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Abstract

Influenza vaccines and antivirals are compromised by viral evolution, underscoring the
need for host-directed strategies that provide broad, strain-independent protection. While
flagellin, a Toll-like receptor 5 (TLR5) agonist, has an established role in shielding against
respiratory bacterial infection, its role in shaping antiviral defenses in the airway epithelium
remains poorly understood. Using porcine bronchial epithelial cells and pigs infected with
swine influenza A virus (SIAV), we show that TLR5 activation sensitizes cells to type |
interferon (IFN). Flagellin lowered the IFN concentration required for STAT2 activation,
amplifying interferon-stimulated gene expression, and suppressing viral replication. This
effect required IFN signaling and MyD88, and coincided with a flagellin-induced MyD88—
JAK1 interaction. In SIAV-infected pigs, a single administration of flagellin was sufficient
to heighten IFN responsiveness and to mitigate disease severity. These findings reveal a
novel crosstalk between TLR5 and IFN pathways, offering a strain-independent route to
boost antiviral protection.

Keywords: Swine Influenza, Flagellin, Innate Immunity, TLR5
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INTRODUCTION

Swine influenza A viruses (SIAV) are major viral pathogens within the porcine respiratory
disease complex (PRDC)’, a multifactorial syndrome that compromises respiratory health
and productivity in pig farms. Beyond the acute respiratory disease, SIAV infection impairs
lung function and predisposes pigs to secondary bacterial infections, substantially
increasing economic losses?. In addition, SIAV pose a significant zoonotic risk, as pigs
can act as “mixing reservoirs” that facilitate reassortment and transmission of influenza A
viruses between avian and mammalian hosts34.

Vaccination remains the principal control strategy, but its effectiveness is limited by
antigenic drift of circulating field viruses®®. Antiviral drugs for human influenza, primarily
neuraminidase inhibitors (e.g. oseltamivir) and cap-dependent endonuclease inhibitors
(e.g. baloxavir), have a narrow therapeutic window, suffer from widespread resistance,
and are currently not considered as a suitable option by the livestock sector.
Consequently, there is a pressing need for strain-independent antiviral approaches that
leverage host defenses to benefit both veterinary and human medicine.

An alternative strategy involves immunomodulation through Toll-like Receptor 5 (TLRS5), a
Pattern Recognition Receptor (PRR) abundantly expressed in airway epithelial cells
(AECs), the primary target of influenza A viruses’. By modulating host response rather
than directly targeting the virus, this host-directed approach offers the potential of strain-
independent protection®'2. Flagellin, a TLR5 agonist, has emerged as a particularly
promising candidate for combating respiratory infections'®, with AECs acting as first
responders to flagellin exposure’#15. Mucosal administration of flagellin has demonstrated
protective activity against respiratory pathogens in several infection models, including
bacterial infections in mice'®'® and pigs'?, as well as influenza' and post-influenza
pneumococcal infection in murine models'’. This protective effect is most likely mediated
through activation of innate immune pathways in AECs and recruitment of immune effector
cells such as neutrophils'®12,

Our previous work indicates that flagellin also modulates how AECs respond to
subsequent pathogen exposure'?, suggesting that TLR5 signaling may shape how AECs
respond to SIAV infection. Upon binding to TLRS5, flagellin assembles the MyD88-
dependent complex (“myddosome”), triggering a signaling cascade that activates the NF-
kB pathway??. Beyond this canonical pathway, some studies have linked TLR5 to the
antiviral response inducing the expression of IFN- and downstream interferon-stimulated
genes (ISGs) in immune cells?'?2. However, whether TLR5 signaling intersects with the
antiviral response in AECs is unknown.

Antibacterial and antiviral defenses are conventionally regarded as distinct. Viral motifs
are recognized through PRRs such as RIG-I, MDA-5, TLR3, and TLR7, which converge
on NF-kB and interferon regulatory factors 3/7 (IRF3/7) to induce type | interferons (IFN-I)
and pro-inflammatory cytokines”2%. IFN-I then activates the JAK-STAT pathway, inducing
a broad antiviral program through the expression of ISGs?*. Given the overlapping cellular
targets, flagellin may modulate the epithelial response to influenza A virus/SIAV infection.
Whether flagellin shapes the antiviral response by inducing IFN-I de novo or independently
of IFN production remains to be defined.

Here, we investigated how flagellin shapes the antiviral response of porcine AECs to two
SIAV strains (H3N2, H1ayN2). We used FLAMOD, a recombinant flagellin variant (FliCa174-
400)%° with established immune-stimulatory effects in the pig lungs''. FLAMOD enhanced
ISG expression and reduced viral titers in vitro in a TLR5- and IFN-I dependent manner.
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This effect occurred without detectable IFN-I induction, and instead reflected an enhanced
cellular sensitivity to IFN-I, uncovering a previously unrecognized layer of antiviral
regulation in porcine AECs. In vivo, intranasal administration of FLAMOD enhanced
pulmonary ISG induction and mitigated influenza-associated lung pathology. These in vivo
findings corroborate our cellular data, supporting the concept that flagellin-mediated
modulation of interferon sensitivity can enhance host resistance to SIAV infection.

RESULTS

FLAMOD treatment induces the expression of anti-viral genes during influenza
infection

To determine how FLAMOD modulates the epithelial response to SIAV, we performed
microfluidic RT-qPCR profiling on porcine bronchial epithelial cells (T3) infected with an
H3N2 strain or left uninfected, followed by FLAMOD treatment 1-hour post-infection (hpi).
In non-infected cells, FLAMOD induced the expression of several pro-inflammatory
mediators, including CCL20, CXCL2,CXCL8, CSF2, and IL1A, consistent with our
previous observations'? (Supplementary Figure 1). Hierarchical clustering revealed a
distinct group of genes strongly upregulated at 48 hpi in H3N2-infected cells (Figure 1).
FLAMOD tended to increase IFNB expression and significantly enhanced the expression
of multiple ISGs and PRRs, including DAI, EIF2AK2, IFI16, IFIT1, and RIG-I (Figure 1B),
as well as pro-inflammatory cytokines and chemokines (CCL20, CXCL2, CXCL8, IL1A and
TNFSF10) (Supplementary Figure 1). FLAMOD-induced upregulation of ISGs occurred
only in SIAV-infected cells, indicating that TLRS signaling further stimulates the virus-
induced antiviral transcriptional response.

This effect was conserved across SIAV subtypes. In cells infected with an H1a/N2 strain,
representative of a currently circulating lineage in France?®, FLAMOD significantly
increased the expression of IFITM1, ISG15, MX1, and OAS1 at 48 hpi (Figure 1C). Early
induction of CCL20 and CXCL8 was also observed at 8 hpi, and both chemokines
remained elevated throughout infection (Supplementary Figure 1). Together, these results
show that FLAMOD potentiates the antiviral transcriptional program of SIAV-infected
porcine AECs.
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Figure. 1. FLAMOD treatment enhances ISG expression during SIAV infection in
porcine bronchial epithelial cells. (A) Heatmap of z-score—normalized gene expression
(fold change) across 66 host genes measured by microfluidic RT-gPCR in T3 cells at 8,
24, and 48 hpi. Rows are hierarchically clustered (Euclidean distance, complete linkage)
and split into three groups. Each column represents an individual biological replicate (n =
6 per condition). (B) Time-course expression of ISGs and interferon-stimulated PRRs in
T3 cells infected with SIAV H3N2 or left uninfected and treated with FLAMOD or vehicle

control. (C) ISG expression in T3 cells infected with SIAV H1avN2 and treated with
FLAMOD or vehicle control. Data are presented as mean fold change £+ SEM (n = 6). p
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values indicate the main effect of FLAMOD treatment from a two-way ANOVA (Flagellin x
Time) within SIAV-infected cells. Dashed lines represent non-infected groups; solid lines
represent SIAV-infected groups.

FLAMOD treatment reduces SIAV titers in porcine airway epithelial cells

Next, we assessed whether these transcriptional changes translated into antiviral activity.
We quantified SIAV titers in cells infected with either the H3N2 or H1ayN2 strain at 8, 24
and 48 hpi. No infectious virus was detected at 8 hpi, and titers increased sharply
thereafter. FLAMOD significantly reduced H3NZ2 titers at 48 hpi (7.9 vs 6.9 log;, TCID5c/mL
in control and FLAMOD-treated cells, respectively) (Figure 2A) and lowered H1ayN2 titers
at both 24 and 48 hpi (Figure 2B). This reduction across two antigenically distinct strains,
together with the enhanced ISG expression, indicates that FLAMOD strengthens the
epithelial antiviral response and limits SIAV replication.
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Figure. 2. FLAMOD treatment reduces SIAV replication in porcine bronchial
epithelial cells. T3 cells were infected with SIAV H3N2 (A) or SIAV H1ayN2 (B) and treated
with FLAMOD (100 ng/ml) or vehicle control 1 hpi. Supernatants were collected at 8, 24,
and 48 hpi and viral titers were determined by TCID50 assay on MDCK cells. Each dot
represents an individual biological replicate (n = 6); horizontal bars indicate the mean. p
values were calculated using a two-sided Student's t-test comparing FLAMOD-treated and
untreated groups at each time point.

FLAMOD-induced ISG expression and antiviral activity require TLR5 signaling

To determine whether the antiviral effect of FLAMOD is mediated solely by TLR5
recognition, we compared the activity of a bioactive flagellin variant (FliCa3) with a
TLR5-inactive mutant (FliCas.1)?”. Treatment of T3 cells with FliCa3 for 4 h induced a robust
upregulation of CCL20, CXCL2 and CXCLS8, whereas FliCas.1 failed to elicit any detectable
response (Figure 3A). In H3N2-infected cells, FliCas significantly increased the expression
of antiviral ISGs (IFITM1, ISG15, MX1 and OAS17), whereas FliCa3s.1 had no effect (Figure
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3B). Consistent with this lack of ISG induction, FliCas.1 treatment also failed to reduce viral
titers, in contrast to the antiviral effect observed with FliCas (Figure 3C). Together, these
results demonstrate that TLR5 signaling is essential for both the transcriptional and
antiviral effects of flagellin.
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Figure 3. The immunomodulatory and antiviral effects of flagellin are TLR5-
dependent. T3 cells were infected with SIAV H3N2 and treated with bioactive flagellin
(FIiCas), TLR5-non-signaling mutant (FliCas.1), or left untreated (Control) for 4 hours. (A)
Chemokine expression in infected cells treated with FliCas or FliCas.1. p values from
unpaired two-sided Student's t-test (n = 4). (B) ISG expression in SIAV-infected cells
treated with FliCas, FliCas.1, or left untreated (Control). Brackets indicate pairwise
comparisons from one-way ANOVA followed by Tukey HSD post-hoc test (n = 7-9); ns,
not significant. (C) Viral titers at 48 hpi determined by TCID50 assay on MDCK cells. p
values from one-way ANOVA followed by Tukey HSD (n = 8-9). Each dot represents an
individual biological replicate; horizontal bars indicate the mean. Dashed grey line
indicates the mean expression level of non-infected untreated controls (A, B). Data in (A)
and (B) are expressed as fold change relative to non-infected untreated cells.

FLAMOD effect on the antiviral response is predominantly dependent on JAK
signaling
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Most ISGs are regulated by IFN-I (IFNa/B) via the JAK/STAT pathway, with emerging
evidence indicating that NF-kB can also regulate a subset of ISGs?8. To dissect their
relative contributions to FLAMOD-mediated antiviral responses, we used chemical
inhibitors targeting NF-kB (BAY 11-7082, an IKK inhibitor) and JAK/STAT signaling (JAK
inhibitor 1). One hour pre-treatment of T3 cells with JAK inhibitor | completely abolished
FLAMOD-induced ISG expression (IFITM1, ISG15 and OAS1Y) in SIAV-infected cells at 48
hpi (Figure 4A). Moreover, FLAMOD antiviral effect was entirely lost in the presence of the
JAK inhibitor (Figure 4B). In contrast, NF-kB inhibition with BAY 11-7082 reduced the
expression of pro-inflammatory cytokines (CCL20) and selected ISGs (OAS1) at 48 hpi
(Supplementary Figure 2) but did not impair FLAMOD antiviral activity (Supplementary
Figure 2). Taken together, these data indicate that FLAMOD'’s antiviral activity against
SIAV H3N2 is predominantly mediated through JAK/STAT signaling rather than NF-kB.
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Figure 4. FLAMOD-mediated antiviral response is dependent on JAK/STAT
signaling. T3 cells were pre-treated with JAK inhibitor | (JAKIi) or vehicle (Mock) for 1 hour,
infected with SIAV H3N2, and treated with FLAMOD or left untreated (Control) for 48
hours. (A) ISG expression measured by RT-qPCR. Data are expressed as fold change
relative to non-infected, untreated controls (grey dashed line). Non-infected, FLAMOD-
treated samples are represented as a red dashed line. Shaded areas represent the
standard error of the mean for the respective non-infected baselines. (B) Viral titers at 48
hpi determined by TCIDso assay on MDCK cells. Each dot represents an individual
biological replicate (n = 5); horizontal bars indicate the mean. p values were calculated
using two-sided Wilcoxon rank-sum tests comparing FLAMOD-treated and untreated
groups within each inhibitor condition; ns, not significant.

FLAMOD effect on the antiviral response requires IFN-I signaling

To confirm the requirement for IFN-I signaling, we generated an IFNAR7-knockout
(IFNAR1-KO) T3 cell line using CRISPR/Cas9 genome editing. Sanger sequencing
confirmed disruptive indels in 91% of alleles (Supplementary Figure 3). Confocal
microscopy imaging of edited cells showed an almost complete absence of IFNAR1, with
just 24% of IFNAR1-KO cells retaining residual IFNAR1 signal (Figure 5A and
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Supplementary Figure 3). Stimulation with 10 IU/mL IFN-a for 30 min induced robust
nuclear translocation of STAT2 in NTC cells. In contrast, STAT2 remained cytoplasmic in
IFNAR1-KO cells, confirming their inability to respond to IFN-I due to loss of receptor
signaling (Figure 5B).

To determine the contribution of IFN-I signaling to FLAMOD-mediated antiviral responses,
non-targeting control (NTC) and IFNAR1-KO cells were infected with SIAV H3N2 (MOI
0.1) for 1 hour, treated with 100 ng/mL of FLAMOD or left untreated, and sampled at 8,
24, and 48 hpi. The expression of ISGs (ISG15, MX1, OAS1) increased progressively,
peaking at 48 hpi in NTC cells. As observed previously, FLAMOD treatment further
amplified ISG induction (Figure 5C). ISG induction was profoundly reduced in IFNAR1-KO
cells, with /ISG15 induction being almost completely abrogated (Figure 5C). FLAMOD
induced early and sustained expression of CCL20 and CXCL8 (Figure 5D). Notably,
CCL20 expression was significantly reduced in IFNAR1-KO cells relative to NTC cells (p
< 0.005, Figure 5D). In contrast, CXCL8 expression did not differ significantly between
IFNAR1-KO and NTC cells (Figure 5D).

Finally, FLAMOD significantly reduced viral titers in NTC cells, but this antiviral effect was
entirely lost in IFNAR1-KO cells (Figure 5E). Together, these findings demonstrate that
functional IFN-I signaling through the IFNAR-JAK-STAT pathway is essential for
mediating the antiviral effect of FLAMOD in vitro.
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Figure 5. Type | interferon signaling is required for FLAMOD-mediated antiviral
activity. (A) Immunofluorescence staining of IFNAR1 in NTC and /IFNAR1-KO T3 cells.
Red, IFNAR1; blue, DAPI. (B) STAT2 nuclear translocation in NTC and IFNAR1-KO cells
after stimulation with recombinant type | interferon (10 U/mL, 30 min). Green, STAT2. (C)
ISG expression (ISG15, MX1, OAS1) in SIAV H3N2-infected NTC and IFNAR1-KO cells
treated with FLAMOD (100 ng/mL) or vehicle control. (D) Chemokine expression (CCL20,
CXCLS8) in the same experimental conditions. Data in (C) and (D) are expressed as mean
fold change + SEM relative to non-infected untreated controls (dashed grey line) (n = 3-6
per group per time point). p values from three-way ANOVA (Flagellin x Time x KO) indicate
the main effect of FLAMOD treatment, genotype (KO), and their interaction (Flagellin x
KO). Solid lines, NTC; dashed lines, IFNAR1-KO. (E) Viral titers at 24 and 48 hpi
determined by TCIDso assay on MDCK cells. Each dot represents an individual biological
replicate (n = 5-6); horizontal bars indicate the mean. p values from unpaired two-sided
Student's t-test comparing FLAMOD-treated and untreated groups within each genotype
and time point.
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FLAMOD enhances cellular sensitivity to interferon, leading to an increased
expression of ISG genes.

Our results showed that FLAMOD amplifies ISGs expression only during infection (Figure
1A). To elucidate whether FLAMOD sensitizes porcine airway epithelial cells to IFN-I, we
quantified the nuclear translocation of STAT2, a component of the ISGF3 complex2%30, T3
cells were treated with increasing concentrations of porcine IFN-a (0, 0.1, 1, 2.5, 5, and
10 IU/mL), either alone or in combination with 100 ng/mL of FLAMOD. STATZ2 nuclear
translocation was assessed at 15, 30, and 60 minutes post-stimulation.

FLAMOD alone did not induce STATZ2 nuclear translocation, consistent with its inability to
activate the JAK-STAT pathway. In contrast, IFN-a alone induced a dose-dependent
STAT2 translocation. Kinetic analysis showed distinct patterns depending on IFN-a
concentration. STATZ2 translocation was transient at 2.5 IU/mL (with a peak at 30 min) but
rapid and sustained at 5-10 IU/mL (Figure 6A).

Co-treatment with  FLAMOD and IFN-a shifted this response toward lower IFN-a
concentrations, with STAT2 translocation detectable at 1 IlU/mL IFN-a by 15 minutes and
sustained thereafter (Figure 6A). The proportion of cells exhibiting nuclear STAT2 was
significantly higher in the FLAMOD + IFN-a condition, even at low IFN-a doses
(Supplementary Figure 4).

We calculated the area under the curve (AUC) and confirmed a significant increase in
STAT2 nuclear translocation when FLAMOD was combined with low IFN-a concentrations
(1 and 2.5 IU/mL) (Supplementary Figure 4). At the highest IFN-a doses, no differences
were observed between the two conditions. Log-logistic fitting showed that both conditions
exhibited ultrasensitive responses, with Hill coefficients of 2.43 (IFN-a alone) and 2.16
(FLAMOD + IFN-a) but a 12-fold reduction in ECso in the presence of FLAMOD (ECso =
0.21 IU/mL) compared to IFN-a alone (ECso = 2.47 IU/mL) (Figure 6B).

This sensitization extended to gene expression. ISG (IFITM1, MX1 and OAS1) expression
at 4 hours post-treatment increased in a dose-dependent manner, mirroring the trend
observed for STAT2 activation (Figure 6C). However, ISG expression did not plateau at
the highest IFN-a concentration tested (10 Ul/mL) (Figure 6C). Importantly, at low IFN-a
doses (1 Ul/mL), cotreatment with FLAMOD already induced detectable IFITM1 and OAS1
expression, while IFN-a alone remained near basal levels (Figure 6C).

Altogether, FLAMOD strengthens IFN-I signaling in porcine AECs, promoting rapid
antiviral gene activation.
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Figure 6. FLAMOD enhances T3 cells sensitivity to interferon-a. T3 cells were treated
with FLAMOD (100 ng/ml) or vehicle control and different concentrations (0-10 1U/mL) of
interferon-a (IFNa) for 15, 30 or 60 minutes (A-B) or 4 hours (C). (A) Dose-response
evaluation of STAT2 nuclear translocation (n= 3). (B) Log-logistic model for the area under
the curve of the ratio nuclear/total STATZ2 for each dose of IFNa.The half-maximal effective
concentration (EC50) values are displayed for cells stimulated with IFNa or IFNa and
FLAMOD. (C) Dose responses for the expression off IFITM1, MX1 and OAST (n = 3). Data
in (A) are expressed as mean nuclear/total STATZ2 ratio + SEM; data in (C) are expressed
as mean fold change + SEM relative to non-treated controls. P values from two-way
ANOVA indicate the main effect of FLAMOD treatment, IFNa concentration and their
interaction.

MyD88, but not TRAF®6, is required for the effect of FLAMOD on IFN-I signaling

To dissect how TLRS signaling interacts with the IFN-I pathway, we generated TRAFG-
knockout (TRAF6-KO) and MyD88-knockout (MYD88-KO) T3 cell lines by CRISPR/Cas9
genome editing (sgRNAs used in the study are shown in Table S1). Sanger sequencing
revealed disruptive indels in approximately 67% of TRAF6 (Supplementary Figure 5) and
63% of MYD88 (Supplementary Figure 6) alleles.

Cells were stimulated for 4h with either IFN-a (10 Ul/mL), IFN-a (10 Ul/mL) plus FLAMOD
(100 ng/mL) or the buffer. IFN-a alone induced ISGS (MX1, OAS1, IFITM1) to comparable
levels across NTC, TRAF6-KO and MYD88-KO, confirming intact baseline IFN
responsiveness (Figure 7A and 7B). FLAMOD co-treatment enhanced ISG expression in
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control cells. This enhancement was preserved in TRAF6-KO cells, with no significant
difference between genotypes (Figure 7A). In contrast, MyD88 deletion abolished the
FLAMOD-mediated ISG enhancement for MX7 and IFITM1, while OAS71 showed a similar
trend (p = 0.12). In contrast, FLAMOD-induced CCL20 and CXCL8 expression was lost in
both TRAF6-KO and MYD88-KO. Together, these results support the existence of two
distinct signaling branches: FLAMOD potentiates IFNa-driven ISG expression through
MyD88 independently of TRAF6, while FLAMOD-induced pro-inflammatory gene
expression requires both MYD88 and TRAFG6, consistent with canonical NF-kB activation.

To investigate whether MYD88 physically associates with the JAK-STAT pathway, we
performed co-immunoprecipitation assays in T3 cells stimulated for 30 min with FLAMOD
alone, IFN-a alone, FLAMOD plus IFN-a, or left unstimulated. JAK1 co-precipitated with
endogenous MyD88 exclusively under combined FLAMOD and IFN-a stimulation; no
interaction was detected with either agonist alone or in unstimulated cells (Figure 7C).
These results indicate that concurrent activation of TLR5 and IFNAR promotes the
formation of a MyD88-JAK1 complex, providing a mechanistic basis for the FLAMOD-
mediated amplification of type | IFN signaling.
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Figure 7. MYD88, but not TRAF®6, is required for FLAMOD-mediated amplification of
type | interferon signaling. (A, B) Relative gene expression (fold change over mock) of
ISGs (MX1, OAS1, IFITM1) and pro-inflammatory cytokines (CCL20, CXCL8) in NTC
versus TRAF6 KO (A) or MYD88 KO (B) cells treated with IFNa or IFNa + FLAMOD.
Crossbars indicate group means; error bars £+ SEM; dashed line = mock baseline. Data
were analyzed by linear mixed-effects models on AACt (Treatment x Genotype + (1|Day)).
Interaction p-values report the Treatment x Genotype term. p values report simple effects
of Genotype within each Treatment (Holm-adjusted) (n =5). TRAF6 and MYD88
knockdown efficiencies are shown in Supplementary Figures 5 and 6. (C) T3 cells were
stimulated for 30 min with FLAMOD, IFNa, FLAMOD + IFNa, or left unstimulated. Proteins
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were immunoprecipitated using an anti-MYD88 antibody and the result was analyzed by
western blot by probing membranes with anti-MYD88 and subsequently reprobing with
anti-JAK1. Representative western blot corresponding to the immunoprecipitates are
shown on the right whereas western blots on input samples (10% of lysate) are shown on
the left. Bands at 50 kDa and 25 kDa correspond to IgG heavy and light chains. JAK1 co-
precipitates with MYD88 exclusively upon co-stimulation (n = 3).

FLAMOD decreases clinical symptoms and systemic inflammation in SIAV-infected
pigs

To evaluate the effect of FLAMOD in vivo, pigs were infected with SIAV H1a/N2 and treated
with FLAMOD or vehicle one-hour post-inoculation. Clinical monitoring revealed distinct
disease trajectories between treatment groups throughout the 72h observation period
(Figure 8A). Clinical signs, including increased respiratory frequency, irregular breathing,
cough, lethargy, and reduced mobility, were observed exclusively in H1a/N2-infected
animals.

FLAMOD significantly reduced cumulative clinical scores (Figure 8B). This protective
effect was most pronounced during the acute disease phase, with clinical signs in
FLAMOD-treated pigs largely restricted to 6 hpi. Half of the FLAMOD-treated animals (3/6,
50%) remained completely asymptomatic throughout the trial, in contrast to symptom
development in all the animals from the control group (6/6, 100%), in which animals were
administered the NaPi buffer.

Likewise, FLAMOD also attenuated systemic inflammation. Serum C-reactive protein
(CRP) concentrations, were significantly reduced in FLAMOD-treated animals compared
to animals from the control group (Figure 8C).

Finally, we assessed whether a single FLAMOD administration could reduce pulmonary
viral titers in vivo. We observed that FLAMOD-treated pigs exhibited a non-significant
downward trend in viral loads (2.1-fold, p = 0.16) compared to NaPi-treated (Figure 8D).
These results suggest that FLAMOD can modulate the inflammatory response to SIAV
and may mitigate SIAV-associated pathology.
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Figure 8. FLAMOD decreases clinical symptoms and systemic inflammation in
SIAV-infected pigs. (A-B) Clinical score represents the sum of distinct clinical
manifestations per animal per timepoint. (A) Clinical score time course showing mean
number of symptoms + SEM over 72 hpi (hpi) for mock-infected controls, H1a/N2-infected
pigs treated with the buffer (NaPi), and H1asN2-infected pigs treated with FLAMOD.
Clinical signs included increased respiratory frequency, irregular breathing, cough,
lethargy, and reduced mobility. Cumulative clinical scores (sum of all symptoms across all
timepoints per animal) comparing H1a/N2-infected pigs treated with NaPi buffer or
FLAMOD. Each dot represents an individual replicate (n = 6). p values were determined
using Student’s t-test. (C) Serum C-reactive protein (CRP) concentrations over time in
H1avN2-infected pigs treated with NaPi buffer (orange) or FLAMOD (blue). Data points
represent means + SEM at 0, 24, and 72 hpi. CRP was analyzed by linear mixed-effects
model on log-transformed values with Treatment, Day, and their interaction as fixed effects
and Pig as a random intercept (ImerTest). (D) Viral titers in the pig lungs (right cranial lobe)
at 72 hpi determined by TCIDso assay on MDCK cells, expressed as log1o TCIDso per gram
of tissue. Each dot represents an individual biological replicate (n = 6); horizontal bars
indicate the mean. Statistical analysis was a one-sided Student's t-test based on the a
priori hypothesis that FLAMOD would reduce viral replication as observed in vitro.

FLAMOD treatment increases the expression of ISGs in H1avN2-infected pigs

To assess how FLAMOD modulates the host transcriptional response to SIAV, we
performed single-nucleus RNA sequencing (SnRNA-seq) on lung tissue collected at 3 days
post-inoculation from control pigs (n = 3), H1ayN2-NaPi animals (n = 6) and H1a/N2-
FLAMOD animals (n = 6). After quality control, a total of 135349 nuclei were integrated
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across all samples. lterative clustering and marker-based annotation resolved 30 cell
populations spanning the porcine lung cellular landscape (Figure 9A and Supplementary
Figure 7). H1ayN2 infection reduced B cell and club cell proportions, and expanded cDC1s,
monocyte-derived macrophages, pDCs, plasma cells, and proliferating lymphocytes,
consistent with an active innate and early adaptive immune response. Importantly,
composition did not differ between H1aN2-NaPi and H1a/N2-FLAMOD animals
(Supplementary Figure 8), indicating that FLAMOD does not substantially alter lungs
cellular composition at this stage.

Among cells with detectable viral RNA, this distribution of the percentage of total RNA
reads was bimodal on a log-scale (Supplementary Figure 9). A two-component Gaussian
mixture model defined four infection states: control, bystander, low, and high (Figure 9B).
High-load cells were predominantly of respiratory epithelial origin. Surprisingly, some cell
types (basal, lymphatic endothelial and pDC), showed a significant increase in the number
of viral transcripts in FLAMOD treated animals (Supplementary Figure 10).

Per-cell type | and type Il ISGs module scores were significantly elevated in cells from
infected animals relative to uninfected controls, including in bystander cells that contained
no detectable viral RNA (Figure 9C). This indicates that tissue-level inflammation via
paracrine interferon signaling rather than per cell viral burden, governs ISG magnitude.

We next performed differential expression analysis between FLAMOD- and NaPi- treated
animals for each cell type and infection state combination, followed by gene-set
enrichment analysis (GSEA) of type | and type Il ISGs (Supplementary Figure 11 and
Supplementary Figure 12, respectively). FLAMOD significantly induced ISG expression in
most cell types (Figure 9D), with the strongest effects observed in NK cells, smooth
muscle, B cells, basal cells and naive T cells. In contrast, multiciliated cells and activated
IMs showed attenuated ISG responses. FLAMOD-mediated ISG induction was reduced in
cell presenting high viral loads (Figure 9D). A donor-level random-effects meta-analysis of
ISG module scores for each infection state confirmed the increase in type | and type Il ISG
scores in most bystander and low viral load cell types (Supplementary Figures 13 and 14),
with no detectable heterogeneity across cell types in the magnitude of the effect (1> = 0%).
In high viral load cells, the pooled effect was attenuated and no longer significant.
Together, these findings indicate that FLAMOD broadly sensitizes IFN signaling across
the lung cellular landscape, with the strongest effect in bystander cells.

At the gene level, FLAMOD upregulated ISGs predominantly in bystander cells, with the
largest number of differentially expressed ISGs in immune cell types (Figure 9E and
Supplementary Figure 15). IFITM3, an antiviral ISG with anti-influenza activity®!, was the
most consistently induced ISG. Other classical ISGs, including OAS2, MX2, EIF2AK2,
IFI44, IFIH1, were upregulated in various cell types. Importantly IFN-I module scores did
not differ across lung cell types between treatments and did not correlate with the ISG
response (Supplementary Figure 16). These results indicate that the enhanced ISG
program in FLAMOD-treated animals reflects increased cellular responsiveness IFN
signaling rather than elevated IFN production at the time of sampling.
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446  Figure 9. FLAMOD increases ISG expression in H1ayN2 infected pigs. (A) UMAP
447  visualization of 30 cell types annotated across all samples (18260 cells from the control
448  group, 48071 cells from H1avN2-NaPi, and 69019 cells from H1avN2-FLAMOD animals).
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(B) UMAP projection colored by viral load category: control (no infection), bystander (no
detectable viral reads in infected animals), low, and high viral load. (C) Type | (top) and
Type Il (bottom) ISG module scores across viral load categories. Violins show the
distribution of single-cell scores; overlaid white dots represent per-animal pseudobulk
means (n = 5 cells per animal per category). Horizontal black bars indicate group means.
P-values are from pairwise t-tests on pseudobulk values with Benjamini—-Hochberg
correction; only significant comparisons are shown. (D) Pseudobulk gene set enrichment
analysis (GSEA) of Hallmark type | and type Il IFN-induced gene sets across lung cell
types and infection states. For each cell type x infection state, gene-level differential
expression between FLAMOD- and NaPi-treated animals was performed by DESeq2 on
per-pig pseudobulk counts, and genes were ranked by the Wald statistic for input to fgsea.
Bubble color indicates the normalized enrichment score (NES); bubble size indicates the
Benjamini-Hochberg-adjusted enrichment FDR. Cell types are ordered by mean NES
across infection states. (E) Volcano plots of differentially expressed ISGs between
FLAMOD and NaPi in bystander and cells with low viral loads in selected cell types. Red
and blue dots indicate genes significantly upregulated and downregulated in FLAMOD-
treated animals, respectively (FDR < 0.05). Dark grey indicates non-significant ISGs. Light
grey indicates non-ISG genes. Gene labels are shown for significant genes only. Statistical
significance was assessed by DESeq2 Wald test on pseudobulk counts (FLAMOD vs
NaPi); FDR is Benjamini-Hochberg-adjusted across all genes per cell type.

DISCUSSION

Rational design of TLR-based therapeutic interventions requires a good understanding of
how TLR signaling intersects with the IFN response. Here, using SIAV-infected porcine
bronchial epithelial and an in vivo pig model, we identify a previously unrecognized
interaction between TLR5 and the IFN-I axis. We demonstrate that TLRS activation by
FLAMOD sensitizes lung cells to IFN-I signaling, enhancing ISG expression in both
infected and bystander cells and potentially reducing SIAV viral titers.

The antiviral potential of TLR ligands is well-documented. TLRs can induce type | IFN
induction via IRF3/7 signaling3233. Flagellin administration has shown protective effects in
murine models of viral infections, including rotavirus34, CMV?3° and influenza A virus (IAV)
infections'”19. However, the underlying mechanisms remain debated. Although flagellin
can induce antiviral ISGs in mouse lungs'®, studies in IFN-receptor-deficient mice suggest
its protection may occur independently of IFN signaling, relying on recruitment of NK
cells®®, DCs** and neutrophils'”. The cell-intrinsic basis of flagellin's antiviral activity,
particularly in airway epithelial cells, has remained unclear.

In contrast to previous studies conducted in murine models, we found that FLAMOD-
induced ISG expression correlated with reduced viral titers in vitro, and this antiviral effect
was abolished when ISG expression was disrupted. /n vivo, FLAMOD administration
increased ISGs expression across various lung cell populations in SIAV-infected pigs.
Although single-nucleus RNA sequencing (snRNA-seq) revealed stable or slightly
increased viral RNA in some cell types, lung viral titers trended downward in FLAMOD-
treated animals. This apparent discrepancy aligns with the "abortive" nature of the
influenza infection cycle, in which viral transcription is often uncoupled from the production
of infectious progeny?36. Recent mapping of the IAV infection cycle suggests that many
cells reach high levels of viral mRNA but fail to produce infectious virions due to
intracellular bottlenecks in genome replication or assembly3”-38. Our findings suggest that
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FLAMOD-induced ISGs may primarily interfere with the late stages of the viral life cycle.
Thus, higher viral RNA detected by snRNA-seq could reflect trapped or non-productive
transcripts in cells that are more effectively restricting the virus. Larger cohorts and
optimized dosing will be required to fully define the antiviral efficacy of TLR5 activation in
Vivo.

A central question is how FLAMOD drives ISG upregulation. Since pigs lack a functional
NAIP/NLRC4 inflammasome?®®, intracellular flagellin sensing can be excluded. We
confirmed TLR5-dependence using a mutated flagellin unable to bind TLR5 that failed to
induce ISGs. Murine studies propose that flagellin induces type | IFN, driving ISG
expression via canonical JAK-STAT signaling?'4°. Our data point to a distinct mechanism
in pigs. FLAMOD-treated SIAV-infected cells showed only a slight trend toward increased
IFNB. Instead, co-stimulation with FLAMOD and IFN-a markedly increased nuclear
translocation of STAT2 and enhanced ISG expression, even at concentrations of IFN-a
that were insufficient to trigger ISG expression. Therefore, FLAMOD sensitizes cells to IFN
signaling rather than inducing it. shnRNA-seq data showed that this sensitization occurred
regardless of infection status, indicating that FLAMOD acts directly on the IFN-I signaling
axis, potentiating both autocrine and paracrine IFN responses across the epithelial cell
population.

This raises the question of where TLRS signaling intersects with the JAK-STAT pathway.
Upon flagellin binding, TLRS recruits MyD88 forming the myddosome, engaging IRAK4,
IRAK1, TRAF6, and ultimately NF-kB?°4'. However, the rapid enhancement of STAT2
nuclear translocation (within 15 minutes) argues against an NF-kB-dependent
transcriptional mechanism. Crosstalk between TLR signaling components and JAK-STAT
has been reported before. TRAF6 can negatively regulate JAK-STAT signaling by
promoting ubiquitination of STAT342, while MyD88 can form complexes with JAK1 and
STAT1 in macrophages*:. This complex formation was associated with induction of
SOCS-1 and the suppression of cytokine signaling rather than with enhanced interferon
responsiveness*3. Our data support a functionally distinct MyD88-JAK1 interaction.
Neither IKK inhibition nor TRAF6 knockout affected the synergistic ISG induction by
FLAMOD and IFN-a, whereas MyD88 deletion abolished it, placing the branch point at
MyD88 upstream of the TRAF6-NF-kB axis. Consistent with this, co-immunoprecipitation
revealed an interaction between MyD88 and JAK1 specifically under combined TLR5 and
IFNAR stimulation.

Altogether, our data support a model in which TLR5 activation by FLAMOD primes the
JAK-STAT signaling machinery through a MyD88—-JAK1 interaction, lowering the threshold
for IFN-I responsiveness. When an IAV-infected cell releases IFN, neighboring and
infected cells previously exposed to FLAMOD mount a stronger and faster ISG response
than they would to IFN alone. Because this mechanism acts on the IFN signaling pathway
itself rather than on any virus-specific component, it is likely not restricted to influenza and
may apply to a broad range of viruses restricted by IFN-I. These findings obtained in
porcine airway epithelial cells and validated in vivo are particularly relevant given the pig’s
dual role as a major livestock species and a key reservoir for IAV reassortment, as well as
its value as a model for human respiratory disease.

MATERIALS AND METHODS
Cell line, reagents and flagellin production

The T3 cell line was generated from primary porcine bronchial epithelial cells and
maintained in supplemented huAEC medium (Inscreenex) as described elsewhere'?,
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Recombinant porcine IFN-a was purchased from PBL Assay Science (USA). Working
concentrations of 10 uM JAK Inhibitor | (Millipore) and 5 uM BAY 11-7082 (Sigma-Aldrich)
were applied to T3 cells throughout the experiment. Antibodies are listed in Supplementary
Methods. Cytotoxicity was evaluated by CytoTox-Glo™ Cytotoxicity Assay (Promega).

FLAMOD (recombinant flagellin FliCa174-400) derived from Salmonella enterica serovar
Typhimurium FIiC 172% and was produced as described previously'>'744 The endotoxin
content was < 14 endotoxin units per mg of FLAMOD, as determined by the Limulus
amebocyte lysate assay. The TLRS-inactive mutated flagellin variant, FliCa174-400/89-96*/6H,
(FliCas.1), was generated by replacing the TLR5-binding epitope (residues 89-96,
QRVRELAV) of the active FliCa174-40061 variant (FliCas) with the corresponding sequence
from Helicobacter pylori*>7.

Viruses and infection of T3 cells

The H3N2-Bissendorf03 strain (A/Swine/Bissendorf/IDT1864/2003) and the H1a/N2 strain
(A/Swine/35-200154/2020; HA-1C.2.4) were propagated in Madin-Darby canine kidney
(MDCK) cells at a multiplicity of infection (MOI) of 0.001. T3 cells were seeded in collagen-
coated sterile 24-well plates at a density of 2 x 10° cells per well and infected at an MOI
of 0.1 for 1h, washed and treated or not with 100 ng/mL of FLAMOD, FliCas or FliCas.1 as
indicated. Viral titers were determined on MDCK cells by TCID;s, (Reed-Muench method).
In vivo titers in the lungs were calculated using a homogenate from the right cranial lobe.

Immunofluorescence

T3 cells were fixed, permeabilized blocked and stained with the corresponding primary
antibodies overnight at 4°C, followed by 1h incubation with the appropriate secondary
antibodies. Nuclei were stained with DAPI. Confocal images (Leica TCS SP8) were
segmented with Cellpose*® and quantification of mean and total fluorescence intensity was
done in Cellprofiler v4.2.64°.

RT-gPCR and microfluidic RT-qPCR

Total RNA was isolated using the RNA XS Plus kit (Macherey-Nagel) and reverse
transcribed using the iScript Reverse Transcription Supermix (Bio-Rad). Gene expression
was quantified by SYBR-based RT-qPCR using the AACq method, normalized to
reference genes (B2M, GAPDH, RPL19) and compared to the negative control of each
experiment. Microfluidic RT-qPCR was performed in a 96x96 Dynamic Array Integrated
Fluidic Circuits (Fluidigm), with 20 ng of RNA input, a 14-cycle pre-amplification and
treatment with Exonuclease |. Primers and cycling conditions are described in
Supplementary Methods and Supplementary Table 1.

Generation of CRISPR/Cas9 knock-out (KO) cell lines

Single guide RNAs (sgRNAs) designed to disrupt the IFNAR1, TRAF6 and MyD88 loci
and three non-targeting control sgRNAs (Supplementary Table 2) were synthesized by
Thermo Fisher Scientific. The sgRNAs (12 pmol) were complexed with 2ug of TrueCut
Cas9 Protein v2 (Thermo Fisher) and delivered by electroporation (Neon Transfection
System, Thermo Fisher Scientific). Genome editing was quantified using the ICE analysis
tool (Synthego). Knockouts were validated at the protein level by confocal microscopy
(IFNAR1 and MyD88). Functional validation was performed per target; IFNAR1-KO by loss
of IFN-a-induced (10 IU/mL) STATZ2 nuclear translocation, and TRAF6-KO by loss of NF-
KB p65 nuclear translocation after FLAMOD stimulation (100 ng/mL).

Co-immunoprecipitation and Western blotting
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T3 cells were stimulated with porcine IFN-a (10 Ul/mL) for 30 min with or without FLAMOD
(100 ng/mL), lysed and endogenous MyD88 was immunoprecipitated (anti-MyD88, clone
B-1, Santa Cruz Biotechnology). Inputs and eluates were resolved by SDS-PAGE,
transferred to nitrocellulose and probed for MyD88 and JAK1with chemiluminescence
detection.

Pig infection model

Experiments were performed at the INRAE-PFIE platform under ethics approval APAFIS
#43578-2023051616364291. Fifteen 4-week-old SIAV-seronegative large white pigs were
randomized, and balanced for sex into three groups: mock-infected controls (n = 3),
H1avN2-infected pigs treated with vehicle (NaPi buffer; n = 6), and H1a/N2-infected pigs
treated with FLAMOD (n = 6). Pigs were inoculated intratracheally with 2 x 10® TCID 3, of
the H1ayN2 or PBS. One-hour after inoculation, infected pigs received 1.3 mg of FLAMOD
or NaPi buffer using an Aerogen mesh nebulizer system. Animals were monitored over 72
h by blinded observers; clinical signs (increased respiratory frequency, irregular breathing,
cough, lethargy, reduced mobility) were scored as binary events (cumulative score 0-5).
Serum CRP (0, 24, 72 h) was measured using a Pig CRP ELISA Kit (Bio-Techne).

Single-nucleus RNA-seq sample preparation

Adjacent right cranial lobe sections were used for snRNA-seq and viral titration. Nuclei
were isolated by Dounce homogenization in citric acid-sucrose buffer as previously
described®®. snRNA-seq libraries were prepared using the Chromium GEM-X Single Cell
3’ reagent kit v4 according to the manufacturer’s protocol with a target capture of 20000
nuclei per sample and sequenced on lllumina NextSeq 2000.

Single-nucleus RNA-seq data processing and cell type annotation

Raw sequencing reads were aligned to a combined reference comprising the Sus scrofa
Sscrofa11.1 pig genome and the eight genomic segments of A/swine/France/35-
200154/2020 (H1N2 strain; GenBank accessions MZ088854-MZ088861) using Cell
Ranger v9.0.1 (10x Genomics). Downstream analysis was performed using Seurat v5.4.0.
Doublet identification and donor demultiplexing were performed using Demuxafy v3.0.0
(DoubletFinder, scds, scDblFinder, Souporcell, and Vireo). Ambient RNA was removed
using decontX (celda R package v1.26.0). Nuclei in the bottom and top 5" percentiles of
detected genes and mitochondrial transcript fraction 25% of total UMI counts were
excluded. After filtering, 135,349 cells were retained. Counts were normalized using
SCTransform and PCA was performed on the top 3,000 most variable host genes
(excluding viral genes) before CCA-based integration. Clusters were identified using the
Louvain algorithm at resolution 0.6, yielding 30 populations annotated by canonical
markers.

Module scoring, meta-analysis and differential expression gene (DEG)

Type | IFN expression and type | and type Il ISG module scores were computed per cell
using pig type | IFN paralogs and the MSigDB Hallmark Interferon Alpha and Interferon
Gamma gene sets with the Seurat v5 AddModuleScore function. For all treatment
comparisons, cells were stratified by infection state (bystander, low, high viral load) and
aggregated to donor-level pseudobulk (n = 6 per group). ISG scores were compared by a
two-stage REML random-effects meta-analysis across cell types (R package metafor).
Heterogeneity was quantified as I2. A sign test (exact binomial, one-sided) was applied to
assess whether the direction of effect was consistent across cell types.
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Pseudobulk DEG analysis was modeled with DESeq2 with significance defined as FDR <
0.05. Genes were ranked by Wald statistic and tested for ISG enrichment by pre-ranked
GSEA (fgsea; FDR < 0.05).

Statistics and Reproducibility

Statistical analyses were performed using R v4.4.3 (packages ImerTest, emmeans, drc,
mclust, DESeq2, metafor and Seurat). Statistical details for each experiment are provided
in the corresponding figure legends. Assumptions of normality and homogeneity of
variance were evaluated prior to applying the appropriate statistical test. Two group
comparisons used Student's t-test or the Mann—Whitney U test. Multiple groups were
compared using one-way, two-way or three-way analysis of variance (ANOVA); for one-
way designs, ANOVA was followed by Tukey's HSD post hoc test for pairwise
comparisons. Knockout RT-qPCR was modeled by linear mixed-effects models (treatment
x genotype as fixed effect, experimental day as random intercept). Longitudinal serum
CRP concentrations were analyzed by a linear mixed-effects model on log-transformed
values (treatment x day and their interaction as fixed effects and pig as random) intercept.
STAT2 dose-response curves were fitted to a four-parameter log-logistic model. All
snRNA-seq data was analyzed at the donor pseudobulk level. Alpha was set to 0.05.
Unless otherwise stated, results are presented as individual data points with horizontal
bars indicating the mean + SEM.

Detailed materials and methods are described in the data supplement.
Data availability

The snRNA-seq datasets generated during the current study are available in the GEO
repository with GEO accession number GSE346791. Reviewers must enter token
kxangwoqnrklhsd into the box to access the data.

Code availability

No custom code was developed for this study. All analyses were performed using publicly
available software and R packages as described in the Methods.
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