lungs in an aerosol model
of SARS-CoV-2 infection in mice. Expression levels of the interferon-regulated gene signature are
ranked by log-fold change (logFC).

3.3. Regulation of Metabolic Gene Signature Expression by Influenza Viruses

Influenza virus is a major respiratory pathogen that often causes significant mortality
and morbidity, particularly among young children and geriatric patients [48]. Influenza is
generally limited to the upper respiratory tract; however, when the lower respiratory tract
becomes involved, significant lung damage is observed. This may occur with pandemic
strains (such as the 1918 virus that killed more than 50 million worldwide) or pathogenic
influenza strains (such as HIN1 and H5N1). Highly pathogenic strains of influenza, such as
the reconstructed 1918 influenza virus (H1N1), induce a dramatic increase in inflammatory
cytokines and an influx of neutrophils and macrophages, resulting in inflammation, tissue
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injury, and death in mice [32,49]. Infection of mice with the reconstructed 1918 influenza
virus dramatically induced interferon-stimulated antiviral and inflammatory gene expres-
sion [49]. These genes include well-known antiviral interferon-stimulated genes (ISGs) such
as oligoadenylate synthetase (Oas), guanylate-binding proteins (Gbps), interferon-induced
protein with tetratricopeptide (Ifit), and immunoregulatory cytokines and chemokines
induced 3 days after virus infection [32]. The metabolic enzyme gene signature was also
induced 3 days after virus infection and was temporally correlated with the inducible
expression of the transcription factors Statl, Stat2, and Irf9 (Figure 4A). In contrast to the
pandemic influenza virus, the seasonal non-pandemic strains of influenza inhibit type I
interferon and inflammatory responses. In these strains, the virus encodes a non-structural
protein (NS1) that is a potent inhibitor of interferon regulatory factor 3 (IRF3) and type I
interferon production [50]. Furthermore, NS1 inhibits STAT1 activation, resulting in the
attenuation of interferon-stimulated gene expression [51]. Induction of the metabolic gene
signature in NHBE bronchial epithelial cells was abrogated by the wild-type influenza
A virus (IAV). In contrast, IAV infection with a mutant virus containing a deletion of
NS1 (IAVNS]) resulted in the induction of the metabolic gene signature in NHBE cells
(Figure 4B). This induction was correlated with the induction of IFN-beta (IFNB1) and
interferon-inducible transcription factors STAT1, STAT2, and IRF7 (Figure 4B). These stud-
ies suggest that multiple factors, such as virus strains, host-encoded factors, virus-encoded
factors, and cell type may play an important role in determining viral pathogenesis.
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Figure 4. Regulation of the interferon-regulated metabolic gene signature by influenza viruses.
(A) Regulation of interferon-stimulated antiviral genes, metabolic regulators, and transcription
factors at the RNA level in mouse lungs by the reconstructed 1918 HIN1 influenza virus. Mice
were mock-infected or infected with the virus for 3 or 4 days. Heatmap representation of interferon-
regulated gene expression. (B) Human NHBE1 bronchial epithelial cells were mock-infected or
infected with the influenza virus (IAV) or influenza virus lacking the NS1 (IAVNS]) for 12 h. Heatmap
representation of interferon-regulated gene expression regulated by mock, wild-type IAV, and NS1-
deleted TAV. RNA expression values were normalized by the DEseq2 method and are shown as a
heatmap. Data from 4 samples for each condition are shown.
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3.4. Regulation of Metabolic Gene Signature by Double-Stranded RNA and EIF2AK2 In Vivo

EIF2AK2, also known as protein kinase R (PKR), is a serine/threonine kinase that plays
a central role in double-stranded RNA (dsRNA) and type I interferon (IFN) signaling [42,52].
It is activated by the presence of dsRNA, which is a common feature of many respiratory
viruses. EIF2AK2 phosphorylates the eukaryotic translation initiation factor 2« (elF2c),
which leads to the inhibition of protein translation. This inhibition of protein translation has
anumber of downstream effects on IFN signaling, including an increased production of type
I'interferons, activation of the Jak-STAT pathway, and activation of transcription factors and
antiviral genes [34,52,53]. Furthermore, EIF2AK?2 levels are induced by type I interferons
and poly I:C, which is a double-stranded RNA mimetic and a potent inducer of type I
interferons constituting a positive feedback loop [54]. Intratracheal instillation of double-
stranded RNA (poly I:C) in mouse lungs induces interferon-stimulated transcription factors
and the metabolic gene signature with distinct temporal profiles [33]. For example, Elif2ak2,
Ch25h, and Saamhd1 were maximally induced at 18 h, while Ido1 and Naampt were highly
induced at 24 h (Figure 5A). These results indicate that double-stranded RNA treatment
is necessary and sufficient to induce the metabolic gene signature in vivo in a mouse
model of acute lung injury [34]. Consistent with previous results, interferon-inducible
transcription factors were also upregulated at 18-24 h (Figure 5A). RSV infection of wild-
type and Eif2ak2-knockout (KO) mice revealed that the induction of interferon-stimulated
transcription factors and the metabolic gene signature required an intact Eif2ak2 gene
(Figure 5B). Furthermore, Eif2ak2-regulated antiviral gene expression was also abrogated
and lung injury was enhanced in Eif2ak2-KO mice [34].
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Figure 5. Regulation of the interferon-regulated metabolic gene signature and transcription factors by
double-stranded RNA and protein kinase R (PKR/EIF2AK?2) in mice. Mock treatment was indicated
by (-—-) (A) Mice treated with double-stranded RNA mimetic poly I:C for 6, 18, or 24 h. (B) Wild-type
or PKR-KO mice were mock-infected or infected with RSV for 24 h. RNA expression values were
normalized by the DEseq2 method and are shown as a heatmap. Data from two samples for each
condition are shown.
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3.5. Regulation of Metabolic Gene Signature by Type I Interferons in Human Lung Epithelial Cells

The host immune response to respiratory viruses is complex and involves a variety of
cell types and multiple cytokine signaling pathways. It is important to understand whether
type linterferon treatment alone can induce the metabolic gene signature in lung epithelial
cells. An interrogation of microarray datasets revealed that IFN-f3 treatment induced the
metabolic gene signature and interferon-induced transcription factors at the RNA level
within 6 h in A549 lung cells. Interestingly, IDO1, SAMHD]1, and EIF2AK2 levels were fur-
ther increased after 24 h, whereas CH25H and NAMPT RNA levels were attenuated by 24 h
(Figure 6A). Furthermore, IFN-o induced interferon-regulated transcription factors and the
metabolic gene signature in both A549 and HTBE human lung epithelial cells (Figure 6B).
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Figure 6. Regulation of the metabolic gene signature and transcription factors by type I interferon
treatment in A549 and HTBE human lung epithelial cells. Indicated in 6A legend as 6 h and 24 h
(A) Regulation of the metabolic gene signature by IFN-f3 treatment for 6 h and 24 h in A549 cells
represented by blue- and red-colored bars, respectively. Gene expression levels of the metabolic
enzymes are expressed as log fold change (logFC). (B) Regulation of the interferon-stimulated
metabolic gene signature and transcription factors by IFN-« treatment for 8 h in A549 and HTBE cells.

3.6. Visualization of the Protein Interaction Network of the Metabolic Gene Signature in the
STRING Database

Protein interactions mediate post-translational modifications such as phosphoryla-
tion and ubiquitination that activate or inhibit signaling and provide novel insights into
biological functions [37]. Protein interactions play a critical role in all aspects of type I
IEN signaling, including the interactions between type I interferons and their receptors,
activation of the Jak-STAT pathway, and interaction between STAT proteins and other
transcription factors to regulate ISG expression [28]. These interactions can be visualized as
a graph using the information in several bioinformatic databases such as BIOGRID and
STRING [37]. The protein interactions of the genes in the metabolic gene signature were
interrogated in the STRING database, which revealed that SAMHD1, EIF2AK2, and IDO1
extensively interact with multiple major hubs in the antiviral subnetwork such as STAT1,
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STAT3, IRF7, and IRF1. In contrast, NAMPT and CH25H interact specifically with STAT3
and IRF1, respectively (Figure 7). These interactions may play a major role in the regulation
of interferon signaling in response to multiple respiratory viruses [55]. In addition, IDO1
also interacts with suppressors of cytokine signaling 1 (SOCS1) and suppressors of cytokine
signaling 3 (SOCS3) proteins, which are involved in the negative regulation of cytokine
signaling. Respiratory viruses can also interfere with protein interactions that regulate
interferon-mediated gene expression. For example, the influenza virus NS1 protein can
bind to STAT1 and inhibit its transcriptional activity. This prevents the expression of ISGs
and allows the virus to replicate more efficiently [50,51]. The development of therapeu-
tic strategies to target protein interactions that regulate gene expression in response to
respiratory viruses is a promising area of research [53,56].

Nampt

Figure 7. Protein—protein interaction (PPI) network of genes in metabolism gene signature induced
by respiratory viruses and the transcription factor network of type I interferon signaling. Protein
interactions in the signaling network were obtained from the STRING database. Interacting proteins
are indicated by ovals and protein interactions are indicated by edges.
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3.7. Lipopolysaccharide (LPS) Regulation of Metabolic Gene Signature in Acute Lung Injury (ALI)

Secondary bacterial infections are a common complication of respiratory virus infec-
tions in up to 30% of patients, and they are a leading cause of morbidity and mortality [57].
LPS is a component of the outer membrane of Gram-negative bacteria and a potent activator
of the innate immune system. It can induce inflammatory responses, including fever, pain,
and inflammation [58]. LPS binds to Toll-like receptor 4 (TLR4) on immune cells, such
as macrophages and dendritic cells [58,59]. This activation of TLR4 triggers a cascade of
events that leads to the release of type I interferons and proinflammatory cytokines, such
as tumor necrosis factor-alpha (TNF-«) and interleukin-1f (IL-1f3). These cytokines can
damage the lungs by increasing vascular permeability, promoting neutrophil infiltration,
and stimulating the production of reactive oxygen species. This can lead to a number
of complications, including acute lung injury (ALI), acute respiratory distress syndrome
(ARDS), and sepsis [59].

LPS stimulation induces PKR mRNA expression through the activation of the TLR4
signaling pathway, which is essential for the activation of interferon regulatory factor
3 (IRF3) and the production of type I interferons [60]. Furthermore, LPS activation of
transcription factors such as IRF3, IRF7, and NF-kB regulates the expression of CH25H,
SAMHD1, NAMPT, and IDO1 in macrophages and dendritic cells [61-63]. Consistent with
in vitro results in human immune cells, the metabolic gene signature was also induced
within 8-24 h after intratracheal administration of LPS in mice (Figure 8). Bpifal (BPI fold-
containing group A member 1) is a mouse airway-secreted protein with immunomodulatory
functions that plays a major role in the lung epithelial barrier [64]. The deletion of Bpifal in
mice results in the abrogation of LPS-induced cytokine (interferon) and chemokine (Cxcl9
and Cxcl10) production and the recruitment of neutrophils as well as acute lung injury [35].
Furthermore, induction of the metabolic gene signature was significantly abrogated at both
8 and 24 h after the intratracheal administration of LPS in Bpifal-KO mice. These results
indicate that Bpifal regulates type I interferon induction and the sustained activation of the
metabolic gene signature in response to bacterial infection [35,64].
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Figure 8. LPS regulation of the interferon-stimulated metabolic gene signature and transcription
factors in wild-type and BPIFA1-knockout (KO) mice. Wild-type or BPIFA1-KO mice were mock-
treated or treated with LPS for 8 or 24 h. RNA expression values were normalized and are shown
as a heatmap.
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3.8. Role of Metabolic Gene Signature in Integrated Stress Response (ISR)

ISR is an evolutionarily conserved intracellular signaling pathway in mammalian cells
that is activated in response to a variety of stress conditions, including nutrient deprivation,
the unfolded protein response (UPR), viral infection, and oxidative stress [65]. The core
event in ISR is the phosphorylation of eukaryotic translation initiation factor 2 alpha (elF2c)
by one of the four members of the elF2«x kinase family. This phosphorylation decreases
global protein synthesis and induces selected genes, including the transcription factor ATF4.
ATF4 then activates several genes that promote cellular recovery, such as those encoding
chaperones, proteases, and heat shock proteins [65]. EIF2AK2 is one of four members of the
elF2a kinase family. It is activated by a variety of stress signals, including unfolded protein
folding stress (UPR), nutrient deprivation, and viral infection. EIF2AK2 phosphorylates
elF2a, which leads to a decrease in global protein synthesis and the induction of the
ISR. IDOL1 is activated by a variety of stress signals, including inflammation, infection,
and tumor growth [15]. IDO1 can induce the expression of genes encoding transcription
factors and solute transporters as well as genes involved in redox regulation [45]. There is
strong evidence for the activation of the unfolded protein response by SARS-CoV-2 [29,66].
Consistent with previous results, SARS-CoV-2 infection of Calu-3 cells induced markers
of the UPR, such as ATF4, XBP1, IRE1A, DDIT3, DDIT4, and NFE2L2, as well as IDO1-
regulated genes such as ATF3, ATF4, NFE2L.2, MTHFD2, SESN, ALDH1L2, and SLC3A2
(Figure 9A,B). Furthermore, a protein interaction analysis using the STRING database
revealed strong interactions between unfolded protein response (UPR) and IDO1-regulated
proteins that were activated specifically in response to SARS-CoV-2 infection as well as
with transcription factors of the antiviral subnetwork and the metabolic gene signature to
form a gene regulatory network or GRN (Figure 10). These results indicate that IDO1 is a
critical regulator at the intersection of metabolism, inflammation, and cancer [67].
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Figure 9. Regulation of the unfolded protein response (UPR) and IDO1 target genes by SARS-CoV-2
in Calu-3 human lung cells. (A) Calu-3 cells were mock-infected or infected with SARS-CoV-2 for
24 h. UPR target gene expressions are shown. (B) Calu-3 cells were mock-infected or infected with
SARS-CoV-2 for 24 h. IDOL target gene expression is shown. RNA expression values were normalized
and are shown as a heatmap.
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signature with the unfolded protein response (UPR), type I interferon signaling, and IDO1 target
genes. Protein interactions in the signaling network were obtained from the STRING database.
Interacting proteins are indicated by ovals and protein interactions are indicated by edges.

3.9. Regulation of the Metabolic Gene Signature in Healthy and COVID-19 Patients

SARS-CoV-2 infection can cause various metabolic alterations in patients, both during
acute infection and in the long term. These alterations can affect all aspects of metabolism,
including glucose metabolism, lipid metabolism, amino acid metabolism, and energy
metabolism [68,69]. Some of the most common metabolic changes observed in COVID-19
patients include hyperglycemia, increased triglycerides, increased levels of aromatic amino
acids such as tryptophan and tyrosine, and decreased levels of arginine leading to defects in
immune function and wound healing as well as muscle wasting [68-70]. Interrogation of the
gene expression datasets of healthy and COVID-19 patients revealed that metabolic markers
such as EIF2AK2 and IDO1 were upregulated in the lung tissue samples of COVID-19 pa-
tients compared with those of healthy patients. This upregulation was also correlated with
an increase in interferon-inducible transcription factors such as STAT1, STAT2, and IRF7
in the lung tissue samples of COVID-19 patients (Figure 11A). In contrast, the metabolic
markers CH25H and SAMHD]1, and inducible transcription factors STAT1, STAT2, and
IRF8 were significantly increased in the peripheral blood (PBMC) samples of COVID-19
patients compared with those of healthy individuals (Figure 11B). A transcriptomic analysis
of a different dataset revealed that the interferon-induced transcription factors STAT1,
STAT2, and IRF7 and the metabolic gene signature genes EIF2AK2, IDO1, and NAMPT
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were significantly upregulated in the lung tissue samples of COVID-19 patients compared
with those of healthy patients (Figure 11C). The innate immune response to SARS-CoV-2
infection must be precisely controlled, and any imbalance in the cytokine response may
result in lung injury and death [5,6,8,10]. A mix of antiviral proteins, proinflammatory
cytokines such as IL-«, and IL-1f3, and chemokines such as CXCL10, CXCL11, and CCL8
were upregulated in the lung tissue samples of COVID-19 patients compared with those of
healthy controls (Figure 11C).
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Figure 11. Regulation of interferon-stimulated metabolic gene signature and transcription factors
in healthy controls and COVID-19 patients. (A) Regulation of metabolic enzyme and transcription
factor gene expression in COVID-19 lung samples. Gene expression levels are expressed as log fold
change or logFC. (B) Regulation of metabolic enzyme and transcription factor gene expression in
the peripheral blood (PBMC) of COVID-19 patients. Gene expression levels are expressed as logFC.
(C) RNA expression levels of metabolic enzymes, chemokines, and transcription factors in healthy
and COVID-19 lung samples. Low and high gene expression in the healthy and COVID-19 lung
biopsies are represented by blue and red, respectively. RNA expression values were normalized
by the DEseq2 method and are shown as a heatmap. Data from two samples for each condition
are shown.

4. Discussion

In this study, transcriptome profiling revealed a common metabolic gene signature me-
diated by type I interferon signaling in the host response to several respiratory viruses. The
same metabolic signature was observed in response to double-stranded RNA, bacterial LPS,
and the UPR. This metabolic signature is part of a protein interaction network with tran-
scription factors of type I interferon signaling. Furthermore, EIF2AK2 /PKR was identified
as a key node in the metabolic signature as suggested by the attenuation of the metabolic
gene signature in Eif2ak2-KO mice in response to RSV infection. Pathogen molecular pat-
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tern recognition by lung resident immune cells such as dendritic cells and macrophages and
the production of type I interferons play an important role in innate immunity to respiratory
viruses [1]. The type I interferon effects are pleiotropic with antiviral, antiproliferative,
immunomodulatory, and metabolic effects through the modulation of gene expression [2].
Previous bioinformatic studies have revealed an antiviral module composed of transcrip-
tion factors from the STAT, IRF, and SP families and an inflammatory module composed
of STAT1, STAT3, JUN, RELA, and BRCA1 in innate immunity [27,28]. In this study, the
profiling of interferon-regulated metabolic enzymes in the host response to respiratory
viruses led to the identification of a common five-gene signature consisting of EIF2AK2,
IDO1, CH25H, NAMPT, and SAMHDI1. The induction of these metabolic enzymes by
type I interferon depletes metabolic building blocks such as essential amino acids, lipids,
and nucleotide pools to restrict respiratory virus replication and multiplication [16,19]. The
interferon-stimulated metabolic gene signature was induced by both low-pathogenicity
(RSV and HPIV3) and highly pathogenic respiratory viruses (1918 HIN1 and SARS-CoV-2).
Furthermore, several components of the gene signature were upregulated in the PBMC and
lung tissue samples of COVID-19 patients compared with those of healthy individuals [31].
Both host-encoded and viral factors are involved in the induction of the metabolic gene
signature in response to respiratory viruses. Double-stranded RNA and EIF2AK2 were
required for the induction of the metabolic gene signature and correlated with the induction
of IFNB1 and IFN-induced transcription factor expression. Virally encoded proteins, such
as influenza NS1, and host cellular proteins involved in viral entry, such as ACE2, in lung
epithelial cells are required for the activation of the metabolic gene signature [46,50,51].

Genetic variability in different individuals leads to different clinical courses and
treatment responses to COVID-19. Genetic analyses revealed that about 10% of critically
ill COVID-19 patients have alterations in the components of type I interferon signaling or
autoantibodies to interferon that inactivate antiviral signaling [71,72]. Furthermore, the
gene expression profiling of nasal swabs revealed that patients with mild infections or
those that have recovered from COVID-19 have a more robust type I interferon response in
the nasopharynx than critically ill patients [73]. These results suggest that type I interferon
signaling and the metabolic gene signature are important for innate immunity to respiratory
virus infection and of diagnostic value for predicting disease progression. The identification
of a metabolic gene signature in the lung epithelial response to respiratory viruses indicates
that a comparative transcriptome analysis for metabolic gene signatures in a variety of lung
diseases such as asthma, acute respiratory distress syndrome (ARDS), and septic shock is
warranted. Further investigations are required to test the role of EIF2AK2/PKR inhibitors
in response to respiratory viruses and inflammatory diseases.

The interferon-stimulated metabolic signature was also activated by bacterial LPS,
which is commonly found in opportunistic secondary bacterial infections following respira-
tory virus infection [57]. LPS was detected in the peripheral blood samples of COVID-19
patients [74]. The protein interaction network analysis revealed that these five metabolic
enzymes form extensive connections with the core transcription factors of the type I in-
terferon signaling pathway, IDO1 target genes, and members of the integrated stress
response [45,65,66]. These results suggest that the interferon-stimulated metabolic gene
signature activated in response to respiratory viruses may participate in the feedback regu-
lation of type I interferon signaling and in the cross-talk with LPS and proinflammatory
cytokine signaling as well as the integrated stress response. An imbalance in the antiviral
and proinflammatory gene expression in lung cells in response to respiratory viruses may
be a causal factor in the severity of respiratory disease [5,75]. Understanding the role of
the metabolic gene signature in the feedback regulation of interferon and proinflamma-
tory cytokine regulation of gene expression in response to respiratory viruses may have
therapeutic implications in vaccine development and drug design.

EIF2AK2 (PKR) is a serine kinase that promotes the activation of transcription factors
such as STAT1, NF-«B, and IRF1; the production of proinflammatory cytokines; and the
inhibition of protein synthesis [34,42,53,60]. Induction of the metabolic gene signature
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and acute lung injury were attenuated in Eif2ak2-KO mice in response to RSV infection,
demonstrating that EIF2AK2 is a critical node in metabolism and inflammation in innate
immunity [27]. The activation of PKR by immunostimulatory double-stranded RNA and
bacterial RNA leads to the activation of transcription factors and proinflammatory cytokine
and chemokine gene expression [52,76,77]. Furthermore, synthetic RNA containing mod-
ified uridine bases failed to activate PKR or an innate immune response, leading to the
development of mRNA vaccine technology [78,79]. NAMPT and SAMHDI1 regulate NAD*
metabolism and type I interferon signaling [43,44,63]. SAMHDI1 inhibits IRF7 and NF-«B
activation [63]. IDO1 was recently shown to be a regulator of stress-induced transcription
factors involved in the regulation of solute transporter gene expression [45]. CH25H is
a critical enzyme in lipid metabolism, the production of 25-hydroxycholesterol (25-HC),
which is involved in the activation of transcription factors; and the production of proinflam-
matory cytokines [41,61,80,81]. Previous studies have shown that CH25H plays a central
role in lipid metabolism and is regulated by interferons, TLR ligands such as LPS and poly
I:C, and a high-fat diet [80-83]. The induction of CH25H and the production of 25-HC by
TLR ligands are mediated by type I interferon signaling [82]. The transcriptional effect
of 25-HC includes activation of the transcriptional factors involved in lipid metabolism
such as liver X receptor (LXR «/f3), retinoic-related orphan receptor (ROR «/3/x), sterol
response element-binding protein (SREBP), and the AP1 family [80]. CH25H and 25-HC
may have proinflammatory or anti-inflammatory effects depending on the cell type and
under different experimental conditions such as obesity, diabetes, and viral infections [83].
NAMPT and the NAD*-dependent enzyme Sirturin 2 (SIRT2) mediate the inhibition of
p53 transactivation, whereas NAMPT and SIRT 1-activate RelB-mediated NF-«B trans-
activation [84,85]. These studies revealed that IFN-regulated metabolic enzymes play a
major role in transcriptional regulation and coordinate cross-talk between multiple signal
transduction pathways involved in the antiviral response, inflammation, and cell growth.
Many cancers express high levels of IDO1, depleting the essential amino acid tryptophan
and enabling them to escape immune surveillance. IDO1 inhibitors are in clinical trials
either as a monotherapy or in combination with other therapies for cancer treatment [16,86].
Similarly, NAMPT inhibitors were developed to target pancreatic cancers [87]. The utility
of these metabolic inhibitors to block viral replication and inflammation and for treating
respiratory viral diseases remains to be determined. These studies suggest that the inhi-
bition of the metabolic module is a potential therapeutic target for treating respiratory
viruses. A major limitation of this study is the lack of direct experimental evidence for a
particular metabolic state induced by type I interferon in cells. However, the activation
of several transcription factors known to be involved in redox regulation, such as NF-«B,
Statl, Stat3, p53, ATF4, and NRF2, by the identified metabolic module strongly suggests
that redox regulation may play a major role [45,87].

5. Conclusions

Identifying a lung epithelial metabolic gene signature regulated by type I interferon
signaling in the host response to respiratory viruses holds significant promise for the
following applications:

1. This metabolic gene signature could potentially serve as a biomarker for the early
detection of respiratory pathogens.

2. By tracking changes in the metabolic gene signature by RT-PCR, clinicians could
monitor respiratory disease severity and the response to therapy.

3. Screening for chemical inhibitors of the metabolic gene signature could lead to novel
therapeutic drugs. Further research is required to test the presence of similar metabolic
gene signatures in other bacterial, viral, and inflammatory diseases where type I
interferon signaling plays a critical role.
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