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Abstract

The periodic emergence of pandemic RNA viral infections, such as COVID-19 and pandemic flus, and the
declining efficacy of virus-targeting drugs underscore the need for innovative therapies. Here, we identify
the nuclear receptor estrogen-related receptor gamma (ERRYy) as a key regulator of RNA virus replication
through its role in reprogramming host fatty acid (FA) biosynthesis. Notably, heterozygous ERRy
knockout reduced influenza A virus (IAV) lung replication, thereby increasing the survival rate.
Transactivation of ERRYy in the IAV- or SARS-CoV-2-infected cells was induced by the JNK/c-Jun signaling
pathway. DN200434, an ERRy-specific inverse agonist, showed broad-spectrum antiviral effects by
inhibiting the sterol regulatory element-binding protein-1c (SREBP-1c)-dependent fatty acid biosynthesis,
which is crucial for virus replication. The administration with DN200434 protected lethal IAV- or SARS-
CoV-2-challenged animals. These findings identify ERRy as a new proviral host factor, highlighting that
targeting ERRy to modulate SREPB-1c-dependent lipidomic reprogramming may represent a promising
broad-spectrum antiviral strategy.

Main

The COVID-19 pandemic has highlighted the significance of emerging and reemerging zoonotic viral
pathogens, such as highly pathogenic avian H5N1 influenza A virus (IAV), Ebola virus, and Zika virus' 3.
Many of the recent notorious viral pathogens are RNA viruses with a high mutation rate due to their RNA-
dependent RNA polymerase's lack of proofreading exonuclease activity*. This property eventually
creates a wide variety of new variants with potential resistance to existing viral-protein-targeted antiviral
drugs, such as IAV matrix-2 (M2) ion channel-targeting amantadine and IAV neuraminidase-targeting
oseltamivir*~®. These have underscored a critical need to develop broad-spectrum host-directed antiviral
drugs, which are less susceptible to viral resistance and effective in treating existing and newly emerging

viral infections®~”.

Nuclear receptors (NRs) are members of a large family of transcription factors that coordinate the
regulation of a vast array of corresponding gene networks in response to hormonal, metabolic,

developmental, and environmental signals®®. Several viruses are known to exploit NRs to regulate the

expression of their genes and/or optimize the cellular milieu to facilitate the viral life cycle®. Estrogen-
related receptors (ERRs) are orphan NRs because their appropriate endogenous ligands have not yet

been identified®. In mammals, there are three isoforms (ERRa, B, and y, encoded by Esrra, Esrrb, and
Esrrg, respectively), and the functions of ERR are restricted in mice, albeit not exclusively, to the

maintenance of pluripotency in embryonic stem cells'%!". However, ERRa and ERRYy are broadly
expressed in multiple organs and modulate many similar gene programs, such as energy metabolism
and bone homeostasis'®'". ERRy expression is highly inducible and dynamically regulated by membrane
receptors that recognize diverse cell signals®. At present, it is unclear whether ERRs play a role in viral

infections'?.
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Since lipids and lipid droplets (LDs) play an important role in facilitating the life cycle of many diverse
viruses at all levels, including viral entry, replication, and egress, lipid metabolism is an emerging
potential target for antiviral intervention'3~16. The liberated lipids, particularly free fatty acids (FFAs),
serve as building blocks for the biogenesis of viral replication compartments, viral particle
morphogenesis, or energy sources required for viral replication'®1°~"8_ During the replication of diverse
viruses, sterol regulatory element-binding proteins (SREBPSs) transactivate genes involved in FA and
cholesterol biosynthesis'®12721. However, the regulation of SREBPs in cells infected by viruses is not
well understood.

In this study, we demonstrate that ERRy regulates host lipid metabolism to facilitate viral replication.
Inhibition of ERRy with inverse agonist DN200434 significantly blocks the replication of diverse RNA
viruses by disrupting the viral protein palmitoylation, double-membrane vesicle (DMV) formation, and
mitochondrial beta-oxidation. DN200434 also protected mice from lethal IAV infection and SARS-CoV-2-
infected hamsters, while reducing lung lesions and eicosanoid and proinflammatory cytokine levels.
These results suggest that the selective control of ERRy transcriptional activity could be a potential
therapeutic strategy for treating diverse RNA virus infections, such as SARS-CoV-2 and highly pathogenic
avian influenza A virus (H5N1).

Results

ERRYy haploinsufficiency renders the mice resistant to IAV infection in vitro and in vivo

We first evaluated the sequential expression levels of ERRa and ERRy during virus replication both in
vitro and in vivo. In human lung epithelial A549 cells infected with 1AV, ERRy mRNA levels showed
distinct dynamics with a gradual increase followed by a decline, accompanied by nuclear translocation
(Fig. 1a,b). A similar biphasic expression pattern for ERRy was observed in SARS-CoV-2-infected Vero E6
cells and lung tissues from animals challenged with IAV or SARS-CoV-2 (Extended Data Fig. 1). In
contrast, ERRa mRNA levels remained unaffected during viral replication (Fig. 1a and Extended Data

Fig. 1d-f). These results suggest a dynamic role for ERRy as a host transcription factor during infection
by different RNA viruses

To directly examine the role of ERRYy in viral replication, we first silenced ERRy in vitro and infected cells
with target viruses. ERRYy silencing significantly reduced the viral genome copy numbers for seven target
viruses (Fig. 1c and Extended Data Fig. 2). To further investigate, we used ERRy heterozygous mice

(Esrrg*’") (Extended Data Fig. 3) to assess resistance to IAV infection, as homozygous ERRy-null mice
die shortly after birth?2. The intranasal challenge of wild-type (WT) mice with 10% PFU of mouse-adapted
IAV PR8 strain resulted in 100% mortality within 10 days, accompanied by severe body weight loss and
clinical scores (Fig. 1d-f). In contrast, Esrrg*’~ mice demonstrated significantly reduced mortality (50%),
maintained body weight, and displayed milder clinical scores. ERRy haploinsufficiency also diminished
IAV protein synthesis, viral genome replication, and progeny viral production in the lungs compared to
WT mice (Fig. 1g-i). Furthermore, histopathological analysis revealed that lung lesions caused by IAV
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infection in WT mice were markedly ameliorated in Esrrg*’ ™ mice, with fewer IAV antigen-positive cells
observed (Fig. 1j). These data strongly suggest that ERRy plays a critical role in facilitating RNA virus
replication.

Upregulation of ERRy through ROS-induced JNK/c-Jun
signaling pathway

Oxidative stress induced by ROS is a common pathophysiological feature in viral infections?3?4. As

shown in Fig. 2a,b, IAV or SARS-CoV-2 infection significantly increased intracellular ROS levels, an effect

that was reduced by treatment with the antioxidant N-acetylcysteine (NAC). Given that ERRYy is reported

to function as a ROS sensor?®, we sought to determine whether virus-induced ROS transactivates ERRYy.

Cells were transfected with a plasmid encoding the full-length ERRy promoter-luciferase gene (ERRy-luc)
and then infected with either IAV or SARS-CoV-2 in the presence or absence of NAC. Both viruses
significantly activated the ERRy promoter and enhanced ERRy expression, while NAC treatment
attenuated this activation in both cases (Fig. 2¢,d). We next investigated whether virus-induced ERRy
activation occurs through the JNK/c-Jun signaling pathway?®. Notably, infection with either IAV or SARS-
CoV-2 resulted in substantial phosphorylation of both JNK (p-JNK) and c-Jun (p-c-Jun) at 4 hpi and 8 hpi,
respectively (Fig. 2e,f). Furthermore, a mutation in the c-Jun binding element AP1 on the ERRy promoter
(ERRy-AP1mut-luc) significantly reduced ERRy-luc activity in cells infected with either virus (Fig. 2g).
Chromatin immunoprecipitation (ChIP) assays revealed that both viruses increased c-Jun occupancy at
the AP1 regulatory element on the ERRy promoter, an effect that was markedly blocked by NAC
treatment (Fig. 2h,i). These data suggest that virus-induced ERRYy transactivation is primarily mediated
through the ROS/JNK/c-Jun axis.

Virus-induced ERRYy transactivates SREBP-1c¢, leading to FA
biosynthesis required for viral replication

In our previous studies, we established ERRy as a transcriptional regulator of SREBP-1c¢, a crucial
transcription factor that activates FA biosynthesis, and its dysregulation contributes to several fatty liver
conditions?’. To confirm whether ERRy directly regulates the SREBP-1c transcription in virus-infected
cells, we transfected cells with a luciferase reporter vector for the human SREBP-7c gene promoter
(SREBP-1c-luc) and subsequently infected them with each target RNA virus. Infection with all seven
target viruses significantly enhanced SREBP-1c promoter activity, comparable to the positive control of
ERRy overexpression (Flag-ERRy) (Fig. 3a and Extended Data Fig. 4a). In contrast, mutating the ERR-
response element (ERRE) from the SREBP-1c promoter (SREBP-1c-ERREmut-luc) led to a significant
reduction in the activity. Treatment with the ERRy inverse agonist DN200434 markedly suppressed
SREBP-1c promoter activity (Fig. 3b and Extended Data Fig. 4b) and mRNA expression (Fig. 3c) in the
cells infected with each virus. However, the basal level of SREBP-T1a mRNA in SARS-CoV-2 or IAV-
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infected cells was not influenced by the treatment with DN200434 (Extended Data Fig. 4c). These
findings indicate that ERRy directly transactivates the SREBP-1c gene in response to RNA viral infections.

We also observed that viral infections significantly increased the mRNA expression of lipogenic genes,
including FASN (encoding fatty acid synthase), DGATT7 (encoding diacylglycerol O-acyltransferase 1), and
SCD1 (encoding stearoyl-CoA desaturase 1) (Fig. 3d-f), leading to increased intracellular triacylglycerol
(TAG) levels (Fig. 3g and Extended Data Fig. 4d). Treatment with DN200434 effectively attenuated both
lipogenic gene activation and lipid accumulation in virus-infected cells (Fig. 3d-g). Notably, ERRy
haploinsufficiency in mice inhibited SREBP-1c activation, significantly reducing TAG accumulation and
intracellular LD formation (Extended Data Fig. 4e,f).

To investigate the role of SREBP-1c in viral replication in vivo, we utilized whole-body Srebp-7¢c KO mice,
with the KO condition confirmed by PCR genotyping and immunoblotting (Extended Data Fig. 5a,b).
Notably, IAV-induced mortality in IAV-challenged WT mice was reduced from 100-25% in the Srebp-Tc
KO mice (Extended Data Fig. 5¢). In addition, IAV-challenged Srebp-7c KO mice exhibited significant
improvements in body weight loss and clinical scores, compared to WT IAV-infected mice (Extended
Data Fig. 5d,e). Srebp-7c deficiency significantly reduced viral protein synthesis, genome replication, and
progeny production, accompanied by a marked decrease in TAG level and LD formation (Extended Data
Fig. 5f-j). Furthermore, IAV-infected Srebp-7c KO mice displayed reduced histopathological lung lesions,
such as broncointerstitial pneumonia, along with substantially diminished viral replication in the cells of
bronchioles and alveoli, compared to WT IAV-infected mice (Extended Data Fig. 5k).

Next, we investigated the impact of DN200434 treatment on the FFA profiles in virus-infected cells using
a gas chromatography-flame ionization detector (GC-FID). A heatmap was generated based on selected
FFAs that showed significant changes (p < 0.05) (Supplementary Tables 1 and 2). Interestingly,
DN200434 treatment reduced the levels of FFAs chosen induced by SARS-CoV-2 or AV infection to
levels comparable to those of mock control cells (Fig. 3h,i), as confirmed by quantification of
representative FFAs (Extended Data Fig. 6). To assess whether the supplementation of key FFAs might
restore viral growth in DN200434-treated conditions, we selected four prominent FFAs: saturated
palmitic acid (PA), monounsaturated oleic acid (OA), polyunsaturated linoleic acid (LA), and
polyunsaturated arachidonic acid (AA)'3'¢. Supplementation of these individual FFAs restored genome
replication and progeny production of SARS-CoV-2 and IAV in virus-infected, FFA-deprived cells,
compared to inhibitor-treated controls (Fig. 3j-m). Taken together, these findings highlight the
importance of the sequential pathway, beginning with ROS-induced activation of ERRy, which
transactivates SREBP-1c, promoting FA biosynthesis and subsequent LD accumulation, and demonstrate
that pharmacological and genetic inhibition of the ERRy/SREBP-1c axis effectively suppresses the FA
anabolic pathway, which is essential for RNA viral replication.

Broad-spectrum antiviral activity of DN200434 in vitro

The studies so far suggest that targeting ERRy might have a broad protective effect in limiting RNA virus
replication. According to our previous lead compound optimization and pharmacokinetics studies,
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DN200434 stands out as the most potent ERRYy inverse agonist, exhibiting a functional IC5y of 0.006 pM,
which is 12-fold higher than the original lead compound GSK518222. Importantly, DN200434 has
displayed promising in vitro/in vivo toxicity profiles in the required standard discovery studies?®. Thus,
we comprehensively assessed the ERRy inverse agonist DN200434 on the in vitro replication of seven
target RNA viruses. We measured the half-maximal cytotoxic concentration (CCsg), half-maximal
inhibitory concentration (ICs), and selectivity index (SI). DN200434 showed IC5, values against the
target RNA viruses at substantially lower micromolar concentrations than CCs, (Supplementary Tables 3
and 4, and Extended Data Fig. 7). Specifically, the IC5, values ranged from 1.89 + 0.13 pM for SARS-CoV-

210 6.42 +1.00 uM for PSaV. These results yielded significant Sl values, with a 49 Sl against SARS-CoV-2
and a 34 Sl against IAV, highlighting the broad-spectrum antiviral potential of DN200434.

Mechanistically, DN200434 treatment significantly reduced SARS-CoV-2-induced perinuclear double-
membrane vesicle (DMV) clusters containing viral double-stranded RNA, as evidenced by transmission
electron microscopy (TEM) and confocal microscopy (Fig. 4a,b). TEM analysis further revealed a notable
decrease in the number of progeny viral particles in DN200434-treated cells compared to vehicle-treated
virus-infected cells (the lower two panels in Fig. 4a). Additionally, the palmitoylation of SARS-CoV-2 S
protein and IAV HA proteins, typically observed in vehicle-treated, virus-infected cells, was significantly
inhibited by DN200434 (Fig. 4c,d). Moreover, DN200434 treatment in SARS-CoV-2- and IAV-infected cells
inhibited energy production via B-oxidation in the mitochondria using the FFA substrate (Fig. 4e).

SARS-CoV-2 and IAV infections induce significant mortality associated with a systemic inflammatory
response, including a cytokine and eicosanoid storm, in patients with COVID-19 and influenza?®~33. In the
current study, treatment with DN200434 significantly reduced elevated levels of eicosanoids, such as
leukotriene B4 (LTB4) and prostaglandin E, (PGE,), derived from arachidonic acid in SARS-CoV-2- and
IAV-infected cells (Fig. 4f,g). DN200434 also suppressed proinflammatory cytokines, including
interferon-a (IFN-a), IFN-B, interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), and monocyte
chemoattractant protein-1 (MCP-1) (Fig. 4h-I), which are typically activated in response to 1AV
infection34. In Vero cells, which lack IFN synthesis and are affected by SARS-CoV-2 proteins antagonizing
types | and 11l IFNs3>3%, DN200434 significantly reduced TNF-q, IL-6, and MCP-1 levels, while IFN-a and
IFN-B remained unchanged (Fig. 4h-I). These results suggest that DN200434 can mitigate the severe
inflammatory response induced by viral infections, potentially reducing mortality in COVID-19 and IAV
patients.

Antiviral activity of DN200434 against SARS-CoV-2 and IAV infection in vivo

To investigate the antiviral effect of DN200434 in vivo, hamsters were challenged with 10° TCIDs, of the
SARS-CoV-2 KCDCO03 strain. Intraperitoneal administration of DN200434, starting 12 h after the
challenge and continuing for four and a half consecutive days (twice a day), significantly improved gross

lung lesions in a dose-dependent manner on day 5. Notably, treatment with DN200434 at 40 mg kg™ ' d™'
led to an impressive 92% reduction in gross lung lesions compared to the virus-challenged, vehicle-
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treated control group (Fig. 5a,b). Virus replication was suppressed by the treatment with DN200434 in a
dose-dependent manner (Fig. 5¢,d). Treatment with DN200434 significantly decreased TAG levels, a
major component of LDs, and reduced LDs in these cells in lung tissues compared to virus-challenged
vehicle-treated controls (Fig. 5e,f). Importantly, DN200434-mediated inhibition of LD generation
mitigated histopathological lung lesions (Fig. 5g, upper panels) and viral antigen distribution (Fig. 5g,
lower panels). Furthermore, DN200434 significantly reduced levels of LTB4, PGE,, IL-6, TNF-a, and MCP-
1, without affecting IFN-a and IFN- levels (Extended Data Fig. 8a-g). These results support the in vitro
data showing that DN200434 has both antiviral and anti-inflammatory cytokine effects against SARS-
CoV-2 infection.

Next, we evaluated the antiviral effects of DN200434 against the mouse-adapted IAV PR8 strain (H1N1)
in mice. All IAV-challenged, vehicle-treated mice died within 10 days, while intraperitoneal DN200434
administration (twice daily for four days) improved survival rates, reaching 40% at 20 mg kg-1 d-1

(Fig. 5h,i). DN200434 also alleviated body weight loss and clinical scores associated with IAV infection
(Fig. 5j,k). DN200434 treatment markedly reduced the presence of LDs and viral antigens within
bronchial epithelial cells (Fig. 5I). This was accompanied by a significant decrease in TAG levels in lung
tissues (Fig. 5m). Additionally, DN200434 effectively suppressed viral genome replication and progeny
production (Fig. 5n,0). These antiviral effects corresponded with a notable reduction in histopathological
lung lesions, such as interstitial thickening, alveolar and bronchiolar epithelial cell necrosis, and
pulmonary edema (Fig. 5p). Furthermore, DN200434 significantly decreased the levels of inflammatory
mediators, including LTB4, PGE,, IFN-q, IFN-B, IL-6, TNF-a, and MCP-1 compared to virus-infected, vehicle-
treated controls (Extended Data Fig. 8a-g).

In addition, we evaluated the antiviral effects of DN200434 combined with the SARS-CoV-2 RdRp-
targeting remdesivir®’. Hamsters were treated with 20 mg kg™ ' d” ' DN200434 and/or 2.5 mg kg™ " d™’
remdesivir. Individually, DN200434 and remdesivir reduced gross lung lesions by 50% and 20%,
respectively. Notably, combination therapy resulted in substantial reductions in gross lung lesions—80%,
75%, and 78%—in hamsters challenged with the KCDCO3 strain (A lineage), KDCA51463 strain (alpha
lineage), and KDCA55905 strain (beta lineage), respectively (Fig. 6a,b). Additionally, the combination
therapy significantly mitigated body weight loss and improved clinical scores compared to
monotherapies (Fig. 6¢-e). Finally, we evaluated the synergistic antiviral effects of DN200434 in
combination with oseltamivir, an IAV neuraminidase-targeting drug®’. Mice received daily doses of 10
mg kg™ ' DN200434 and 2 mg kg™ ' oseltamivir. The combination therapy significantly improved
outcomes, achieving a 90% survival rate in IAV-challenged mice (Fig. 6f,g). Additionally, the combined
treatment effectively mitigated body weight loss associated with infection and provided superior relief of
clinical symptoms compared to individual therapies (Fig. 6h,i). These findings highlight that combining
the host-targeting DN200434 with virus-targeting drugs like remdesivir or oseltamivir produces
synergistic antiviral effects. This approach demonstrates the therapeutic potential of concurrently
targeting viral and host pathways to enhance efficacy against COVID-19 and IAV infections compared to
monotherapies alone.

Page 9/26



Discussion

Conventional antiviral drugs are typically designed to target viral proteins, often with high specificity for a
single virus”28. However, it is important to recognize that viruses extensively depend on an array of host
proteins to orchestrate essential phases of their life cycles. Particularly noteworthy is the fact that many
viruses share a reliance on common host proteins, making these proteins promising candidates for the
development of host-directed antiviral agents with broad-spectrum efficacy’-28. In the present study, the
target viruses included representatives of diverse RNA virus families, encompassing positive-stranded,
negative single-stranded, and double-stranded genomes with linear or segmented arrangements within
capsid or envelope structures; thus, they are representatives of a broad array of different major RNA
viruses circulating in the past, current, and possibly future®’. Interestingly, our study has discovered that
DN200434 has broad-spectrum antiviral activity against different target viruses.

Mechanistically, we show that ROS-induced early activation of the JNK/c-Jun signaling pathway during
IAV or SARS-CoV-2 infection drives increased ERRy expression (Extended Data Fig. 9). Notably, treating
virus-infected cells with the antioxidant NAC significantly suppressed the ERRy activity, confirming its
role as a ROS sensor in virus-infected cells?°. Both IAV and SARS-CoV-2 infections triggered
phosphorylation of JNK and c-Jun, directly activating the ERRy promoter (Extended Data Fig. 9).
Mutations in the AP1 regulatory element of the ERRy promoter impede this activation. Moreover, NAC
treatment significantly inhibited c-Jun binding to the AP1 site. These findings underscore the critical role
of ROS-dependent JNK/c-Jun signaling in the induction and transactivation of ERRy during viral infection
(Extended Data Fig. 9).

We also demonstrate that ERRy directly binds to an ERRE in the SREBP-1c gene promoter in RNA virus-
infected cells, driving SREBP-1c-dependent FA biosynthesis (Extended Data Fig. 9). Interestingly, genetic
and pharmacological inhibition of ERRy significantly disrupted SREBP-1c-dependent FA biosynthesis, a
process critical for efficient viral replication (Extended Data Fig. 9). This disruption impairs the formation
of viral replication compartments (e.g., DMVs for SARS-CoV-2), viral morphogenesis (protein
palmitoylation), and beta-oxidation-driven energy production'36. Remarkably, supplementing four key
FFAs restored viral replication in conditions of DN200434-induced FFA insufficiency, emphasizing the

crucial role of ERRy/SREBP-1c-mediated FA biosynthesis during viral infection'31°.

The upsurge of proinflammatory cytokines, known as a cytokine storm, is critical in worsening
pneumonia in COVID-19 and influenza patients, ultimately increasing severity and mortality?>3C. In this
study, both in vitro and in vivo inhibition of ERRy with DN200434 significantly reduced eicosanoid and
cytokine levels, pneumonia severity, and overall mortality compared to non-treated controls. This effect
may involve two possible mechanisms. First, DN200434 suppresses the SREBP-1c-dependent FA
biosynthesis, which could block the FA-derived eicosanoid or eicosanoid-associated cytokine storm3'.
Second, DN200434 impairs viral replication compartment formation, viral morphogenesis, and energy
production, leading to reduced viral genomes and proteins, which may limit pathogen-associated
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molecular patterns that would otherwise trigger a cytokine storm through pattern recognition receptors
in the infected or immune cells®2. These findings suggest that DN200434 could be a promising
candidate for further investigation in clinical trials focused on severe pneumonia cases associated with
COVID-19 and influenza.

Combination therapies offer an effective antiviral strategy by reducing toxicity and enhancing efficacy®”.
Antiviral agents typically operate through two main mechanisms: 1) targeting viral proteins or nucleic
acids, and 2) targeting essential host factors involved in viral replication®C. In this study, combination
therapy with DN200434 and oseltamivir in IAV-infected mice, as well as DN200434 and remdesivir in
SARS-CoV-2-infected hamsters, showed superior outcomes compared to vehicle and monotherapies,
including reduced IAV-induced mortality and SARS-CoV-2-induced lung lesions, along with significant
reductions in viral replication. Thus, future clinical trials should explore double or triple antiviral regimens
incorporating DN200434 as a universal host-targeting agent’ =540,

In conclusion, we show that early ERRy activation during RNA virus infections like SARS-CoV-2 and IAV
drives SREBP-1c-dependent FA biosynthesis, establishing it as a broad-spectrum antiviral target.
Treatment with DN200434, an ERRy-specific inverse agonist significantly reduced viral replication by
inhibiting this critical biosynthesis pathway, essential for viral replication, morphogenesis, and energy
production. Furthermore, DN200434 alleviated lung lesions, viral replication, progeny production, and
eicosanoid and proinflammatory cytokine levels in IAV- and SARS-CoV-2-infected cells or animals. These
findings highlight the potential of an ERRy inverse agonist as a broad-spectrum antiviral that modulates
viral replication and cytokine storms.

Methods
Cells and viruses

Vero E6, MDCK, LLC-PK, MA104, A549, Caco-2, MARC-145, and HRT-18G cells were cultured in EMEM, a-
MEM, or DMEM at 37°C in 5% CO,. All the media were supplemented with 10% fetal bovine serum, 100
U/mL penicillin, and 100 pg/mL streptomycin. SARS-CoV-2 (KCDC03, KDCA51463, and KDCA55905
strains), IAV [PR8/34 (H1N1) strain], BCoV (KWD20 strain), PEDV (QIAP1401 strain), PRRSV (LYM strain),
RVA (NCDV strain), and PSaV (Cowden strain) were used in this study. Detailed procedures for cell and
virus culture, as well as virus titration, are provided in the Supplementary Information.

Chemicals, kits, siRNAs, and antibodies

The details of the reagents, antibodies, siRNAs, and kits used in this study are provided in the
Supplementary Information.

Plasmids, transfection, and luciferase-based assay
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We used plasmids that contained various gene promoters fused to the luciferase gene, including the
human SREBP-1c gene promoter (SREBP-1c-luc), a mutant version of the human SREBP-7c ERR-
response element (ERRE) gene promoter (SREBP-1c ERREmut-luc), the human ESRRG gene promoter
(ERRy-luc), and a site-specific AP1 mutant version of the human ESRRG gene promoter (ERRy-AP1mut-
luc), and the human ESRRG gene fused to a flag-tag in the pcDNA3.0 backbone (encoding Flag-ERRY).
These constructs were transfected as previously described’"?%27. Supplementary Information contains
comprehensive procedures.

Cytotoxicity assessment

The half-maximal cytotoxic concentration (CCs,) of the chemicals and their solvents was determined
using the MTT assay, whose procedure is described in Supplementary Information.

Treatment of cells with inhibitory chemicals and FFAs

The above cell lines grown in 6- or 12-well plates or 8-well chamber slides with the desired confluency
were washed twice with phosphate-buffered saline (PBS, pH 7.4). Thereafter, they were then mock-
inoculated with medium only or inoculated with the virus at the following multiplicities of infection (MOI):
MOI of 1 or 0.1 FFU of SARS-CoV-2, IAV, BCoV, PEDV, PRRSV, and PSaV. After absorbing each inoculum
for 1 h, the cells were washed twice with PBS (pH 7.4). Cells were treated with DN200434 (at 1 uM, 10
uM, or 20 uM concentration) or vehicle immediately following virus absorption and incubated for the
indicated time. For virus recovery experiments, cells treated with DN200434 after infections with IAV or
SARS-CoV-2 were supplied with PA, OA, LA, or AA at 100 uM concentration and incubated further for the
indicated periods. Each cell lysate and the supernatant were used for the different experiments, as
described below. More details are described in the Supplementary Information.

The preparation of fatty acid methyl esters (FAMESs) from
the cells

The FFAs in mock-, IAV-infected A549, and SARS-CoV-2-infected Vero E6 cells that were either
DN200434- or vehicle-treated underwent saponification, methylation, and extraction as described in
detail in the Supplementary Information in detail.

Gas chromatography-flame ionization detector (GC-FID)
analysis of FAMEs

The composition of FFAs in mock-infected, IAV-infected, and SARS-CoV-2-infected cells was analyzed by
GC-FID analysis of fatty acid methyl esters (FMEs). The detailed procedure is provided in the
Supplementary Information.

LC-MS to quantify fatty acids
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The amount of palmitic acid (PA), oleic acid (OA), linoleic acid (LA), arachidonic acid (AA), stearic acid
(SA), and eicosenoic acid (EA) in untreated and treated cells after infection with IAV or SARS-CoV-2 was

determined by LC-MS, as described previously'3.

Heatmap cluster graphs

According to GC-MS analysis, a heatmap was created using R software (version 4.3.1). The rows are
mock- or virus-infected groups with either vehicle or DN200434 treatment, and the columns are the
target fatty acids, as previously described*'. Detailed procedures are described in Supplementary
Information.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was carried out according to previous studies'"?’. After recovering DNA, gPCR was
performed using primers spanning the AP1-binding region on the human ESRRG gene promoter as
described in Supplementary Information.

Determination of fatty acid oxidation (FAO)

FAO activity, either in vehicle-treated or DN200434-treated cells, was determined using a colorimetric
FAO assay kit (AssayGenie), as described in the Supplementary Information.

Ethics statement

All animal experiments were performed in strict accordance with the institutional animal care and use
committees’ requirements at Chonnam National University (CNU IACUC-YB-2023-20) and Korea
Research Institute of Bioscience & Biotechnology (KRIBB-AEC-22043, KRIBB-IBC-20220203). All animals
were treated following the international laws and policies outlined in the NIH Guide for the Care and Use
of Laboratory Animals, NIH Publication No. 85 - 23 (1985), revised in 1996. All experiments were carried
out in a way that reduced the number of animals required and minimized their suffering.

Experimental animals

Supplementary Information describes the species, breed, acclimation, and preparation of the animals
used in this study.

Measurement of proinflammatory and eicosanoids cytokines in the cell culture supernatant and
bronchoalveolar lavage fluid (BALF)

Proinflammatory cytokines such as IFN-q, IFN-B, TNF-q, IL-6, and MCP-1 and eicosanoids such as LTB4
and PGE, were measured in the supernatant of IAV-infected A549 or SARS-CoV-2-infected Vero E6 cells

or from bronchioalveolar lavage fluid from 1AV-challenged mice or SARS-CoV-2-challenged hamsters as
described in Supplementary Information.
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Determination of median lethal dose (LDsg) of mouse-
adapted PR8 strain

The LD5, of the mouse-adapted A/PR8/34 (H1N1) strain was obtained as described in the protocols in
Supplementary Information.

In vivo antiviral activity, lipid metabolism, and pathogenicity

Antiviral effects of DN200434, either singly or in combination with oseltamivir against IAV infection or
remdesivir against SARS-CoV-2 infection, were carried out in mouse and hamster models, respectively,
as described in Supplementary Information.

Plaque assay

A plaque assay was performed to determine the IAV titer as described in Supplementary Information.

Median Tissue culture infectious dose (TCID5p) assay

TCID5, assay was performed to determine the SRAS-CoV-2 titer as described in Supplementary
Information.

Immunofluorescence assay (IFA)

IFA evaluated the dynamics of ERRy, SREBPs, and LD, viral replication, and infectivity in cultured cells or
lung tissue. In addition, the effect of gene knockout or knockdown was measured using IFA, as described
in Supplementary Information.

Western blot analysis

Western blot analysis was used to detect target cellular or viral proteins in the cultured cells or lung
tissues. Normalization and graphic representation were carried out in compliance with the protocols in
the Supplementary Information.

Triglyceride colorimetric assay

A triglyceride colorimetric kit was used to measure intracellular TAGs as described in Supplementary
Information.

Quantitative real-time PCR

Real-time PCR was conducted to detect and quantify the target viral RNAs and host mRNAs from
cultured cells or animals according to the procedures described in Supplementary Information.

Palmitoylation assay
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The effect of DN200434 on palmitoylation of SARS-CoV-2 S protein or IAV HA in virus-infected cells was
measured by palmitoylation assay CAPTUREome™ S-palmitoylated protein kit (Badrilla) as described in
Supplementary Information.

Transmission electron microscopy (TEM)

Ultrastructural evaluation of double-membrane vesicles (DMVs) in SARS-CoV-2-infected cells was

performed by TEM as described elsewhere*?, and its procedure is described in Supplementary
Information.

Histopathology

Histopathological changes were analyzed in IAV-infected mice or SARS-CoV-2-infected hamsters as
described in Supplementary Information.

Immunohistochemistry (IHC)

Antibody-mediated evaluation on IAV or SARS-CoV-2 proteins from experimental animals was carried out
according to the protocols provided in Supplementary Information.

lllustrations

lllustrations of animals (mouse and hamster) were created with BioRender software
(https://biorender.com/).
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Figure 1

ERRYy is required for viral replication in vitro and in vivo.

a Quantification of transcription levels of ERRa and ERRy genes in A549 cells infected with IAV PR8
strain at an MOI of 1 FFU, which are determined by RT-gPCR analysis. b Representative confocal images
(left) and quantification (right) of sequential changes of ERRy (white) and IAV M2 protein (red) in the
cytoplasm and nucleus of A549 cells infected with IAV PR8 strain at an MOI of 1 FFU. Scale bars = 10
pum. ¢ Reduction in IAV genome copy number by silencing of ERRy. d-f Comparison of survival rates (d),
body weight changes (e), and clinical scores (f) between wild-type (WT) and Esrrg*’ mice after challenge
with 10° PFU of the mouse-adapted IAV PR8 strain (n = 16). g-i Comparison of levels of IAV PB1 protein
(g), viral genome copy (h), and viral titer (i) in the lungs from WT and Esrrg*’- mice after challenge with
102 PFU of the mouse-adapted IAV PR8 strain (n = 5). j Representative images of histological lesion
changes (upper panels) and immunohistochemical changes (lower panels) of viral antigen distribution in
the lungs from the WT or Esrrg*’- mice after challenge with 103 PFU of the mouse-adapted IAV PR8
strain. Scale bars = 800 um. All data in the graphs are presented as arithmetic means + S.D. from three
independent experiments. For statistical analysis, a one-way analysis of variance was carried out with
Tukey’s correction for multiple comparisons. *P< 0.05, **P< 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2
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Figure 2

Transactivation of ERRYy in virus-infected cells through ROS/JNK/c-Jun axis.

a ROS levels in SARS-CoV-2-infected Vero E6 cells (MOI = 0.1 FFU) and IAV-infected A549 cells (MOI = 1
FFU) at different time points, which are normalized to a mock-infected control. b Reduction in the ROS
levels in IAV-infected A549 cells or SARS-CoV-2-infected Vero E6 cells by treatment with N-acetylcysteine
(NAC) antioxidant. ¢ Reduction in luciferase activity by treatment with the N-acetylcysteine (NAC)
antioxidant in I1AV-infected A549 cells or SARS-CoV-2-infected Vero E6 cells, both containing a plasmid
with the full-length of ERRypromoter-luciferase gene (ERRy-luc). d Reduction in ERRy expression by
treatment with the NAC in IAV- and SARS-CoV-2-infected cells. GAPDH was used as a loading control. e, f
Phosphorylation of JNK and c-Jun in response to infection with SARS-CoV-2 (e) or IAV (f). GAPDH was
used as a loading control. g Lesser activation of site-specific AP1 mutant ERRypromoter (ERRy-AP1mut-
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luc) than full-length ERRy promoter (ERRy-luc) by infection with IAV and SARS-CoV-2. h, i Chromatin
immunoprecipitation assay. Marked reduction in IAV- (h) and SARS-CoV-2-mediated occupancy (i) of c-
Jun on the AP1 regulatory element site of ERRypromoter by treatment with NAC. All data in the graphs
are presented as arithmetic means + S.D. from four independent experiments. A one-way analysis of
variance was carried out with Tukey’s correction for multiple comparisons. *P< 0.05, **P< 0.01, ***P<
0.001, ****P< (0.0001.
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Figure 3

Virus-induced ERRYy upregulates fatty acid synthesis by inducing SREBP-1c expression.

a An ERRE-dependent activation of SREBP-7c promoter in IAV- or SARS-CoV-2-infected cells. Cells
transfected with either SREBP-1c-luc or SREBP-1c-ERREmut-luc plasmid were left mock-infected,
transfected with pcDNA3.0-Flag-ERRYy (encoding Flag-ERRYy), or infected with IAV at an MOI of 2 FFU or
SARS-CoV-2 at an MOI of 2 FFU. bTreatment with DN200434, an inverse agonist of ERRy, inhibited ERRE-
dependent activation of the SREBP-7c promoter in IAV- or SARS-CoV-2-infected cells. Cells transfected
with SREBP-1c-luc were left mock-infected, transfected with Flag-ERRYy, or infected with either IAV (MOI =
2 FFU) or SARS-CoV-2 (MOI = 2 FFU), and then treated with DN200434 at 20 uM. cThe blockade of ERRy
by treatment with its inverse agonist DN200434 at a concentration of 20 uM inhibited the transcriptional
activity of its target SREBP-T1cgene in cells individually infected with each target virus. d-f RT-qPCR
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analysis of mMRNA of genes involved in fatty acid biosynthesis. Inhibition of ERRy by the treatment with
DN200434 at 20 uM concentration blocked the mRNA expression of FASN(d), DGAT (e), and SCD1 (f)
compared to vehicle-treated control. g Inhibition of ERRy by the treatment with 20 uM of DN200434
reduced the formation of triacylglyceride (TAG) in the cells compared to mock-treated controls. h, i
Heatmaps showing the changes in fatty acids following treatment of SARS-CoV-2-infected Vero E6 cells
(MOI = 0.1 FFU) and IAV-infected A549 cells (MOl = 1 FFU) with DN200434. The cells were mock-infected
or infected with the above virus and treated with vehicle or 20 uM of DN200434. A higher intensity of
fatty acid in the rectangle than normal is indicated in red, and a lower is indicated in blue. TMS,
trimethylsilyl ester. *, Representative fatty acids for further analysis. j-mincrease in viral genome copy
and progeny numbers of SARS-CoV-2 (j and k) and IAV (l and m) through individual supplementation of
exogenous palmitic, oleic, linoleic, or arachidonic acids in the above FFA-deprived condition. All data in
the graphs are presented as arithmetic means  S.D. from four independent experiments. *P< 0.05; **P <

0.01; ***P< 0.001, ****P< 0.0001, a one-way analysis of variance with Tukey's correction for multiple
comparisons.
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Figure 4

Antiviral and anti-inflammatory effects of DN200434 in vitro.

a Inhibition of double-membrane vesicle (DMV) formation in the SARS-CoV-2-infected cells (MOl = 0.1
FFU) by the treatment with DN200434. Note relatively few perinuclear double-membrane vesicles (upper
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and middle panels) or virus particles (lower panel) in the DN200434-treated cells compared to vehicle-
treated control cells. Scale bars: upper panels, 3 pm; lower panels, 300 nm. b Inhibition of double-
stranded RNA (dsRNA) formation in the SARS-CoV-2-infected cells by the treatment with DN200434.
Note the relatively small amount of dsRNA-positive fluorescence signals in the DN200434-treated cells
compared to vehicle-treated control cells. Scale bars = 10 um. ¢, d Representative western blot (left) and
quantification (right) of inhibitory effects of DN200434 on palmitoylations of S protein in SARS-CoV-2-
infected cell (MOl = 0.1 FFU, ¢) and HA protein in IAV-infected cells (MOl = 1 FFU, d) at 36 hpi and 24 hpi,
respectively. e Graphical representation of inhibitory effects of DN200434 on intracellular fatty acid
oxidation (FAO) activities in the SARS-CoV-2-infected cells (MOI = 0.1 FFU) and IAV-infected cells (MOI =
1 FFU) at 36 hpi and 24 hpi, respectively. f-l The graphical representation of the LTB4 (f), PGE, (g), IFN-a
(h), IFN-B (i), IL-6 (j), TNF-a (k), and MCP-1 (l) levels in SARS-CoV-2-infected Vero E6 cells (MOl = 0.1 FFU)
and IAV-infected A549 cells (MOI = 1 FFU), which were vehicle-treated or treated with DN200434. Each
eicosanoid and cytokine level was determined by ELISA assay as described in the Materials and
Methods section. Results are presented as arithmetic means + S.D. *P< 0.05; *P< 0.01; ***P < 0.001,
**x%P < (0.0001, a one-way analysis of variance with Tukey’s correction for multiple comparisons.
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Figure 5
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Figure 5

Antiviral effects of DN200434 against SARS-CoV-2 and IAV in vivo.

a Scheme of chemical administration twice daily for four and a half consecutive days after challenge
with 10° TCIDs, of SARS-CoV-2 KCDCO3 strain to Syrian hamsters (n = 5). b Reduction in SARS-CoV-2-
induced gross lung lesions in hamsters by treatment with DN200434. c-e Graphical representation of
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dose-dependent reduction in viral genome copy numbers (¢), infectious progeny titers (d), and
triacylglyceride (e) in lungs sampled from SARS-CoV-2-challenged hamsters (n = 5) by treatment with
DN200434. f Representative images of dose-dependent reduction in BODIPY-stained LDs (green, lower
panels) and inhibition of SARS-CoV-2 replication (red, middle panels) in alveolar pneumocytes of lung
tissues sampled from SARS-CoV-2-challenged hamsters by treatment with DN200434. g Representative
images of histological lesion changes (upper panels) and SARS-CoV-2-antigen distribution (lower
panels) appeared by either hematoxylin and eosin stain (H&E) or immunohistochemistry (IHC) in the
lungs. h Scheme of chemical administration twice daily for four consecutive days after challenge with
10% PFU of mouse-adapted IAV PR8 strain to mice (n = 16). i-k Comparison of survival rates (i), body
weight changes (j), and clinical scores (k) in each experimental condition. | Representative confocal
images of dose-dependent reduction in BODIPY-stained LDs (green) and inhibition of IAV replication
(red) in bronchiolar epithelial cells of lung tissues sampled from 1AV-challenged mice by treatment with
DN200434. m-o Graphical representation of dose-dependent reduction in TAG (m), viral genome copy
numbers (n), and infectious progeny titers (0) in lungs sampled from |AV-challenged mice (n = 5) by
treatment with DN200434. p Representative images of histological lung lesions (upper panels) and
immunohistochemical antigen distribution of IAV (lower panels). Results are presented as arithmetic
means + S.D. *P< 0.05; **P< 0.01; ***P< 0.001, ****P < 0.0001, a one-way analysis of variance with

Tukey'’s correction for multiple comparisons. Scale bars = 10 pm for panels f and I and 800 ym for panels
gandp.
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Figure 6

a Scheme of chemical administration of DN200434 and remdesivir, either individually or in combination,
twice daily for four and a half consecutive days after challenge with 10° TCIDs, of SARS-CoV-2 KCDC03
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(closely related to early Chinese strains), KDCA51463 (Alpha lineage with British variants), and
KDCA55905 (Beta lineage with South African variants) to Syrian hamsters (n = 5). b Reduction in gross
lung lesions in Syrian hamsters challenged with each strain by combination therapy with DN200434 and
remdesivir. c-e Effect of treatments on the recovery of body weight in SARS-CoV-2 KCDCO03 strain-
challenged (¢), KDCA51463 strain-challenged (d), and KDCA55905 strain-challenged (e) groups. f
Scheme of chemical administration of DN200434 and oseltamivir, either individually or in combination,
twice daily for four consecutive days after challenge with 10° PFU of mouse-adapted IAV PR8 strain to
mice (n = 16). g-h Effect of treatments on survival rates (expressed as percentages) (g), body weight
changes (h), and clinical scores (i) in each group. Results are presented as arithmetic means + S.D. *P<
0.05; **P< 0.01; ***P< 0.001, ****P< 0.0001, a one-way analysis of variance with Tukey’s correction for
multiple comparisons.

Antiviral synergic effects of DN200434 with virus-targeting antiviral drugs in vivo.
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