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ABSTRACT

An antiviral effect of linoleic acid against rhinovirus infection

Human rhinovirus (HRV) infections have been implicated in several respiratory diseases,
including common colds, otitis media, sinusitis, exacerbation of asthma, and bronchiolitis.
However, there are no specific drugs or vaccines for HRV infection. In this study, I elucidate the
protective role of linoleic acid (LA) against HRV infection. It is demonstrated that treatment with
LA reduces HRV16 infectivity in human airway epithelial cells. It was uncovered that LA
treatment induced the expression of Interferon-stimulated Gene 20 kDa (1SG20), an antiviral
protein capable of inhibiting a broad spectrum of viruses, thereby reducing the genomic levels of
HRYV and capsid proteins. Furthermore, | discovered that the antiviral effect of LA was dependent
on G-protein coupled receptor (GPR) 40 and GPR120. Also, LA treatment induce the activation
of nuclear factor kappa B (NF-xB) signaling pathways. Using in vivo mouse model, | found
intranasal administration of LA attenuated the pathophysiology in HRV-infected mice by
inhibiting HRV propagation in a GPR40/120-dependent manner. Collectively, these findings
suggest that 1SG20 induced by LA treatment inhibits HRV infectivity, and LA may serve as a
therapeutic candidate for alleviating various respiratory diseases associated with rhinovirus

infection.

Key words : human rhinovirus, linoleic acid, long chain fatty acid, interferon stimulated gene 20kDa,
nuclear factor kappa B (NF-xB), G-coupled protein receptor 40/120, antiviral effect.
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1. Introduction

Human rhinovirus (HRV) is a positive-sense, single-stranded RNA virus belonging to the genus
Enterovirus in the family Picornaviridae. HRV is categorized into three types (A, B and C) based on
their specific antigen or genetics. Additionally, HRV is divided into two groups based on the
receptor utilization. The common cold is the most characteristic clinical symptom associated with
HRYV infection, accounting for at least 50% of these cases'. HRV infection is associated not only
with the development of upper respiratory tract complications such as sinusitis? and otitis media®
but also exacerbations of asthma**, cystic fibrosis®, and bronchiolitis”® in lower respiratory diseases.
However, the development of an HRV vaccine encounters significant challenges due to extensive
sequence variations in the antigenic sites®. Therefore, investigating treatments for HRV is essential,
as there are currently no detailed mechanistic reports or approved antiviral agents available for the
prevention or treatment of HRV infection.

Linoleic acid (LA) is classified as a long-chain fatty acid (LCFA) consisting of 18 carbon atoms
and two double bonds (18:2) and is recognized as an essential polyunsaturated fatty acid (PUFA)
belonging to the omega-6 family. LA cannot be produced by the human body and must be obtained
through dietary sources!®*, In previous studies, LA has been detected in nasal cavity*?® and
cholesteryl LA has been associated with antibacterial activity®3. Recently, it has been reported that
LA, which acts through a free fatty acid (FFA)-binding pocket, induces an antiviral effect against
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Treatment with LA inhibited viral
replication in SARS-CoV-2-infected cells, resulting in fewer deformed virions'4*, Additionally,
metabolic profiling of the intestines of shrimp infected with white spot syndrome virus (WSSV)
confirmed that LA exhibited an antiviral function against WSSV infection'®. Furthermore, LA, a
natural feed compound, has been reported to induce an antiviral effect against porcine epidemic
diarrhea virus through the PISBK/AKT/mTOR pathway'’. Although LA is known to have antiviral
effects against various viruses, no study has yet investigated its mechanism of action or its effects
on host cells. Furthermore, the effect of LA on HRV infection remains unexplored.

Free fatty acid receptors (FFARS), also known G protein-coupled receptors (GPRs), are activated
by free fatty acids'®. GPR40 (FFAR1), GPR41 (FFAR2), GPR43 (FFAR3), and GPR120 (FFAR4)
are representative types of FFARs and have been reported to play various roles in airway epithelial
cells. GPR40 regulates tight junction assembly in airway epithelial cells'®. Activation of GPR41 and
GPRA43 decreases the expression of tissue plasminogen activator (t-PA) in nasal polyps (NPs), which
is correlated with excessive fibrin deposition?’. Additionally, GPR43 activation alleviates virus-
mediated cytotoxicity and promotes antiviral effects via IFN-B against respiratory syncytial virus
(RSV) infection®’. GPR120 activation upregulates IFN-A in influenza virus infection through IFN
regulatory factor (IRF) 1/322. Recently, local administration of acetate, a type of short-chain fatty
acid (SCFA), has been shown to augment antiviral effects in vivo?®. Furthermore, acetate decreases
the severity of RSV infection and reduces viral load by modulating the expression of Retinoic acid-
inducible gene | (RIG-1)?*. Although SCFA treatments have demonstrated antiviral effects through
FFARs, the relationship between LCFAs, PUFAs and FFARs in HRV infections remains unknown.

Type | IFN, a widely known antiviral innate immune cytokine produced during viral infection,
signals through its heterodimeric receptor (IFNAR1/IFNARZ2) on airway epithelial cells, activating
a set of interferon-stimulated genes (1SGs)®. Among these 1SGs, 1SG20 is a nuclear 3° -5’
exonuclease that prefers single-stranded RNA (ssRNA)?. 1SG20 has been shown to restrict the



infection of multiple RNA and DNA viruses?’?°. A previous study demonstrated that the expression
of ISG20 is induced by the nuclear factor kappa B (NF-kB) pathway. Synthetic dsSRNA stimulation
binds and activates p65 and p50 to the NF-kB element of the ISG20 promoter more rapidly than
IFN-induced 1SG20 expression, which induces interferon regulatory factor 1 (IRF1) binding to
Interferon-sensitive response element (ISRE), thereby inducing a cellular antiviral response to viral
infection®,

In this study, | demonstrated the antiviral function of LA against rhinovirus infection both in
vivo and in vitro. | confirmed that the antiviral effect of LA is GPR40/120-dependent, as shown by
using specific agonists and antagonists. Furthermore, | identified that NF-xB-1SG20 is the essential
pathway in LA-induced HRV inhibition in human airway epithelial cells. This study provides new
insights into the antiviral effects of LA against HRV infection and offers potential therapeutic
strategies for alleviating diseases caused by rhinovirus.



2. MATERIALS AND METHODS

2.1. Collection of human nasal lavage fluid samples

Human nasal lavage fluids (NLFs) were collected from volunteers, yielding a fixed total
volume of 5 ml with saline solution. All samples were promptly centrifuged at 5,000 x g for 35
min at 4 °C to eliminate cells and impurities. After centrifugation, the supernatant was carefully
collected and filtered using 0.2 um syringe filters (Sartorius, Gottingen, Germany). Viral RNA
was extracted from each sample using the QlAamp viral RNAkits (QIAGEN, Hilden, Germany),
according to the manufacturer’s instructions. To confirm the presence or absence of human
rhinovirus in each sample, one-step RT-gPCR was conducted using human rhinovirus (HRV)
specific primers 3'and Luna® Universal Probe One-Step RT-gPCR Kits (NEW ENGLAND
Biolabs, Ipswich, MA, USA), according to the manufacturer’s instructions. RNA levels were
quantified using the HRV specific sequence (HRV forward, 5'- GTG AAG AGC CSC RTG TGC
T -3"; HRV reverse, 5'- GCT SCA GG TTA AGG TTA CC -3'; and HRV probe, 5'-(6-FAM™)-
TGA GTC CTC CGG CCC CTG AAT G-(TAMRAT™)-3"). Subsequently, each sample was
classified as the presence or absence of rhinovirus infection and then stored at -80 °C until further
analysis. Approval for the study was obtained from the Institutional Review Board (IRB) of
Yonsei University College of Medicine (4-2021-0573), with all participants providing informed
consent.

2.2. Targeted liquid chromatography-mass spectrometry (LC-MS)

For targeted LC-MS, L-Glutathione reduced (Sigma-Aldrich, St. Louis, MO, USA), N-
acetylneuraminic acid (Sigma-Aldrich, St. Louis, MO, USA), Nicotinamide (Sigma-Aldrich, St.
Louis, MO, USA), Uric acid (Sigma-Aldrich, St. Louis, MO, USA), Uridine (Sigma-Aldrich, St.
Louis, MO, USA), Linoleic acid (Sigma-Aldrich, St. Louis, MO, USA), Linoleic Acid Oxylipins
MaxSpec® LC-MS Mixture (Cayman chemical, Ann Arbor, MI, USA), Citric acid (Sigma-
Aldrich, St. Louis, MO, USA), L-(+)-Lactic acid (Sigma-Aldrich, St. Louis, MO, USA) and (+)
Sodium-L-Ascorbate (Sigma-Aldrich, St. Louis, MO, USA) were used as standard substances.
All standards were diluted in distilled water (DW) or ethanol (EtOH) from 1 ppm to 1 ppb for use.

Human NLFs, cell media or mouse bronchoalveolar lavage (BAL) fluids were diluted in
methanol (MetOH) by 20 to 200 fold and analyzed on a Thermo Vanquish using the Unison C18
column (3.0 x 150 mm). Each sample was analyzed twice, once in positive and once in negative
ion mode. For LC, mobile phase A was 100% water with 0.1% formic acid and mobile phase B
was 0.1% formic acid in MetOH : acetonitrile (1:1). The gradient was as follows: 0—-0.1 min 10%B,
0.1-2.5 min 1-90%B, 2.5-3 min 90%B, 3-3.1 min 90-5%B, hold 5%B until 5 min. The flow rate
was 0.4 ml/min and the column temperature was 45 °C. The injection volume for positive mode
was 1 pl. Mass spectrometry was performed with Thermo TSQ Altis. Source parameters were
described in Table 1.



Table 1. Mass spectrometry parameters

Description Parameters
Scan type (m/z) 5-2,000
Sheath gas flow rate (Arb) 50

Aux gas flow rate (Arb) 10

Heater temp (°C) 350
Capillary temp (°C) 325

Spray \Voltage (+) (V) 3,500
Spray \Woltage (-) (V) -2,500

RF Lens (V) 49,52,57,70
Normalized collision energy (V) 7-15
Resolution (Full MS) 30,000
Resolution (MS?) 600

MS: Mass spectrometer

2.3. Cell culture

H1HeLa cells were purchased from American Type Culture Collection (ATCC, Manassas,
Virginia, USA) and cultured in Minimum Essential Medium (MEM; Gibco, Waltham, MA, USA)
containing 10% (v/v) heat-inactivated fetal bovine serum (FBS; Gibco, Waltham, MA, USA), 1%
(v/v) penicillin/streptomycin (Gibco, Waltham, MA, USA). Human lung epithelial cell line
BEAS-2B cells were purchased from ATCC. Cells were cultured in RPM11640 (Gibco, Waltham,
MA, USA) containing 10% (v/v) heat-inactivated fetal bovine serum with 1% (v/v)
penicillin/streptomycin. Cells were maintained in 175cm? flasks (Corning, Tewksbury, MA, USA)
at 37 °C in 5% CO; incubator. The passage number for all cells used in this study was less than
30.

2.4. Virus infection and metabolite treatment

BEAS-2B cells were seeded 1.5x105%well in 12 well plate (Corning, Tewksbury, MA, USA)
24 h prior to infection. The following day, the media was substituted with RPMI11640 containing
2% FBS for virus infection at a multiplicity of Infection (MOI) of 5, and cells were incubated at
33 °C and 5% CO, in a humidified incubator for 1 h. After inoculation, cells were washed with
PBS and media was substituted with fresh RPMI11640 containing 2% FBS for 24 h. For the
metabolite treatment experiments, cells were treated with each concentration of linoleic acid
(Sigma-Aldrich, St. Louis, MO, USA), uridine (Sigma-Aldrich, St. Louis, MO, USA), and
nicotinamide (Sigma-Aldrich, St. Louis, MO, USA) from 24 h before to 24 h after inoculation.
For agonist experiment, 50 uM of GW9508 (MCE, Monmouth Junction, NJ, USA) was treated
with the virus for 1 h. To inhibit oxidation of LA, 25 uM of butylated hydroxytoluene (BHT;
Sigma-Aldrich, St. Louis, MO, USA) was co-treated with 50 uM of LA. For the LA treatment
timing assay, cells were treated with 50 uM LA in RPMI 1640 containing 2% FBS for 24 h prior
to HRV16 inoculation, simultaneously during the 1 h HRV16 inoculation, or for 24 h following
HRV16 inoculation. To inhibit nuclear factor kappa B (NF-xB), 20 uM caffeic acid phenethyl
ester (Sigma-Aldrich, St. Louis, MO, USA) was pre-treated for 30 min, and then washed and
treated with LA and virus for 1 h.



2.5. Virus propagation

Human rhinovirus 16 (HRV16; VR-283) and Human rhinovirus 1B (HRV1B; VR-1645) were
obtained from ATCC (Manassas, Virginia, USA). For virus propagation, H1HeLa cells were
seeded 6x108 in 175cm? flasks (Corning, Tewksbury, MA, USA). The following day, cells were
washed with PBS and inoculated with 5 ml of diluted virus stock in serum-free 1x MEM (Gibco,
Waltham, MA, USA) at 33 °C and 5% CO; in a humidified incubator for 90 min. The flasks were
gently rocked every 15 min to distribute the viral inoculum evenly across the monolayer. After
inoculation, cells were washed with PBS and the media was substituted with 1x MEM containing
5% FBS. When appropriate cytotoxicity was detected, the flasks were immediately frozen in -
80 °C. After freezing and thawing twice, the supernatant was collected and centrifuged at 3,000
x g for 30 min. The supernatant was filtered with 0.2 pum syringe filter (Sartorius,
Gottingen ,Germany) and titrated by plaque assay. The supernatant derived from HV1B
propagation was concentrated and centrifuged at 2,000 rpm for 2 h using a 100 kDa cutoff filter
(Merck Millipore, Darmstadt, Germany).

2.6. Tissue culture infective dose 50% (TCIDso)

The virus in cell media, mouse lung lysate or mouse BAL fluids was titrated by TCIDso
method32%, Briefly, H1HeLa cells were seeded 8x10%well in 96 well plate (Corning, Tewksbury,
MA, USA). The following day, the virus was serially diluted in 1x MEM containing 1% (v/v)
penicillin/streptomycin. Cells were inoculated with serially diluted virus and incubated for 7 days
at 33 °C and 5% CO- in a humidified incubator. The presence of a cytopathic effect in the wells
was used to calculate the TCIDsg using the Spearman-Karber formula.

2.7. Plaque assay

For plaque assay, H1Hela cells were seeded 5x10%/well in 12 well plate (Corning, Tewksbury,
MA, USA). The following day, cells were washed with PBS and treated with serially diluted virus.
Cells were inoculated with the virus at 33 °C and 5% CO- in a humidified incubator for 90 min.
After inoculation, cells were washed with PBS and overlaid with plaque assay media (0.5% low-
melting agarose (Promega, Madison, WI, USA), 1x MEM containing 2% FBS). The plates were
incubated for 5 days at 33 °C and 5% CO- in a humidified incubator. Cells were fixed with 4%
paraformaldehyde for 1 h and stained with 0.5% crystal violet (Sigma-Aldrich, St. Louis, MO,
USA). Viral titers were calculated by counting the plaques and multiplied by dilution factors
(Plague-Forming units/ml).

2.8. Protein quantification by bicinchoninic acid (BCA) assay

Proteins were extracted from BEAS-2B cells and mouse lung tissue using
radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific, Inc, Waltham, MA, USA)
with Halt™ Protease & Phosphatase Inhibitor Single-Use Cocktail, EDTA-free (100x) (Thermo
Scientific, Inc, Waltham, MA, USA). Total protein concentrations in bronchoalveolar lavage
(BAL) fluid, mouse lung lysates, and BEAS-2B cell lysates were measured using the Pierce™
BCA Protein Assay Kit (Thermo Scientific, Inc, Waltham, MA, USA) following the
manufacturer’s instructions.



Briefly, BAL samples and the albumin standards provided in the kit were incubated with BCA
working reagent in a 96-well microplate at 37 °C for 30 min. Absorbance was measured at 562 nm
using a VersaMax™ Microplate Reader (Molecular Devices), and protein concentrations were
determined based on the standard curve generated from the standards.

2.9. Western blot

Proteins were extracted using radioimmunoprecipitation assay (RIPA) buffer (Thermo
Scientific, Inc, Waltham, MA, USA) with Halt™ Protease & Phosphatase Inhibitor Single-Use
Cocktail, EDTA-free (100x) (Thermo Scientific, Inc, Waltham, MA, USA). Equal amounts of
proteins (15 pg) were separated by 10% SDS-PAGE gels and transferred to polyvinylidene
difluoride (PVDF) membranes (Merck Millipore, Darmstadt, Germany). After transfer,
membranes were blocked with 5% skim milk in TTBS for 1h in room temperature. Membranes
were incubated with primary antibodies in 5% skim milk with TTBS at 4 °C overnight. The
following day, membranes were washed three times with TTBS and incubated with secondary
antibodies in 5% skim milk with TTBS for 1 h in room temperature. Blots were visualized using
Pierce ECL Western Blotting Substrate (Thermo Scientific, Inc, Waltham, MA, USA) and
exposed to X-ray film. The list of antibodies used in immunoblotting includes: mouse anti-Human
Rhinovirus antibody (QED Bioscience, San Diego, CA, USA), rabbit anti-phospho-NF-xB p65
antibody (Cell Signaling Technology, Danvers, MA, USA), rabbit anti-NF-xB p65 antibody (Cell
Signaling Technology, Danvers, MA, USA), mouse anti-GAPDH antibody (Santa Cruz, Dallas,
Texas, USA), rabbit anti-1SG20 antibody (Invitrogen, Carlsbad, CA, USA) for primary antibodies,
and goat anti-mouse 1gG (H+L)-HRP (GenDEPOT, Barker, Texas, USA) and goat anti-rabbit IgG
(H+L)-HRP (Jackson ImmunoResearch Laboratory, West Grove, Pensylvania, USA) for
secondary antibodies.

2.10. Real-time quantitative polymerase chain reaction (RT-gPCR)

Total RNA was isolated from BEAS-2B cells or mouse lung lysates using Hybrid-R™
(GeneAll Biotechnology Co., Ltd, Seoul, Republic of Korea). Complementary DNA (cDNA) was
synthesized from 500 ng of RNA with random hexamer primers (Invitrogen, Carlsbad, CA, USA),
RNase inhibitor (Applied Biosystems, Foster City, CA, USA), dNTPs (Applied Biosystems,
Foster City, CA, USA), and M-MLYV reverse transcriptase (Invitrogen, Carlsbad, CA, USA). For
quantitative PCR (gqPCR), KAPA SYBR FAST gPCR master mix (2X) (Roche, Basel,
Switzerland) was used according to the manufacturer’s instructions. gPCR was performed using
QuantStudio 3 Real-Time PCR System (Thermo Scientific, Inc, Waltham, MA, USA). Gene
expression levels were evaluated using the comparative Ct method (2-AACt method). Primers
used for real-time gPCR in this study are listed in Table 2.



Table 2. Primer sequences for RT-gPCR

Target Gene Sequence
Human 18s rRNA F: 5°-GCT TAATTT GAC TCA ACA CGG GA-3’
R: 5’-AGC TAT CAATCT GCT AAT CCT GTC-3’
HRV16 F: 5°-TCT CTA CAG GGC CCT TAC TCG-3’
R: 5’-CCACTC TTC TCT CGG GAACTT-3’
HRV1B F: 5>-CCATCG CTC ACT ATT CAG CAC-3’
R: 5’- TCT ATC CCG AACACACTG TCC-3’
Human 1SG20 F: 5-AGC GGC TAC ACAATC TAC GA-3’
R:5- AGG CTGTTCTGGATG CTCTT-3’
Human DMBT1 F:5’- ACT ACG ACA GAT TGG TGG CA-3°
R:5’- GTT GGG GTAGTATGC AGG GT-3’
Human TRIM35 F:5’- GCT TCG CGA GTT CTT GAG AG-3’
R:5’- GCT GCT TCATCT TCT CGT CG-3’
Human TRIM27 F:5°-TGT TTG GGA GTT TGA GCA GC-3°
R: 5’- AAG AGA ACT GGG TGA TGG CA-3’
Human IRF1 F: 5°- AGG GGA AAA GGA GCC AGA TC-3’
R: 5’-CCT TGT TCC TGC TCT GGT CT-3’
Murine Gapdh F:5>-AAC GACCCC TTC ATT GACCT-3’
R:5’-TGG AAG ATG GTG ATG GGC TT-3’
Murine 116 F:5>-AGA CTT CCATCC AGT TGC CT-3°
R: 5’-CAG GTC TGT TGG GAG TGG TA-3’

2.11. Lactate dehydrogenase (LDH) assay

Cell cytotoxicity was measured using CytoTox 96 Non-Radioactive Cytotoxicity Assay kit
(Promega, Madison, WI, USA) according to the manufacturer’s instructions. Briefly, culture
supernatants of BEAS-2B cells were collected and incubated with the reagent for 30 min in a 96-
well plate (SPL life science, Pocheon, Republic of Korea). After incubation, the results were
obtained at 490 nm using a spectrophotometer. Positive control was supplied with the kit and the
culture media was used as the negative control.

2.12. Bulk mRNA sequencing and data analysis

Total RNA was isolated from BEAS-2B cells using Hybrid-R™ (GeneAll Biotechnology Co.,
Ltd., Seoul, Republic of Korea). Total RNA concentration was calculated by Quant-IT RiboGreen
(Invitrogen, Carlsbad, CA, USA). To assess the integrity of the total RNA, samples are run on the
TapeStation RNA screentape (Agilent Technologies, Santa Clara, CA, USA). Only high-quality
RNA preparations, with RIN greater than 7.0, were used for RNA library construction. A library



was independently prepared with 1 ug of total RNA for each sample by Illumina TruSeq Stranded
mRNA Sample Prep Kit (Illumina, Inc., San Diego, CA, USA). The first step in the workflow
involves purifying the poly-A containing mRNA molecules using poly-T-attached magnetic
beads. Following purification, the mRNA is fragmented into small pieces using divalent cations
under elevated temperature. The cleaved RNA fragments are copied into first strand cDNA using
SuperScript Il reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and random primers. This
is followed by second strand cDNA synthesis using DNA Polymerase I, RNase H and dUTP.
These cDNA fragments then go through an end repair process, the addition of a single ‘A’ base,
and then ligation of the adapters. The products are then purified and enriched with PCR to create
the final cDNA library. The libraries were quantified using KAPA Library Quantification kits for
Illumina Sequencing platforms according to the qPCR Quantification Protocol Guide (Kapa
Biosystems, Inc., Wilmington, MA, USA) and qualified using the TapeStation D1000 ScreenTape
(Agilent Technologies, Santa Clara, CA, USA). Indexed libraries were then submitted to an
Illumina NovaSegX (Illumina, Inc., San Diego, CA, USA), and the paired-end (2x100 bp)
sequencing was performed by the Macrogen Incorporated.

RNA sequencing reads were aligned to the reference genome GRCh38 with the STAR
aligner (version 2.5.4b). For the batch correction, ComBat-seq function in the Bioconductor
package sva (version 3.54.0) was used. The Bioconductor DEseq2 package (version 1.44.0)34 was
used to perform differential gene expression analysis. Gene count data was imported and
normalized using the DESeq2 default normalization methods. Gene Set Enrichment Analysis
(GSEA) was conducted using the GSEA module on the GenePattern public server
(https://cloud.genepattern.org)>26. C5 gene sets containing the gene ontology (GO) gene sets
from the MSigDB collections (version 2024.1) were used with the default settings of the GSEA
module.

2.13. Enzyme-linked immunosorbent assay (ELISA)

The supernatants of BEAS-2B cells were collected at 24 hpi and stored at —80 °C. For mouse
bronchoalveolar lavage (BAL) fluid, samples were collected by washing the lungs with 1 ml of
ice-cold PBS at 8 hpi. After centrifugation at 1700 x g for 5 min, the supernatants were collected
and stored at —80 °C until further use. Levels of human IFN-f (R&D systems, Minneapolis, MN,
USA) in cell media, as well as mouse IL-6 (R&D systems, Minneapolis, MN, USA), mouse IFN-
B (R&D systems, Minneapolis, MN, USA) and mouse IL-28A/B (IFN-lambda 2/3; R&D systems,
Minneapolis, MN, USA) in mouse BAL fluid, were quantified using the corresponding DuoSet®
ELISA kits according to the manufacturer’s instructions. The absorbance was measured at 450 nm
using a VersaMax™ Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). The data
were analyzed with SoftMax® Pro Software v5.2 (Molecular Devices, Sunnyvale, CA, USA).

2.14. Short hairpin RNA (shRNA) transfection with lentivirus

For the knock-down of human ISG20, Lentivirus starter kit was purchased from Lugen Sci
(Seoul, Repulic of Korea) and followed by manufacturer’s instructions. Briefly, BEAS-2B cells
were seeded 1x10%/well in 12 well plate prior to lentivirus infection. The following day, BEAS-
2B cells were washed with PBS transfected with lentiviral ShRNAs (MOI 20) using 1 X Lenti-
TD-MAX (Lugen Sci Co., Ltd, Seoul, Republic of Korea). After 24 h inoculation, cells were
washed with PBS and constituted with fresh culture media containing 1 pM puromycin



(Invivogen, San Diego, CA, USA) for positive selection. All knockdown cells used in this study
were validated by the 1SG20 expression by RT-gPCR and western blot. The sequence for the
ISG20-specific ShRNA was 5’-GAC ATG AGC GGC TAC ACA ATC-3’. For scrambled shRNA
5’-GCA CTA CCA GAG CTA ACT CAG ATA GTA CT-3’ was used.

2.15. In-vivo mouse model and histological analysis

6 weeks-old female Balb/c mice were purchased from Orient Bio Inc. (Sungnam, Republic of
Korea). All mice used in this study were maintained in Animal Biosafety Level 2 (ABSL-2)
facility. All animal work was approved by the Institutional Animal Care and Use Committee
(IACUC) at Yonsei University College of Medicine (protocol number 2022-0282), according to
guidelines outlined by the Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) International (facility number 001071). Balb/c mice were intranasally
inoculated with 5 x 108 TCIDs (50 pl) of HRV1B. To inactivate HRV1B, it was exposed to 1,200
mJ/cm? of UV light for 30 min. For local administration of LCFAs, linoleic acid sodium salt (2.5
mg/kg), oleic acid sodium salt (2.5 mg/kg), palmitic acid sodium salt (2.5 mg/kg), or palmitoleic
acid sodium salt (2.5 mg/kg) (all from Sigma-Aldrich, St. Louis, MO, USA) was intranasally co-
administered with HRV1B. For inactivation of GPR120 and GPR40, Balb/c mice were
intraperitoneally injected GPR120 antagonist (AH7614; MCE, Monmouth Junction, NJ, USA,
2.5mg/kg) and GPR40 antagonist (GW1100; MCE, Monmouth Junction, NJ, USA, 2.5mg/kg) 30
min before HRV1B infection. BAL fluid was collected by flushing with ice-cold PBS through a
catheter (BD Biosciences, San Jose, CA, USA). For histological analysis, lung tissues were
collected from mice at 16 hpi after whole-body perfusion. The tissues were fixed in 4% PFA for
24 h and embedded in paraffin. Tissue sections were stained with hematoxylin and eosin (H&E)
to evaluate inflammatory cell infiltration. Lung injury was assessed as described previously®'.
Briefly, lung sections stained with H&E were scored by blinded reviewers for the presence and
severity of inflammation. The extent of perivascular and peribronchial infiltrates, edema, alveolar
septal infiltrates, hemorrhage, and epithelial damage were evaluated using the following scoring
system: 0, absence; 1, mild; 2, moderate; and 3, severe.



3. Results

3.1. Metabolite profiles in human nasal lavage fluid are correlated
with the presence of rhinovirus

Previous literature indicated that several metabolites are related with antiviral effects against
viral infection %%, Based on previously published literature, 9 potential metabolites were selected,
including linoleic acid (LA), uridine, nicotinamide, uric acid, ascorbic acid, lactic acid, citric acid,
N-acetylneuraminic acid, and glutathione, which have the potential to suppress human rhinovirus
(HRV) infection %84%-4°, To identify the potential metabolite candidates, human nasal lavage fluids
(NLFs) from volunteers were obtained (Table 3). Samples were determined by one-step qgPCR
and conducted targeted LC-MS/MS-based metabolomics (Figure 1). Through one-step qPCR, the
5’-UTR of HRV gene was detected in the HRV-positive group, but was not detected in the HRV-
negative group (Figure 2). Next, NLFs were conducted targeted LC-MS/MS-based metabolomics
analysis (Figure 1). Interestingly, LC-MS/MS analysis revealed the quantity of metabolites such
as LA, uridine, and nicotinamide was increased in HRV-positive human NLFs, compared to HRV-
negative human NLFs (Figure 3A-C). However, no differences were observed in the other
metabolites in human NLFs (Figure 3D-1). These results collectively indicate that the
concentration of certain metabolites in NLFs is associated with the presence of HRV.

_10_



Table 3. Description of nasal lavage fluid volunteers (n = 15)

Sex Bloodtype Diagnosis Allergy  Smoking HRV
M B+ Chronic sinusitis with nasal polyp + Ex-smoker -
M B+ Septal deviation + Non smoker -
F O+ Chronic sinusitis with nasal polyp + Non smoker -
F O+ Chronic sinusitis with nasal polyp - Non smoker -
M O+ Septal deviation + Current smoker -
F A+ Chronic sinusitis - Non smoker -
F A+ Septal deviation - Non smoker -
M B+ Chronic sinusitis - Non smoker -
F A+ Septal deviation + Non smoker -
M B+ Septal deviation Non smoker +
F B+ Chronic sinusitis with nasal polyp - Non smoker +
F O+ Chronic sinusitis with nasal polyp + Non smoker +
M B+ Septal deviation + Non smoker +
F O+ Nasolabial cyst + Non smoker +
F A+ Chronic sinusitis with nasal polyp + Non smoker +

M: Male; F: Female; -: negative; +: positive
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Figure 1. A schematic illustration of metabolite detection using human nasal lavage fluids. A
schematic illustration of metabolite detection using human nasal lavage fluids (NLFs) is presented.
Human NLFs were collected from volunteers, with samples categorized as HRV-positive (+) or
HRV-negative (-) through one-step gPCR (n = 9 for HRV(-), n = 6 for HRV(+)). Each human NLF
sample was subsequently analyzed using LC-MS/MS-based targeted metabolomics.
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Figure 2. Human rhinovirus (HRV) detected in human nasal lavage fluid samples. The HRV
5’-UTR gene was measured by one-step gPCR in NLFs from volunteers. The threshold cycle (Ct)
values for HRV 5’-UTR were used to diagnose HRV infection. Data are presented for HRV-negative
(HRV(-), n = 9) and HRV-positive (HRV(+), n = 6) groups. Results are shown as the mean + SEM;
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using Student’s t-test.
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Figure 3. Metabolite profiles in human NLFs are correlated with the presence of HRV.
Quantification of metabolite concentrations in human NLFs. NLFs were analyzed by LC-MS/MS-
based targeted metabolomics analysis (n = 9 for HRV (-), n = 6 for HRV (+)). Concentration of (A)
linoleic acid, (B) uridine, (C) nicotinamide, (D) ascorbic acid, (E) lactic acid, (F) citric acid, (G) N-
acetylneuraminic acid, (H) glutathione, (1) uric acid were analyzed using LC-MS/MS-based targeted
metabolomics (n = 9 for HRV(-), n = 6 for HRV(+)). Results are shown as the mean + SEM; *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using Student’s t-test.
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3.2. Treatment with LA reduces HRV16 infection in BEAS-2B cells

To elucidate the properties of metabolites in human NLFs against HRV infection, HRV16 was
infected multiplicity of infection (MOI) 5 in the human lung epithelial cell line, BEAS-2B cells
(Figure 4A). Compared to the control media, HRV16 mRNA expression levels were significantly
increased at 16 hpi, peaking at 24 hpi (Figure 4B). Subsequently, HRV16 mRNA expression levels
progressively were decreased and not detected at 48 hpi (Figure 4B). To identify the antiviral
effect of LA, uridine, and nicotinamide, which were significantly elevated in HRV-positive human
NLFs (Figure 3A-C), these metabolites were treated with HRV16 in BEAS-2B cells (Figure 5A).
Interestingly, LA significantly decreased HRV16 mRNA expression levels in dose-dependent
manner at 24 hpi (Figure 5B). However, uridine and nicotinamide showed no effect at 24 hpi
(Figure 5B). Treatment with each metabolite had no effect on cell cytotoxicity (Figure 5C). Since
only LA exhibited the antiviral effect against HRV16 infection, LA was selected as a potential
target for future investigation. In line with the effect of LA on HRV16 mRNA expression levels,
treatment with LA also decreased HRV16 capsid proteins, VPO and VP2 in cell lysate (Figure 5D)
and virus titer in cell media at 24 hpi (Figure 5E). Next, | conducted an experiment to determine
whether the timing of LA treatment influenced the antiviral effect (Figure 6A). Notably, LA
treatment suppressed viral gene expression regardless of whether it was applied prior to, during,
or after viral infection (Figure 6B), suggesting that LA exerts its antiviral effect intracellularly.
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Figure 4. Kinetics of HRV16 infection in BEAS-2B cells. (A) Schematic illustration of in vitro
experiment using BEAS-2B cells. (B) Time-course analysis of HRV16 mRNA expression in BEAS-
2B cells was performed by gPCR to assess the infection dynamics (n = 4). Results are shown as the
mean £ SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using two-way ANOVA with
Sidak’s multiple comparison test.
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Figure 5. Treatment of LA reduces HRV16 infection in BEAS-2B cells. (A) Schematic
illustration of metabolite treatment experiment using BEAS-2B cells. (B) Relative HRV16 mRNA
expression levels in each metabolite-treated BEAS-2B cells were measured by qPCR at 24 hpi (n =
4). Concentration of LA (1, 10, 25, 50 uM), Uridine (1, 10, 25, 50 uM), and Nicotinamide (1, 10,
25, 50 uM). (C) Cell cytotoxicity in metabolite-treated (50 uM) BEAS-2B cell media was measured
by an LDH assay at 24 hpi (n = 3). (D) Representative immunoblot analysis of HRV16 capsid
proteins (VPO, VP2) in Mock, HRV16, and LA (50 uM) + HRV 16 treated BEAS-2B cell lysates at
24 hpi (n = 4). Relative intensity of viral protein levels was quantified with image J. The intensity
of VPO, VP2 proteins was normalized with GAPDH. (E) Viral load in HRV16 infected BEAS-2B
cells was measured by TCIDso in the culture supernatant (n = 3). Results are shown as the mean +
SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using one-way ANOVA with Tukey’s
multiple comparisons test.
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Figure 6. LA reduces HRV16 replication in BEAS-2B cells regardless of treatment timing. (A)
Schematic illustration of the experimental design evaluating different LA treatment timings in
BEAS-2B cells. (B) Relative HRV16 mRNA expression levels in Mock, HRV16, and HRV16+LA
(50 uM) treatments, including pre-treatment (pre-LA + HRV16; 24 h before HRV16 infection),
simultaneous-treatment (sim-LA + HRV16; 1 h with HRV16 infection), and post-treatment (post-
LA + HRV16; 1 h after HRV16 infection) (n = 4). Results are shown as the mean + SEM; *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001 using one-way ANOVA with Tukey’s multiple
comparisons test.
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3.3. LAexhibits antiviral effect regardless of its oxidation

A previous study has shown that LA undergoes oxidative degradation within approximately 40
hours under oxidative conditions. Through this process, LA generates various oxylipins, including
hydroxy-octadecadienoic  acids  (HODEs), oxo-octadecadienoic  acid  (Oxo-ODEs),
epoxyoctadecenoic acids (EpOMEs), and dihydroxyoctadecenoic acids (DiHOMES) *°. Recently,
18-hydroxy eicosapentaenoic acid (18-HEPE), an oxidative form of -3 fatty acid, induced by
Clostridium butyricum, was found to promote IFN-A production ??, suggesting that oxidized forms
of LA may influence antiviral activity.

To directly assess the extent of LA oxidation, targeted LC-MS analysis was performed on the
culture media under three conditions: media only, media containing LA, and media containing both
LA and butylated hydroxytoluene (BHT, 25 uM), a known antioxidant 2.,

LC-MS analysis revealed that 12, 13-diHOME—a representative oxidation product of LA—was
detected at low levels in the LA-only condition but was undetectable when BHT was co-
administered (Table 4), confirming that BHT effectively suppressed its formation. However, the
absolute amount of 12, 13-diHOME detected was minimal, and other oxidized lipid species were
present in both conditions at comparable levels (Table 4). This indicates that while BHT partially
altered the oxidation profile of LA, the overall degree of oxidation was limited under experimental
conditions.

Furthermore, co-treatment with BHT did not affect the antiviral effect of LA (Figure 7A), and
no cytotoxicity was observed in HRV16-infected cells treated with both LA and BHT (Figure 7B).
These findings indicate that LA undergoes minimal oxidation under these experimental conditions,
and more importantly, that its antiviral activity is primarily attributable to LA itself, rather than to
its oxidative metabolites. Therefore, LA is sufficient to exert antiviral efficacy without the need for
antioxidant supplementation.
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Table 4. Concentration of LA and oxylipins in cell media (n = 1)

12(13)- 9(10-  13(S)-  12(13)-  9(S)-  9(10)- 13- 9-
DIHOME DiHOME HODE EpOME HODE EpOME Ox0oODE OxoODE

Sample LA

RPMI

0 0 0 0 0 0 0 0 0
only

RPMI
+ 18046 0.36 0.34 30.62 28.86 23.15 2731 8.88 9.56
LA

RPMI
+

BHT 12514.2 0 0.24 22.78 22.79 20.75 19.97 9.18 12.96
+

LA

Unit of concentration: ng/ml; BHT: butylated hydroxytoluene; LA: linoleic acid; DiHOME:
dihydroxyoctadecenoic acid; HODE: hydroxy-octadecadienoic acids; EpOME: epoxyoctadecenoic
acids (EpOMEs); OxoODE: oxo-octadecadienoic acid
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Figure 7. LA treatment has antiviral effect regardless of presence of butylated hydroxytoluene
(BHT) in BEAS-2B Cells. (A) Relative HRV16 mRNA expression levels in LA (50 uM) treated
with or without BHT (25 uM) in BEAS-2B cells were measured by qPCR at 24 hpi (n = 3). (B) Cell
cytotoxicity in HRV16, HRV16 with LA, or HRV16 with BHT contained LA BEAS-2B cell media
was measured by an LDH assay at 24 hpi (n = 3). Results are shown as the mean + SEM; *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001 using one-way ANOVA with Tukey’s multiple
comparisons test.
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3.4. GPR40/GPR120 dual agonist GW9508 shows antiviral effect in
HRV16 infected BEAS-2B cells

GPR40 (FFAR1) and GPR120 (FFAR4) are widely recognized as receptors for long-chain fatty
acids!®. Therefore, GW9508, a dual agonist for GPR40/GPR120, was used for the activation of
receptors to investigate whether GPR40/120 is involved in the antiviral effect of LA (Figure 8A).
Treatment with GW9508 decreased HRV16 mRNA expression levels at 24 hpi, and this effect
was comparable to that of treatment with LA (Figure 8B). Furthermore, treatment with GW9508
also reduced HRV16 capsid proteins in the cell lysate and viral load in the media, lowering both
to levels similar to those observed in the LA-treated group (Figure 8C, D). These results suggest
that the antiviral effect of LA may be mediated through GPR40/GPR120.
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Figure 8. GPR40/GPR120 dual agonist GW9508 shows antiviral effect in HRV16 infected
BEAS-2B cells. (A) Schematic illustration of working model between GPR40/GPR120 and
GW9508 and LA in airway epithelial cells. (B) Relative HRV16 mRNA expression levels in Mock,
HRV16, LA (50 uM) + HRV16, and GW9508 (50 uM) + HRV16 treated BEAS-2B cells were
measured by gPCR at 24 hpi (n = 3). (C) Representative immunoblot analysis of HRV16 capsid
proteins (VPO, VP2) in BEAS-2B cell lysates from each group at 24 hpi (n = 4). Relative intensity
of viral protein levels was quantified with image J. The intensity of VPO, VP2 proteins was
normalized with GAPDH. (D) Viral load in each group of BEAS-2B cells was measured by TCIDsg
in the culture supernatant at 24 hpi (n =5). Results are shown as the mean + SEM; *p < 0.05; **p
< 0.01; ***p < 0.001; ****p < 0.0001 using one-way ANOVA with Tukey’s multiple comparisons
test.
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3.5. LA treatment induces transcriptional alteration in HRV infected
BEAS-2B cells

To identify transcriptional changes in BEAS-2B cells in response to LA treatment, bulk mMRNA
sequencing was performed on Mock, HRV16-infected (V), LA-treated (L), and HRV16-infected
with LA (LV) samples at 4 hpi. Interestingly, there was little difference between Mock and V,
indicating that viral infection did not induce alterations in gene expression in BEAS-2B cells
(Figure 9A). In contrast, LA treatment induced significant alterations in gene expression
compared to mock or HRV16 infection (Figure 9A). Therefore, 1 compared altered genes by
comparing between V group and LV group. To investigate the gene set GOBP: Defense Response
to Virus (GO: 0051607), comprising 312 genes associated with antiviral responses that protect
cells (Figure 8B).

Through RT-gqPCR, the top five genes identified in the gene set were validated, including
Deleted in Malignant Brain Tumors 1 (DMBT1), 1SG20, Tripartite Motif Containing 35
(TRIM35), Interferon Regulatory Factor 1 (IRF1), and Tripartite Motif Containing 27 (TRIM27).
Among these, DMBT1, 1SG20, and TRIM27 were upregulated in the LV group compared to the
V group, while TRIM35 and IRF1 showed no significant differences (Figure 9C). DMBT1 is
known to influence viral entry by binding directly to envelope proteins 5>-%; however, as HRV is
a non-enveloped virus, it is unlikely to exhibit antiviral activity against HRV. Consequently,
DMBT1 was excluded from further experiments. Although TRIM27 was significantly
upregulated in the LV group, its fold change was modest (below 1.5-fold; Figure 9C). In contrast,
ISG20 exhibited a pronounced upregulation in the LV group and showed the second-highest
signal-to-noise ratio (Figure 9B), with a fold change exceeding 3.0 (Figure 9C). Additionally,
I1SG20 is well-documented for its antiviral role, particularly through RNase activity in airway
epithelial cells 2655, Based on these findings, 1SG20 was selected as the target gene mediating the
antiviral effects of LA in BEAS-2B cells.
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Figure 9. LA treatment induces transcriptional alteration in HRV infected BEAS-2B cells. (A)
Principal coordinates analysis (PCA) plot among Mock, HRV16-infected (V), LA-treated (L),
HRV16-infected with LA (LV) groups (n = 4). (B) The heat map displays the normalized expression
levels of genes between the V and LV groups within the "Defense Response to Virus" (GO: 0051607)
gene set. The top 30 genes with the highest signal-to-noise ratio (SNR) values are shown in
decreasing order (n = 4). (C) Relative mMRNA expression levels in each group were measured by
gPCR at 4 hpi (n = 4). Results are shown as the mean = SEM; *p < 0.05; **p < 0.01; ***p < 0.001;
***%p < 0.0001 using Student’s t-test.
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3.6. Upregulation of ISG20 by LA is dependent on the NF-kB pathway
in BEAS-2B cells

Several previous studies have shown that HRV infection does not induce an increase in type |
interferon (IFN-1) production in airway epithelial cells °%8, In line with previous studies, HRV16
infection did not increase IFN-I secretion in BEAS-2B cells (Figure 10A). Furthermore, 1SG20
MRNA level was not increased in HRV16 infected group at 4 hpi (Figure 10B). This could be the
upregulation of 1ISG20 in induced by LA treatment not by HRV infection. Thus, in my BEAS-2B
cell system, contributions to IFN-I are likely minimal, based on the study of the regulatory
mechanism underlying 1SG20 upregulation following LA treatment.

In a previous study, activation of NF-«xB is known to directly induce ISG20 expression in
endothelial cells . | observed that NF-xB p65 phosphorylation was higher in LA-treated cells
compared to HRV16-infected cells at 30 minutes post-infection (Figure 11A). To determine
whether NF-xB inhibition affects ISG20 expression, caffeic acid phenethyl ester (CAPE) was
used as an NF-xB inhibitor. The treatment CAPE reduced phosphorylation of p65 (Figure 11B).
Upon inhibition of NF-xB using CAPE, ISG20 expression was decreased at 24 hpi (Figure 11C).
These results indicate that the upregulation of 1ISG20 expression in response to LA treatment is
dependent on NF-«xB activation in BEAS-2B cells.
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Figure 10. HRV16 infection does not induce IFN-B or ISG20 upregulation in BEAS-2B cells. (A)
Secretion of IFN-B by HRV16 infection was measured by enzyme-linked immunosorbent assay (ELISA)
in cell supernatant at 24 hpi (n = 4). (B) 1ISG20 mRNA expression levels were quantified by gPCR at 4
hpi in BEAS-2B cells (n = 4). Results are shown as the mean + SEM; *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001 using one-way ANOVA with Tukey’s multiple comparisons test or Student’s t-
test.
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Figure 11. Upregulation of ISG20 by LA is dependent on the NF-kB pathway in BEAS-2B cells.
(A) Representative immunoblot analysis showing time-dependent phosphorylation of p65 (p-p65)
proteins following LA (50 uM) treatment in BEAS-2B cells (n = 3). (B) Representative immunoblot
analysis of p-p65 protein levels following treatment with the NF-«xB inhibitor CAPE (20 uM) for 30
min, prior to LA (50 uM) treatment in BEAS-2B cells. Samples were collected at 30 min post-
infection. (n = 3). (C) Representative immunoblot analysis of 1SG20 protein levels at 24 hpi in
BEAS-2B cells (n = 3). Relative intensity of each protein level was quantified with Image J. The
intensity of the proteins was normalized to GAPDH or p65. Results are shown as the mean £ SEM;
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using one-way ANOVA with Tukey’s multiple
comparisons test.

_29_



3.7. 1SG20 is responsible for antiviral effect of LA in BEAS-2B cells

Next, to investigate whether the antiviral effect of LA treatment directly mediated by 1SG20,
lentivirus-based knockdown system was used in BEAS-2B cells. It was confirmed that the
transcriptional level of ISG20 was reduced in the 1SG20-specific short hairpin RNA (sh-1SG20)
lentivirus-treated group compared to the scramble short hairpin RNA (sc-shRNA) lentivirus-
treated group (Figure 12A). Additionally, protein expression was decreased in the sh-1SG20
lentivirus-treated group compared to sc-shRNA group (Figure 12B). The HRV16 titer in the cell
culture media was significantly higher in the sh-ISG20 group compared to the sc-shRNA group,
both in the absence and presence of LA (Figure 12C). These findings collectively suggest that the
antiviral effect of LA against HRV16 is 1ISG20-dependent.
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Figure 12. 1SG20 is responsible for antiviral effect of LA in BEAS-2B cells. (A) Relative
expression level of 1ISG20 mRNA between scrambled short hairpin RNA (sc-shRNA) or 1SG20
specific short hairpin RNA (sh-1SG20) treated group (n = 4). (B) Representative immunoblot
analysis of 1ISG20 proteins in sc-shRNA treated BEAS-2B cells and shISG20 treated BEAS-2B cells
(n = 3). Relative intensity of protein levels was quantified with image J. The intensity of the proteins
was normalized to GAPDH. (C) Viral load in HRV16 infected BEAS-2B cells was measured by
TCIDso in culture supernatant (n = 3). Results are shown as the mean + SEM; *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001 using Student’s t-test.
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3.8. Respiratory administration of Na-LA enhances antiviral effects
in an HRV-infected mouse model

To investigate the antiviral effects of LA in an in vivo HRV infection model, | first evaluated
different LA formulations for respiratory delivery. Notably, BSA-conjugated LA (BSA-LA), which
is commonly used in in vitro settings, induced elevated levels of the proinflammatory cytokine IL-
6 in bronchoalveolar lavage (BAL) fluid, suggesting that this formulation may exacerbate airway
inflammation (Figure 13A). This observation is consistent with previous reports that BSA can elicit
immune responses when delivered systemically or locally %°. In contrast, sodium linoleate (Na-LA),
a water-soluble form of LA, did not trigger such inflammatory responses (Figure 13A). Furthermore,
BSA-LA failed to confer antiviral protection in the HRV1B-infected mouse model and did not
reduce IL-6 levels (Figure 13B, 13C), whereas Na-LA treatment exhibited both anti-inflammatory
and antiviral effects. Collectively, these findings indicate that BSA-conjugation is not a suitable
approach for in vivo evaluation of antiviral properties of LA, and that Na-LA is a more viable and
physiologically relevant formulation for intranasal delivery.

Next, Balb/c mice were intranasally inoculated with HRV1B, with or without Na-LA treatment
(Figure 14A). HRV1B titers in BAL fluid peaked at 8 hpi, while no viral titers were detected
following inoculation with UV-inactivated HRV1B (Figure 14B). Notably, Na-LA treatment
significantly reduced viral loads in BAL fluid at 8 hpi compared to the untreated HRV1B-infected
group (Figure 14B). Additionally, the antiviral effect of Na-LA was dose-dependent (Figure 14C,
D), consistent with previous in vitro findings.

Targeted metabolomics analysis revealed that Na-LA treatment increased LA levels in BAL fluid,
with no significant changes observed in its oxidative metabolites, including HODEs, Oxo-ODEs,
EpOMEs, and DIHOMES, compared to the mock group (Figure 15). These results, consistent with
in vitro data (Table 4 and Figure 7), suggest that the antiviral effect of Na-LA is mediated by LA
itself, independent of its conversion to oxylipins. To further examine the specificity of this effect,
comparative analysis of various LCFAs including oleic acid (OA), palmitic acid (PA), and
palmitoleic acid (PO), revealed that only LA exhibited a significant antiviral effect against HRV,
indicating that this activity is specific to LA among tested LCFAs (Figure 16).

Furthermore, the LA concentration detected in BAL fluid (~1,000 to 4,000 ng/ml; Figure 14A)
corresponds to approximately 3.6—14.5 uM, which is within the micromolar range. Although this is
lower than typical plasma levels reported to be approximately 800 uM it is important to note that
BAL fluid represents the local mucosal compartment, where even micromolar levels can be
functionally significant. Taken together, these results demonstrate that intranasally delivered LA
reaches effective local concentrations in the respiratory tract, supporting its utility as a potential
therapeutic strategy against HRV infection.
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Figure 13. Pro-inflammatory cytokine IL-6 levels and viral loads in mouse BAL fluids
following Na-LA or BSA-LA treatment. (A) IL-6 levels in BAL fluids were measured by ELISA
in mice treated with Na-LA only or BSA-LA only (n = 6). (B) Viral loads in BAL fluids were
quantified in mice from the following groups: mock, UV-inactivated HRV1B, HRV1B alone, Na-
LA+ HRV1B, and BSA-LA + HRV1B (n = 6). (C) IL-6 levels in mouse BAL fluids were measured
by ELISA in the same experimental groups as in (B). Results are shown as the mean £ SEM; *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using one-way ANOVA with Tukey’s multiple
comparisons test.
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Figure 14. Dose-dependent antiviral effects of respiratory administration of sodium linoleate
(Na-LA) in an HRV-infected mouse model. (A) Schematic image of in vivo HRV1B infection
experiment. (B) Viral load of HRV1B in mouse BAL fluid was measured by TCIDs in time-
dependent manner (n = 3 for 4, 24, 48 h, n = 6 for 8 h, 16 h). (C) Viral load of HRV1B in BAL fluid
was measured by TCIDsg in 8 hpi. (n = 6). (D) Viral load of HRV1B in mouse lung was measured
by TCIDsg in 8 hpi (n = 6). Data shown are representative of two independent experiments. Results
are shown as the mean + SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using one-way
ANOVA with Tukey’s multiple comparisons test.
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Figure 15. Quantification of LA and oxylipins in mouse BAL fluid. (A) Quantification of
metabolite concentrations in mouse BAL fluids. Concentration of LA and oxylipins in mouse BAL
fluid was analyzed by LC-MS/MS-based targeted metabolomics analysis (n = 6). Data shown are
representative of two independent experiments. Results are shown as the mean + SEM; *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001 using one-way ANOVA with Tukey’s multiple
comparisons test.
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Figure 16. Only Na-LA treatment has antiviral effect among various LCFAs in BAL fluids.
Viral load of HRV1B in BAL fluid was measured by TCIDso in 8 hpi. (n = 6). Results are shown as
the mean £ SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using one-way ANOVA
with Tukey’s multiple comparisons test.
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3.9. Respiratory administration of Na-LA exerts GPR40/120-mediated
antiviral effects in an HRV-infected mouse

In prior experiments conducted in BEAS-2B cells, it was demonstrated that the antiviral effect
of LA is mediated through GPR40/GPR120 signaling (Figure 8). To determine whether this
mechanism is relevant in the HRV-infected mouse model, HRV1B titers and lung histopathology
were measured in mice pretreated with GPR40 and GPR120 antagonists (intraperitoneally injected
AH7614 to inhibit GPR120 and GW1100 to inhibit GPR40) (Figure 17A). Interestingly, treatment
with these antagonists reversed the reduction in HRV1B titers observed with Na-LA treatment,
restoring viral loads in BAL fluid (Figure 17B) and lung lysates (Figure 17C). Additionally,
antagonists reversed the effects on cell infiltration in BAL fluid (Figure 17D), protein levels in BAL
fluid (Figure 17E), cytokine production (Figure 17F, G), and lung pathology (Figure 17H, I).
Furthermore, the Na-LA-induced increase in 1SG20 expression was attenuated by GPR40/120
antagonists (Figure 18A-B).

To assess whether 1SG20 upregulation by Na-LA treatment is dependent on interferon signaling,
levels of IFN-B and IFN-A2/3 were measured in BAL fluids. Notably, Na-LA treatment did not
increase the expression of IFN-B or IFN-A2/3 (Figure 19). These findings suggest that 1SG20
upregulation induced by LA occurs independently of interferon signaling.

Collectively, these results demonstrate that respiratory administration of LA enhances antiviral
effects against HRV through a GPR40/120-dependent mechanism (Figure 20). Furthermore, my data
suggest that the antiviral activity of LA is mediated via a GPR40/120-1SG20 signaling axis, rather
than through interferon signaling pathways.
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Figure 17. Respiratory administration of Na-LA enhances antiviral effects via a GPR40/120-
dependent mechanism in an HRV-infected mouse model. (A) Schematic image of the in vivo
GPR40/120 antagonists treatment experiment. (B) Viral load of HRV1B in BAL fluid was measured
by TCIDso in 8 hpi (n = 6). (C) Viral load of HRV1B in mouse lung was measured by TCIDsp in 8
hpi (n = 6). (D) Total cell number in BAL fluid was measured. (n = 6). (E) Protein concentrations in
BAL fluid were measured using the BCA assay in 8 hpi (n = 6). (F) Relative 116 mRNA expression
levels in lung lysates were measured by qPCR at 8 hpi normalized with Gapdh (n = 6). (G) IL-6 was
measured by ELISA in mouse BAL fluids at 8 hpi (n = 6). (H) Representative hematoxylin and eosin
(H&E) staining of lung sections (40X) at 16 hpi (n = 6). (1) Histology scores were presented as a bar
graph (n = 6). (Results are shown as the mean + SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ****p
< 0.0001 using one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 18. The regulation of 1ISG20 by Na-LA treatment is GPR40/120-dependent in an HRV-
infected mouse model. (A) Representative immunoblot analysis of ISG20 proteins in each group at
8 hpi (n = 6). (B) Relative intensity of protein levels was quantified with image J. The intensity of
ISG20 proteins was normalized with GAPDH. Data shown are representative of two independent
experiments, each with technical duplicates. Results are shown as the mean + SEM; *p < 0.05; **p
< 0.01; ***p < 0.001; ****p < 0.0001 using one-way ANOVA with Tukey’s multiple comparisons
test.
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Figure 19. No enhancement in the expression of interferons by Na-LA treatment. (A) IFN-B was
measured by ELISA in mouse BAL fluids (n = 3 for Mock, n = 8 for HRV1B, Na-LA+HRV1B). (B)
IFN-A 2/3 was measured by ELISA in mouse BAL fluids (n = 3 for mock, n = 8 for HRV1B, Na-
LA+HRV1B). Results are shown as the mean = SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001 using one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 20. Schematic diagram of the antiviral effect of the LA in HRV infection. Respiratory
administration of LA enhances antiviral effects against HRV through the upregulation of 1SG20 via
a GPR40/120-dependent mechanism.
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4. Discussion

In this study, | elucidated that LA plays an antiviral role in HRV infection. These results revealed
that treatment with LA induced antiviral effects by increasing 1ISG20 expression via the NF-xB
pathway in airway epithelial cells. LA cannot be produced by the host itself but must be obtained
through food intake ®. However, LA was detected in human nasal fluid using targeted LC/MS
analysis (Figure 2). One potential explanation for this finding is that LA may be derived from the
upper airway microbiome. According to previous studies, commensal bacteria such as
Corynebacterium, Staphylococcus, and Dolosigranulum are known to play an important role in
protecting against severe respiratory symptoms 62 Among these strains, Corynebacterium
accolens (C. accolens) has been associated with the enrichment of free fatty acids, including LA,
and has been shown to participate in anti-pneumococcal activity %. Recently, strains of C. accolens
have been shown to play a protective role in SARS-CoV-2 infection . When additional Na-LA is
administered during rhinovirus infection, a protective effect is observed in this study, confirming
that LA plays an important role during rhinovirus infection.

Among the G protein-coupled receptors, GPR40 and GPR120 are receptors for long-chain fatty
acid ligands. According to previous studies, GPR40/120 are well known as receptors for omega-3
fatty acids and are expressed in lung and colon epithelial cells . GPR40 has been reported to
participate in tight junction assembly in an AMP-activated protein kinase (AMPK)-dependent
manner in human airway epithelial cells . Although GPR120 is also mainly expressed in airway
epithelial cells, its role has not been extensively studied yet 5°7°. Recently, Clostridium butyricum-
induced -3 fatty acid, 18-HEPE, was found to promote IFN-lambda production through GPR120
and IRF1/7 activation 22. Similar to the attenuation of influenza virus, this study suggested that local
treatment with LA induces an antiviral effect through GPR40/120 in airway epithelial cells.
Additionally, GPR120 activation has been reported to suppress IL-4 and IL-13-induced allergic
inflammation and block airway epithelium remodeling by inhibiting STAT6 and Akt
phosphorylation ™. Since allergic inflammatory diseases induced by rhinovirus infection are related
to IL-4 and 1L-13 ">74, treatment with LA may alleviate these diseases through GPR120 activation.

In my results, an antiviral effect of LA was observed when it was administered prior to,
simultaneously with, or following rhinovirus infection in airway epithelial cells (Figure 6). Notably,
the antiviral efficacy was shown to be independent of the timing of administration, indicating that
the effect is not limited to viral entry or early infection stages. This observation suggests that the
antiviral activity of LA is mediated through intracellular mechanisms rather than extracellular
inhibition of viral binding or entry.

Therefore, bulk mMRNA sequencing was performed in BEAS-2B cells to investigate transcriptomic
changes induced by LA treatment. At 4 hpi, several genes including 1ISG20 were found to be
upregulated in response to LA (Figure 9). Among these, the expression of DMBT1 (also known as
gp340) was notably increased, as confirmed by mRNA sequencing analysis (Figure 9B, C). DMBT1
has previously been shown to protect airway epithelial cells by binding to the hemagglutinin of the
influenza virus, as well as to a broad range of bacteria, including Streptococcus species 527>76, Based
on these findings, it is suggested that LA treatment may enhance airway protection not only by
exerting antiviral effects, but also by promoting antibacterial defense mechanisms via DMBT1
upregulation.
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1SG20 is known to directly degrade viral RNA, and several mechanisms have been reported 2.
The three mechanisms of viral inhibition by 1ISG20 are direct viral RNA degradation 282%7%.78 direct
degradation of deaminated viral DNA 78 and IFN induction along with IFIT1-mediated translation
inhibition of viral RNA 8182, According to previous research, it was unable to detect measurable type
I IFN protein secretion from HRV-infected epithelial cells -8, Similar to those of previous studies,
showing that IFN was not induced during rhinovirus infection in BEAS-2B cells (Figure 10). Unlike
the in vitro data, IFN was induced upon HRV infection in vivo (Figure 19). However, its expression
levels were decreased by treatment with LA (Figure 19). These findings suggest that early viral
inhibition was induced through the direct induction of NF-kB-1SG20 by LA treatment, rather than
through the IFN-dependent 1ISG20 induction.

In this study, | found that 1SG20 expression was induced by treatment with LA, leading to
activation of NF-xB pathway in airway epithelial cells (Figure 11). This phenomenon is similar to
the induction of IFN-like gene Vago5 expression through the ERK-NF-kB pathway by treatment
with LA during WSSV infection , and the NF-xB pathway was involved in ISG20 expression .
Taken together, these results suggest that LA induces ISG20 expression through NF-xB activation,
independently of IFN-I signaling.

This study has several limitations. Although it was confirmed that ISG20 involvement in vitro via
knockdown studies (Figure 12), further work using 1ISG20 knockout mice would be necessary to
fully establish its role in vivo. Additionally, the downstream signaling cascade from GPR40/120 to
1ISG20 via NF-xB remains unclear.

Despite these limitations, this study provides the first evidence that locally administered LA
exhibits antiviral activity against HRV both in vivo and in vitro. A novel signaling axis involving
GPR40/120 and 1SG20 was identified, revealing a previously unrecognized mechanism by which
host lipid signaling modulates viral replication and inflammatory responses.

Furthermore, it was demonstrated that intranasally administered LA is effectively delivered to the
airway without oxidation (Figure 15). Airway-delivered LA was shown to significantly reduce both
viral burden and airway inflammation. Notably, among the various long-chain fatty acids (LCFAS)
tested, only LA demonstrated such antiviral and anti-inflammatory effects in vivo, indicating that
these therapeutic benefits are specific to LA (Figure 16). This noninvasive mode of delivery enables
localized therapeutic action while minimizing systemic exposure to LA, thereby potentially avoiding
adverse effects associated with elevated circulating LA levels following oral administration 8.

Given the central role of HRV in exacerbating respiratory conditions such as asthma, COPD,
allergic rhinitis, and the common cold, our findings suggest that intranasal Na-LA may serve as a
promising prophylactic or therapeutic strategy against HRV-associated airway diseases. Moreover,
since LA has also been reported to inhibit SARS-CoV-2 by binding to the viral spike protein and
altering its conformation 1518, it is conceivable that LA-based interventions could be effective against
a broader spectrum of respiratory viruses beyond HRV.
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5. CONCLUSION

This study highlights the protective role of linoleic acid (LA) against Human Rhinovirus (HRV)
infection, a major contributor to respiratory diseases. | demonstrated that LA treatment reduces
HRV16 infectivity in human airway epithelial cells by inducing the expression of the antiviral
protein 1SG20, which effectively inhibits HRV replication. Furthermore, the antiviral effects of LA
were shown to be mediated through G-protein coupled receptors (GPR) 40 and 120, as well as the
activation of the NF-kB signaling pathway. In vivo, intranasal administration of sodium linoleate
(Na-LA) attenuated HRV-induced pathophysiology in mice in a GPR40/120-dependent manner,
further supporting the potential therapeutic benefits of Na-LA. Collectively, these findings provide
compelling evidence that LA may serve as a promising therapeutic candidate for the treatment of
HRYV infections and related respiratory diseases, offering a novel strategy to alleviate the burden of
viral respiratory illnesses.
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