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KEY WORDS Abstract PACT (PKR activating protein)/PRKRA is a quintessential double-stranded RNA (dsRNA)
binding protein that has recently surfaced as a novel and compelling antiviral target, exhibiting resistance
against a spectrum of respiratory viruses. Despite this, no antiviral ligand compounds targeting PACT
have been identified to date. In this study, we conducted an extensive screening within natural products,
leading to the development of an exceptional PACT-T78 site ligand, tubeimoside II (TBM II). TBM II

PACT;

Host factor;
Respiratory viruses;
Ligand compounds;

Tubeimoside 11 effectively combats a spectrum of respiratory viruses, including the coronaviruses HCoV-OC43 and
Antiviral; SARS-CoV-2, as well as the influenza A HIN1 virus (IAV-HINI1), by reducing viral loads and inhibiting
RIG-I signaling pathway; viral replication and proliferation both in vitro and in vivo. Single-cell RNA sequencing demonstrated that
Broad-spectrum TBM II significantly impacts the RIG-I signaling pathway associated with PACT. We found that when

PACT was knocked down or when RIG-I, MAVS, or IFN-8 were knocked out, the ability of TBM II
to activate the RIG-I signaling pathway was diminished, resulting in a corresponding attenuation of its
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antiviral efficacy. These findings indicated that TBM II targets PACT to activate the RIG-I signaling
pathway, thereby increasing the secretion of type I interferon IFN-3, ultimately promoting the innate
immune response and achieving antiviral efficacy. In summary, our work identified TBM II as a new
generation PACT ligand that activating the RIG-I signaling pathway, achieving broad-spectrum antiviral

effects.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acute respiratory viruses, spanning influenza A/B, coronaviruses,
and adenovirus serotypes, constitute primary etiological agents for
heterogeneous respiratory tract pathologies. These viruses are
characterized by rapid onset, high infectivity, swift transmission,
and high mortality rates, which frequently trigger seasonal out-
breaks and global pandemics'. Moreover, the relentless emergence
of SARS-CoV-2 variants has caused a regression in global life
expectancy by nearly a decade®. The current majority of antiviral
drugs for respiratory viruses target specific viruses, such as osel-
tamivir for influenza. And the growing problem of antiviral
resistance, further constraints therapeutic outcomes. Therefore,
the development of broad-spectrum and highly effective antiviral
drugs remains a major challenge®. Host-targeted antiviral (HTA)
strategies have garnered significant attention in recent years®.
Inhibitors targeting host factors such as DHODH demonstrated
potent efficacy against diverse RNA viruses, including SARS-
CoV-2 and influenza viruses, exhibiting broad-spectrum antiviral
activity’. Due to the high dependence of viruses on host cellular
mechanisms during replication, drugs targeting host factors can
disrupt the life cycles of multiple virus types, thereby exhibiting
broad-spectrum activity®. Secondly, compared to drugs that
directly target viral proteins, HTA drugs are less prone to resis-
tance development, as they act on host factors essential for viral
replication, which are often shared by different viruses. Moreover,
HTA drugs development offers rapid-response capability during
emerging viral outbreaks, as evidenced during the COVID-19
pandemic where HTAs provided critical therapeutic countermea-
sures against novel pathogens’®. Hence one can see that Host-
targeted antiviral approaches offer an evolutionary leap in drug
design, overcoming limitations imposed by viral mutation
bottlenecks.

PKR activating protein (PACT), a critical regulator of the PKR
kinase in interferon signaling, modulates viral replication dy-
namics and host immunoregulatory mechanisms’. PACT has
emerged as a critical factor in the intricate interplay between host
cells and invading viruses, representing a potential host target for
exerting antiviral activity'®'". Once a virus invades the host cell, it
can rapidly sense viral dsSRNA through PACT, subsequently acting
on the cytoplasmic RNA virus receptors RIG-I/MDA5'%. RIG-I
functions as a cytoplasmic RNA sensor, mediating antiviral/anti-
tumor immunity via CTD-dependent viral dSRNA recognition and
CARD-triggered MAVS-IRF3/7 signaling to induce type I inter-
feron (IEN-I) production'®. Consequently, activating the PACT/
RIG-I axis not only augments host antiviral defenses but also
supports potential targets for developing next-generation broad-
spectrum antivirals.

It is worth noting that traditional Chinese medicine compounds
(TCM compounds) hold unique advantages as antiviral agents by

targeting host factors'*~"”. Their multi-target mechanisms enable
simultaneous intervention at multiple stages of the viral life cycle,
including inhibiting viral entry into host cells and blocking viral
replication and release'® ', This multidimensional approach not
only improves antiviral efficacy but also reduces the risk of viral
drug resistance. Tubeimoside II (TBM II), a naturally occurring
triterpenoid saponin compound derived from traditional Chinese
medicine, possesses a well-established research foundation in
oncology and inflammation®>. However, the antiviral properties of
TBM II were known limited. To our knowledge, only two recent
studies have reported that TBM II displays antiviral effect on
human immunodeficiency virus (HIV)*® and SARS-CoV-2%*. In
this study, we first demonstrated that TBM II also displayed
broad-spectrum antiviral activity against coronaviruses (SARS-
CoV-2, HCoV-OC43) and influenza virus (IAV-HIN1 FEMI)
in vitro, which were consistent with the SARS-CoV-2 inhibition
reported previously®*. A key finding is that TBM II demonstrates
therapeutic efficacy against HCoV-OC43 and IAV-HINI1 in-
fections in mice, which has not been previously reported.
Furthermore, we found that TBM II binds to PACT, with the
binding site likely located at the PACT-T78 site. This represents
the first reported ligand discovery targeting PACT to date. We
proved that TBM II targets PACT to promote the RIG-I signaling
pathway, thereby increasing the secretion of IFN-I and enhancing
the antiviral innate immunity to achieve antiviral effects. There-
fore, we proposed that TBM II, as a ligand compound, unleashes
its broad-spectrum antiviral potential when acting on the robust
antiviral host target PACT. Our finding lays a valuable foundation
for the future exploration of antiviral drugs based on this target.

2. Results

2.1.  The high-throughput screening identifies TCM compounds
targeting PACT

Firstly, we employed a virtual screening approach to identify
promising TCM compounds. Ten high-affinity compounds
exhibiting binding energies of —7 to —9 kcal/mol were screened:
punicalagin (PUN), tubeimoside III (TBM III), tubeimoside II
(TBM 1I), prosapogenin A (Progenin III), theaflavin-3'-Gallate
(TF-2B), tubeimoside I (TBM I), chebulagic acid (CA), geraniin
(GER), hypericum (HY), and ophiopogonin-D (OPD) (Supporting
Information Fig. STA and Table S1). Subsequently, we selected
the top eight compounds based on their binding affinity for further
validation of their antiviral activity against the transcription and
replication-competent SARS-CoV-2 virus-like-particles (trVLP).
This trVLP expresses a reporter gene (GFP) replacing viral
nucleocapsid gene (N), which is required for viral genome pack-
aging and virion assembly (SARS-CoV-2 GFP/AN trVLP). And it
can be detected and visualized as green fluorescence (GFP) under
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a high-content imaging system to assess the viral infection,
thereby determining whether the tested compounds exhibit activ-
ity against SARS-CoV-2 (Fig. 1A). We observed that the positive
control drug, Azvudine (FNC), significantly inhibited the prolif-
eration and spread of SARS-CoV-2. Among the eight tested
compounds, all exhibited varying degrees of antiviral activity.
Notably, TBM II demonstrated significant antiviral effects across

all three dosages, with its efficacy most closely resembling that of
FNC and exhibiting a strong affinity for PACT (Fig. 1B and
Fig. S1B). To determine the antiviral efficacy of TBM II, we
measured the viral loads of coronavirus SARS-CoV-2, HCoV-
OC43, and influenza virus IAV-HINI/FM1 in different cell
types following treatment with TBM II after viral infection. These
results indicated that TBM II exhibits antiviral activity against all
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Figure 1

TBM II exerts antiviral activity against respiratory viruses in vitro. (A) The characteristic feature of SARS-CoV-2 GFP/AN trVLP

infection in Caco-2-N cells is the enhancement of GFP fluorescence signal. (B) The intensity of green fluorescent protein (GFP) signal following
viral infection and subsequent administration of eight compounds. (C) TBM II alleviates cytopathic effects induced by the three viruses. (D) TBM
II reduces the viral load in Caco-2-N, Raw, and A549 cells following infection with the three viruses (n=3). Scale bar = 50 pm/20 pm. Data
present as Mean =+ SD, H-high dose, M-medium dose, L-low dose. P-value is generated by comparing between the following groups: Ctrl vs Virus
(green); Virus vs FNC/OSV/different dosages of TBM II (black). All experimental groups, except the Ctrl group, were infected with the virus.
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three viruses (Fig. 1C and D), and it also exerts a potent inhibitory
effect on the spread of the GFP fluorescence signal of the SARS-
CoV-2 GFP/AN trVLP (Fig. S1C). Moreover, we evaluated the
antiviral efficacy of TBM II against SARS-CoV-2 in a
biosafety level 3 (BSL-3) laboratory and observed that TBM II
treatment significantly reduced viral titers in Calu-3 cells
(Fig. S1D). These results suggested that TBM II possess broad-
spectrum antiviral activity against respiratory viruses. Therefore,
TBM II was designated as the primary compound for this study to
investigate whether its antiviral effects were mediated through
PACT.

2.2.  TBM II exhibits high-affinity binding to PACT

To confirm whether PACT serves as a target for TBM 1I, we
applied TBM II-mediated pull-down experiments for target iden-
tification by using TBM II-bead complex (Fig. 2A). In TBM II-
mediated pull-down experiment showed that TBM II bind to
PACT, which was supported by results from drug affinity
responsive target stability (DARTS) experiment (Fig. 2B).
Meanwhile, TBM II-mediated pull-down experiment also indi-
cated a distinct protein band appeared at approximately 34 kDa
through silver staining. According to LC-MS/MS analysis, this
protein band was identified as PACT and was further validated by
Western blotting (Fig. 2C and Supporting Information Fig. S2A).
Cellular thermal shift analysis (CETSA) showed that the apparent
melting curve of PACT shifted significantly to the right following
TBM II treatment, corresponding to an increased Tm of 53.75 °C,
which demonstrates enhanced protein stability (Fig. 2D). PACT
protein exhibited a dose-dependent reduction in thermal stability
upon TBM treatment (Fig. 2E), and the dissociation rate constant
of 5.37 umol/L were yielded by surface plasmon resonance (SPR)
experiments (Fig. 2F). These results showed that TBM II mediated
stabilization of PACT. Furthermore, we employed molecular
docking to identify Thr78 of PACT as the binding site for TBM 11
and PACT (Fig. 2G). In order to confirm the role of this amino
acid residue, Thr78 was mutated into Ala (Thr78Ala). Microscale
thermophoresis (MST) results suggested that Thr78 Ala mutation
impaired the affinity of TBM II and PACT because their K4 value
was decreased to 133.1 umol/L (Fig. 2H). Meanwhile, Thr78Ala
mutation abolished the binding and the pro-stability of TBM II
toward PACT in the experiments of pull-down, CETSA, and
DARTS (Fig. S2B), which suggested that Thr78 displayed a
critical role in the binding of TBM II with PACT.

2.3.  TBM II mediates antiviral protection against respiratory
viruses in vivo

After conducting in vitro pharmacodynamic evaluations, we
accessed the therapeutic efficacy of TBM II in virally infected
mice. ICR and BALB/c mice received intranasal inoculations of
TIAV-HIN1/FM1 and HCoV-OC43, respectively, and TBM 1I
treatment was initiated concurrently, with administration sustained
for 5 days (Fig. 3A). The dosages were as follows: TBM II H
(high) = 2.6 mg/kg, M (medium) = 1.3 mg/kg, and L
(low) = 0.65 mg/kg; FNC (2.0 mg/kg); OSV (27.5 mg/kg).
Micro-CT imaging on day 5 post-treatment revealed that signifi-
cant pulmonary volume expansion and focal ground-glass opaci-
ties in the lungs of virus-infected mice, while TBM II treatment
substantially mitigated these pathological manifestations (Figs. 3B
and C, and Supporting Information Fig. S3). Additionally, we
evaluated antiviral efficacy by quantifying pulmonary viral loads

in mouse lung tissues using RT-qPCR. The result showed that
TBM II treatment significantly reduced the viral load, confirming
dose-dependent inhibition of viral replication and pulmonary
dissemination (Fig. 3D). Subsequent immunophenotyping of
murine whole blood by multiparametric flow cytometry quantified
the dynamics of CD4+/CD8+ co-expression across T-lymphocyte
subsets. We observed that TBM II treatment restored the down-
regulation of both CD4" and CDS8" expression caused by viral
infection with differential efficacy (Figs. 3E—H). These findings
support a preliminary model whereby TBM II provides antiviral
protection primarily through host immune enhancement.

2.4.  TBM II alleviates pulmonary inflammation induced by
respiratory viruses

Respiratory viral infections commonly induce pulmonary
inflammation. Upon dissection, influenza-infected murine lungs
exhibited polymorphic erythematous mottled lesions (Figs. 4A
and B). Histological examination via H&E staining of pulmonary
lobes revealed mild-to-moderate alveolar wall thickening, inter-
stitial congestion, and edema in both IAV-HIN1/FM1 and HCoV-
OC43 infection models. These lesions were accompanied by
marked neutrophilic, lymphocytic, and mononuclear macrophage
infiltration, as well as intra-alveolar inflammatory exudates
(Figs. 4C and D). The bronchiolar epithelial cells exhibited mild
to moderate swelling, with some undergoing degeneration,
necrosis, and desquamation, leading to a significantly increased
lung index. Administration of TBM II significantly alleviated
these pathological changes and reduced the lung index (Figs. 4E
and F). To further investigate the inflammatory response, we uti-
lized Luminex liquid-phase chip analysis to measure inflammatory
cytokine expression in mice lung tissues. The results revealed that
the levels of TNF-«, IL-16, IL-6, and IFN-y were markedly
elevated in mouse lungs following infection with IAV-HIN1/FM1
and HCoV-OC43 virus. Administration of TBM II resulted in a
significant decrease in these inflammatory cytokines, demon-
strating its ability to mitigate pulmonary inflammation caused by
respiratory viral infections such as HCoV-OC43 and IAV-HIN1/
FM1 virus (Figs. 4G and H). Given evidence that HCoV-OC43
infection can invade the brain and induce neuropathological
alterations®>%%, we performed H&E and Nissl staining on mice
brain sections to evaluate histopathological changes and concur-
rently quantified viral load in brain tissues. Neuropathological
analysis revealed loosened interstitial architecture and shrunken
neurons with hyperchromatic staining, ill-defined nucleocyto-
plasmic boundaries, and sporadic neuronophagia in cortical/hip-
pocampal regions post-infection (Supporting Information Figs.
S4A and S4B). The viral load in brain tissues also increased
significantly, mirroring pulmonary levels. Administration of TBM
II substantially attenuated viral load and ameliorated neuropath-
ological alterations (Fig. S4C). These results indicated that TBM
II not only exerts antiviral effects in the lungs but also demon-
strates antiviral and anti-inflammatory effects in the brain.

2.5.  TBM II primarily affects the gene expression of
macrophages and epithelial cells in the lung following influenza
virus infection

To determine whether the host target PACT is influenced by viral
infections in vivo, we infected ICR mice with IAV-HIN1/FM1
virus and administered TBM II (2.6 mg/kg). Utilizing single-cell
RNA sequencing (scRNA-seq), we first characterized the



TBM 1I targets PACT to potentiate the RIG-I pathway against respiratory viruses 3113

A 6ii Cc
./O\J\/OV\/\OMO T‘a" It kaxo TBM Il Beads 5 + ®
TBMII - = oy
Epoxy-activated beads TBM II- beads
® o o e o 100kDa
WK OX RS R 0‘§
T Incubation 3
L k ‘ ‘ [ ‘ ‘ ‘ 70kDa
\ J /| \@
VvV YV \
VYV \ 50kDa
B 40kDa
Pronase - + + + + TBM Il-beads + +
- - 1 -
TBM Il (pmol/L) 0.25 05 TBMII + ViR
Proteolysis [ = o - 5 Pull down — 5
2 = 2
Input | S ——— a Input | ——— — o 22kDa
CETSA (PACT-TBM Il) -target binding stability SPR (PACT-TBM Il)-binding affinity
D E F
2 @ 'b@
T(°C) 37 41 44 47 50 53 56 59 63 67 1 05 0250 O = A —
=5.37umol
TEM I| WS . - - TBM Il (HMOI/L) | = o s o s
DMSO [ mm o — — GAPDH| e e s e s e 40 - —0.078125pmoliL
——0.3125pmol/L
1205 u PACT 157 35 ——0.625umoliL
A DMSO 99 ——1.25pmollL
b g ] it
% 80 2 1.0+ & =
s £ 8
g £
= 2 10
§ 8
S 404 2 057
% E [ eosaaes SAGRERLTEX TR EEERR LR
5 L
©
o T T T T 0013 2 T Tors q -10 T T T T 1
30 40 50 60 70 10 10° 1005 10 10 -50 0 50 100 150 200
T(PC) Concentration(umol/L) Time(s)
Molecular docking (PACT-TBM Iy MST( PACT-775/A—TBM li)-binding affinity
G H
78 7
/i WT-PACT...TVGDITCTGE GTSKKLAKHR...
/| TT8APACT._TVGDITCAGE GTSKKLAKHR... 08 TBM Il with PACT-T78A -~
- Kd=133.1umol/L
0.6
°
c
=1
o
o
§
g 0.3
(<
9 w
- G
Thrig [ % TG
a
167 108 %ot 104 10°

Figure 2

Log[TBM IljmoliL

TBM II exhibits stable binding to the target PACT. (A) Epoxy-activated beads were conjugated with TBM II to fabricate the TBM II-

bead complex. (B) The binding of TBM II to PACT was validated using the DARTS assay. (C) Target protein capture assays confirmed PACT as
the target protein of TBM II. (D) The trend of target protein solubility following the administration of TBM II, as detected by CETSA, in relation
to temperature changes. (E) The isothermal dose-response curve following CETSA upon administration of TBM II. (F) The determination of the
binding affinity strength between TBM II and PACT using the dissociation rate constant (K) obtained from SPR detection. (G) Molecular docking
revealed Thr78 of PACT as the key binding residue for TBM II. (H) MST confirmed reduced binding affinity between TBM II and Thr78Ala-

mutated PACT.

pulmonary cell types. The results indicated that a total of 13
distinct cell types, designated as cells B cells, Endothelial cells,
Macrophages, Smooth muscle cells, Basophils, Epithelial cells,
Monocytes, T cells, DCs, Fibroblast, Neutrophils, and NK, an
additional category of unknown cells in lung tissues (Figs. SA-C,
and Supporting Information Fig. S5A). By aligning key viral
genes  (NEP/NS1-CY087788.1,  NP-CY087787.1,  PBI-
CY087790.1, PB2-CY087791.1) with other relevant viral gene

sequences, we identified that the virus predominantly localizes to
macrophages and epithelial cells in lungs following infection, with
the two cell types characterized by maker gene expression of
Krtl8 and Krt8 for epithelial cells, and Cd68, Csflr, and Clgb for
macrophages (Fig. 5D and Fig. S5B). We compared the gene
expression profiles between the control group and the infection
group, as well as between the infection group and the TBM II-
treated group. The results showed that the number of
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Figure 3  TBM II exerts antiviral activity against respiratory viruses in vivo. (A) Pharmacodynamic study design in virus-infected mice. (B)

Micro-CT showing TBM II-mediated mitigation of pulmonary lesions in IAV-HIN1/FM1-and HCoV-OC43-infected mice. (C) Lung gray-scale
values by micro-CT (n=4). (D) TBM II reduced viral load in lungs by RT-qPCR (n=4). (E, F) FACS representative graph of CD4* and CD8" T
cells in the mouse plasma. (G, H) TBM II elevated the levels of CD4 " and CD8™" T cells in the mouse plasma (n=6). Data present as mean 4 SD,
P-value is generated by comparing between the following groups: Control vs Two viral infection models (green); Two viral infection models vs
FNC/OSV/different dosages of TBM II (black). All experimental groups, except the Ctrl group, were infected with the virus.

differentially expressed genes was higher in macrophages and
epithelial cells, suggesting that TBM II primarily affects the gene
expression of these two cell populations in the lung tissues of
mice following influenza virus infection (Figs. SE-G, and
Fig. S5C).

2.6.  TBM Il is intimately linked to the PACT and RIG-1
signaling axis

Subsequently, we performed comparative enrichment analysis on
cells derived from lung tissues of virus-infected and normal mice.
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Figure 4

TBM II alleviates lung inflammation caused by respiratory viruses. (A, B) The condition of lung tissue damage in fresh lung samples

following viral infection and administration of TBM II. (C, D) Microscopic examination of the H&E-stained sections of the left lung lobe tissue.
(E) Histopathological scoring of H&E staining (n=28). (F) The impact of TBM II on lung index following infection with the two viruses (n=28).
(G, H) The Luminex assay kit was used to detect the expression of inflammatory cytokines TNF-e, IL-18, IL-6, and IFN-v in lung tissues after
infection with the two viruses and administration of TBM II (n=6). Scale bar = 20 um/50 pm/100 pm. Data present as mean + SD, P-value is
generated by comparing between the following groups: Ctrl vs Two viral infection models (green); Two viral infection models vs FNC/OSV/
different dosages of TBM II (black). All experimental groups, except the Ctrl group, were infected with the virus.

We observed that the pro-inflammatory cytokines IL-16 and IL-6
were up-regulated, while IL-10 was down-regulated, indicating
that viral infection induced inflammation in pulmonary cells.
Upon comparing whole-cell populations as well as epithelial and
macrophage cells from the tissues of three groups of samples, we

found that significant differences in expression levels of the genes
related to Prkra and RIG-I signaling pathway related genes,
including Rigi, Mavs, Irf3 and Irf7 (Fig. 6C and Supporting
Information Fig. S6A). These results demonstrate a causal link
between TBM II's antiviral efficacy and its modulation of the
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Figure 5

The cellular and gene distribution in the lungs of mice following viral infection. (A) UMAP visualization of 13 distinct cell clusters in

lung of mice. (B) Marker gene annotation for each cluster. (C) Cell proportion diagrams for each sample group. (D) Cell type-specific expression
of influenza virus genes (NEP/NS1: CY087788.1; NP: CY087787.1; PB1: CY087790.1; PB2: CY087791.1). (E, F) The enrichment degree of
differentially expressed genes in 13 types of cells. (G) Violin plots depicting macrophage/epithelial cell gene signatures.

RIG-I-mediated signaling pathway. In addition, the scRNA-seq
analysis indicated that viral infection attenuates the type I inter-
feron signaling pathway and RIG-I-mediated signaling cascades
(Fig. 6A and B). We therefore performed a dynamic time-course
analysis in mice infected with influenza virus. The results
revealed a progressive increase in viral load from Day 1 to Day 5
post-infection. However, key innate immune mediators, including
PACT, RIG-I, and IFN-g, exhibited a biphasic expression pattern

characterized by an initial upregulation followed by a subsequent
downregulation (Figs. 7A and B, and Supporting Information
Fig. S7A). These indicates that while viral infection initially
triggers host innate immunity as a defense mechanism, viral
proteins likely suppress the expression of these factors at later
stages, a finding consistent with the work of Yi et al. *’. Conse-
quently, rescuing immune function during the later phase repre-
sents a viable therapeutic strategy to curb persistent viral
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Figure 6  Single-Cell RNA Sequencing confirmed the relationship between TBM II and the PACT and RIG-I signaling pathways. (A) Cluster-
specific pathway enrichment analysis of differentially expressed genes. (B) Gene Set Enrichment Analysis (GSEA) of the Dynamic Transcriptome
in Response to IAV/HIN1/FMI Infection. (C) The heatmap illustrates the top marker genes in Macrophages and epithelial cells. (D) The
expression levels of PACT, RIG-I MAVS and IRF3 genes in macrophages following IAV/HIN1/FM1 virus infection and administration of TBM

II. (E-G) Microscale thermophoresis (MST) analysis was employed

to characterize TBM II’'s molecular interaction specificity with the

C-terminal domains (CTD) of RIG-I and the 1-313 segment of PACT protein under in vitro conditions.

replication and mitigate virus-induced pathology. Upon analysis,
we found that TBM II concurrently elevated the expression of
Prkra, Rigi, Mavs, and Irf3 in pulmonary macrophages and
epithelial cells (Fig. 6D and Fig. S6D), while suppressing a panel
of pro-inflammatory genes, including Stat4, Cd180, Pdcd4, Ifng,

Prkeq, Aifl, Ccl4, Ccl5, Ccr5, and Xcll (Fig. S6B). Therefore, we
propose a hypothesis that TBM II may target PACT to promote the
binding of PACT and RIG-I, thereby activating the RIG-I
signaling pathway, stimulating the production of IFN-I, and
enhancing the antiviral innate immune response against viral
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Figure 7 TBM II modulates PACT/RIG-I axis in infected lungs. (A) Dynamics of viral load in the lungs of mice after two viral infections from
Day 1 to Day 5 after infection. (B) Western blot analysis of PACT, RIG-I, and IFN-@ expression in lung from Day 1 to Day 5 post infection with
two viruses (n=4). (C, D) Immunofluorescence images display the expression of PACT, RIG-I, and IRF-3 in mouse lung tissues following
infection with two types of viruses and administration of TBM II (PACT — red; RIG-I— gold; IRF3 — green) (n=3). (E-H) Western blot
analysis reveals the alterations in protein levels of PACT, RIG-I, MAVS and IFN-3 in mouse lung tissues subsequent to infection with two types of
viruses and administration of TBM II (n=4). Scale bar = 500 um/20 pm. Data present as mean + SD, P-value is generated by comparing
between the following groups: Control vs Two viral infection models in A; Two viral infection models vs FNC/OSV/difterent dosages of TBM 11
in F and H. All experimental groups, except the Ctrl group, were infected with the virus.

infections. To verify this hypothesis, we employed microscale between PACT and RIG-I. The results indicated that TBM II not
thermophoresis (MST) and co-immunoprecipitation (Co-IP) as- only affects the interaction between PACT and RIG-I but also
says to investigate the impact of TBM II on the interaction enhances their binding, with the primary binding regions located
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in the CTD domain of RIG-I and the 1-103 segment of the PACT
protein (Figs. 6E~G and Fig. S6C). Given that alterations in the
RIG-I signaling pathway can lead to changes in downstream im-
mune responses, we next explored whether TBM II can modulate
the RIG-I signaling pathway in vitro and in vivo through PACT to
regulate the secretion of IFN-g.

2.7.  TBM II modulates the immune response in mice following
infection with IAV and HCoV-OC43 via the RIG-I signaling
pathway

To validate the reliability of the scRNA-seq results, we performed
immunofluorescence (IF) staining on lung tissue sections from
mice continuously administered TBM 1I for 5 days post-infection
with both viruses. The staining was carried out using fluorophore-
conjugated antibodies specific for PACT, RIG-I, and IRF3. The
results demonstrated that TBM II treatment enhanced the fluo-
rescence intensity of all three proteins (Figs. 7C, D and Figs. S7C
and D). We then assessed the regulatory effect of TBM II on
downstream targets of the RIG-I signaling pathway, a key antiviral
cascade. We observed that TBM II significantly elevated the
protein expression levels of PACT, RIG-I, MAVS, and IFN-§ in
lung tissue following infection with both respiratory viruses. The
positive drugs OSV and FNC also showed statistically significant
effects equivalent to TBM II. However, OSV’s impact on MAVS
and FNC'’s effect on IRF3 phosphorylation levels were minor with
no significant differences. Additionally, TBM II treatment mildly
enhanced the phosphorylation level of IRF3, although a statisti-
cally significant increase was observed only at the high dose
(Figs. 7E-H and Fig. S7B). Our data demonstrated that TBM 1I
counteracts this immune evasion by up-regulating key RIG-I
pathway components, thereby rescuing type I interferon secre-
tion. Concordantly, transcriptional profiling of pulmonary tissue
confirmed concomitant elevation of Rigi and Ifnbl mRNA abun-
dance (Figs. STE and F). These findings align with the single-cell
transcriptomics data (Section 2.6), demonstrating TBM II-
mediated potentiation of the RIG-I—-MAVS—IRF3 signaling
axis. This licensing cascade culminates in robust type I interferon
(IFN-I) production and enhanced host antiviral defense programs.

2.8.  PACT is a determinant of the in vitro antiviral efficacy of
TBM 11

To determine whether TBM II exerts its antiviral effects by tar-
geting PACT and whether it affects the RIG-I signaling pathway,
we performed PACT knockdown or overexpression experiments in
A549 and RAW264.7 cells, respectively. Then A549 and
RAW264.7 cells were infected with IAV-HIN1/FM1 and HCoV-
0OC43 viruses respectively, followed by treatment with TBM II.
Immunofluorescence analysis revealed that PACT-knockdown
cells exhibited enhanced production of the inflammatory cyto-
kines IL-6 and IFN-v, alongside a reduced capacity of TBM II to
suppress their expression (Fig. 8A and Supporting Information
Fig. S8B). Notably, PACT knockdown also increased the viral
load while impairing the antiviral potency of TBM II (Fig. §B),
which collectively suggests that TBM II modulates both the in-
flammatory response and viral replication in a PACT-dependent
manner. We further assessed cytopathic changes of TBM II after
PACT knockdown and PACT overexpression. PACT knockdown
led to pronounced cell death and detachment, which was markedly
attenuated by TBM II (Fig. 8C). By contrast, PACT-
overexpressing cells showed no obvious damage, and TBM 11

further bolstered cellular protection under these conditions
(Fig. S8C). Concurrently, Cells were harvested at sequential time
points (0—48 h) following infection with IAV-HIN1/FM1 or
HCoV-OC43 to profile the expression dynamics of RIG-I-
associated proteins. Consistent with earlier observations in lung
tissue, both viruses triggered a transient up-regulation of PACT,
RIG-I and IFN-g, after which their levels declined (Figs. 8D and
E). Nevertheless, viral load persisted at high levels during the
entire downturn of these immune markers (Fig. S8A). Further-
more, we demonstrated that TBM II effectively rescues the
reduced Rigi expression observed in virus-infected cells following
PACT knockdown (Fig. S8F). We next assessed alterations in the
RIG-I signaling cascade, finding that infected PACT-knockdown
cells displayed a broad suppression of the pathway, as evidenced
by concurrently diminished levels of RIG-I, MAVS, and IFN-3
proteins as well as reduced IRF-3 phosphorylation, all of which
were reversed upon TBM II administration. Conversely, in
infected cells overexpressing PACT, TBM 1I elicited a signifi-
cantly stronger induction of these same signaling components,
thereby also potentiating IFN-$ expression to a greater extent
(Figs. 8F, G and Figs. S8D and E). Taken together, these results
demonstrated that PACT as the critical determinant of TBM 1I's
antiviral effect, allowing it to boost host immunity during the late
phase of infection by activating the RIG-I pathway and increasing
IFN-@ secretion, thereby helping to overcome the virus’s sup-
pression of innate immunity during this period. Furthermore,
while TBM 1I specifically upregulates IFN-8 expression during
viral infection, it does not alter its steady-state expression in un-
infected cells, suggesting that it does not perturb the innate im-
mune homeostasis of normal cells (Fig. S8G).

2.9.  The RIG-I pathway is a critical pathway for the antiviral
efficacy of TBM 11 via targeting PACT

To determine whether the antiviral activity of TBM II is dependent
on the RIG-I pathway, we employed CRISPR/Cas9 gene editing to
target its key components—RIG-I, MAVS, and IFN-—in
A549 cells, thereby establishing three corresponding isogenic
knockout cell lines (Fig. 9A). After confirming by PCR, Sanger
sequencing, and Western blot that the target genes were
completely knocked out in A549 cells (Figs. 9B and C, and
Supporting Information Fig. S9), we infected all three cell lines
with IAV-HIN1/FM1 and subsequently administered TBM II. At
48 h post-treatment, we observed that cells with knockout of RIG-
I, MAVS, or IFN-{ harbored a higher viral load than wild-type
cells. Moreover, the efficacy of TBM II in reducing the viral
load was substantially attenuated, to the point of being largely
ineffective, in these knockout cell lines (Fig. 9D). These findings
indicate that the antiviral effect of TBMII in lowering viral load is
dependent on the RIG-I signaling pathway. It is noteworthy that in
cells deficient for RIG-I, MAVS, or IFN-3, TBM II exhibited a
markedly diminished capacity to upregulate IFN-g (Fig. 9E). As a
pivotal type I interferon, IFN-§ plays a central role in immune
potentiation and antiviral responses; thus, this impairment implies
that TBM I requires a functional upstream signaling axis to exert
its antiviral effect. Supporting this at the protein level, Western
blot results showed that TBM II could not elevate IFN-§ protein
expression in RIG-I-, MAVS-, or IFN-S-knockout cells, in stark
contrast to its effect in wild-type cells (Fig. 9F). Taken together,
our findings support the conclusion that the broad-spectrum anti-
viral activity of TBM II is mediated through the targeting of
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PACT, resulting in RIG-I pathway activation and potentiation of
IFN-{ production and innate immunity.

3. Discussion

PACT, as a host target, has demonstrated considerable potential in
antiviral research. Its dual mechanisms of activating the host’s
innate immune response and directly inhibiting viral replication
render it a promising broad-spectrum antiviral target*®. In recent
years, “target-ligand compounds” have achieved significant ad-
vancements in the treatment of viral diseases. These compounds,
by precisely binding to specific biomolecules, can modulate key
signaling pathways or functions, thereby achieving highly efficient
and specific therapeutic effects®®. For instance, Paxlovid, an in-
hibitor targeting Mpro of SARS-CoV-2, has been successfully
marketed for the treatment of COVID-19%". Moreover, drug
design strategies based on target structure, such as multi-site oc-
cupancy and allosteric targeting, have provided new approaches to
overcoming drug resistance®'. However, antiviral drug research
targeting host factors remains relatively underexplored. Our study
has established that the ligand compound TBM II, identified
through targeting PACT, possesses antiviral efficacy both in vitro
and in vivo. It effectively reduces the viral load of SARS-CoV-2,
HCoV-0OC43, and IAV-HIN1 (FMI1) virus. And TBM II also
alleviated cellular and pulmonary inflammatory responses elicited
by viral infection and diminishes the expression of pro-
inflammatory factors TNF-«, IL-18, IL-6, and IFN-vy (Figs. 1, 3
and 4). These findings highlight the reliability and effectiveness of
our screening strategy. In addition, the development of broad-
spectrum antiviral drugs against respiratory viruses is of utmost
urgency. Such drugs not only effectively combat multiple patho-
gens but also reduce the risk of drug resistance®”. Traditional
Chinese medicine (TCM) compounds, with their broad-spectrum
properties, have shown great potential in fighting various viral
infections. Studies have demonstrated that numerous TCM herbs
and their extracts are rich in bioactive components that can
directly inhibit viral replication or modulate the host immune
response. The microRNA MIR2911 from honeysuckle effectively
inhibits multiple influenza subtypes, including HINI*®. Cepha-
ranthine and its analogs have been identified as broad-spectrum
coronavirus inhibitors**. Therefore, in our drug screening, we
restricted the ligand compounds to those derived from traditional
Chinese medicine (TCM). By integrating TCM compounds with
host targets, we aimed to enhance the potential broad-spectrum
antiviral capabilities of the drugs. Target Protein Fishing Assay,
CETSA, DARTS, SPR, and MST assays confirmed that TBM 1I
not only specifically binds to PACT but also exhibits excellent
binding affinity and stability. The potential binding site is located
at Thr78 of PACT, which strongly corroborates our previous vir-
tual and high-throughput screenings (Fig. 2).

TBM I, a triterpenoid saponin compound derived from the
traditional Chinese medicine Rhizoma Bolbostematis, has
garnered attention for its potential antiviral properties®. Re-
searchers have discovered that the saponins from Rhizoma Bol-
bostematis can specifically bind to the host protein NPC1 in late
endosomes, thereby blocking the membrane fusion between the
envelope glycoproteins of SARS-CoV-2 and Ebola virus with
NPC1, which in turn inhibits viral replication®*. This represents an
emerging area of research where drugs target host factors to exert
antiviral effects, with TBM II showing in vitro inhibitory activity
against SARS-CoV-2. However, the study did not involve in vivo

antiviral experiments. Viruses typically activate the RIG-I/MAVS/
IRF3 pathway to induce IFN-g production in response to infec-
tion. However, as viruses replicate and proliferate, they may
employ various strategies to evade, suppress, or reprogram the
host immune system, thereby inhibiting signaling pathways or
negatively regulating IFN-G gene expression to weaken the host’s
antiviral response and increase disease progression risk. Studies
showd that viral proteins suppress interferon responses through
distinct mechanisms: influenza PA blocks IRF3 activation27,
SARS-CoV/SARS-CoV-2 NSP5 traps phosphorylated IRF3 in the
cytoplasm®®, MERS-CoV nucleocapsid ~disrupts TRIM25-
mediated RIG-I ubiquitination®’, and BCoV N inhibits MDA5/
MAVS/TBKI1 signaling®. Although these viruses initially acti-
vate interferon pathways, later-stage suppression becomes domi-
nant. Viral evolution may amplify this immunosuppression,
increasing disease risks. Dynamic profiling of the two viruses in
our study reproduced the same pattern: infection transiently acti-
vates the RIG-I pathway and promotes IFN-3 secretion, followed
by a subsequent decline (Fig. 7A and B and 8D, E, Figs. S7A and
S8A). Therefore, maintaining or enhancing IFN-g levels through
pharmacological intervention represents an important antiviral
strategy. Our work used intranasal administration to infect mice
with HCoV-OC43 and IAV-HIN1 (FM1) viruses (Fig. 3A). We
observed a decrease in CD4" and CD8" T lymphocytes in the
blood of infected mice, which was reversed upon treatment with
TBM 1I (Fig. 3E-H). Moreover, TBM 1I significantly increased
the expression of IFN-@ (Fig. 7E-H). These findings suggest that
TBM II has immunomodulatory effects, enhancing the body’s
defense against pathogens. Thus, we hypothesized that TBM 11
may exert its antiviral effects through immunomodulation. The
RIG-I signaling pathway, associated with PACT, is a canonical
immune regulatory pathway. RIG-I, a key member of the RIG-I-
like receptors (RLRs) family, recognizes viral dsRNA in the
cytoplasm to activate antiviral immune responses’ . RIG-I pri-
marily identifies short dSRNA with 5'-phosphate groups. The re-
ceptor interacts with the adaptor protein MAVS via its N-terminal
CARD domain, activating downstream signaling pathways and
phosphorylating IRF3 or IRF7 transcription factors, which pro-
mote the expression of IFN-I (IFN« and IFNG) and other antiviral
genes™®. Therefore, we proposed that TBM II may positively
regulate the RIG-I signaling pathway by targeting PACT, thereby
promoting IFN-I secretion to exert antiviral effects. However,
there is currently no antiviral drug research targeting the PACT-
RIG-I pathway.

Single-cell sequencing was utilized to profile signaling path-
ways and gene expression in murine lung tissues, revealing sig-
nificant expression differences in the RIG-I signaling pathway and
its associated genes following viral infection and drug interven-
tion. The results indicated that TBM II up-regulated the expres-
sion of PACT, RIG-I, MAVS, and IRF-3 genes, with this effect
being most pronounced in macrophages (Fig. 6D and Fig. S6D).
Subsequent validation using immunofluorescence, Western blot,
and q RT-PCR corroborated these findings (Figs. 7E-H). As
previously reported, PACT can physically bind to the C-terminal
repressor domain (CTD) of RIG-I'?. Consistent with these re-
ports, we further confirmed that TBM II promotes the binding of
PACT to RIG-I, with the binding sites located in the CTD domain
of RIG-I and the 1-103 fragment of PACT protein (Figs. 6E-G
and Fig. S6C). We have also demonstrated in Section 2.2 that
PACT is a highly stable target of TBM 1I (Fig. 2 and Fig. S2). This
binding is crucial for RIG-I activation, as it relieves the auto-
inhibition of RIG-I, allowing it to recognize viral RNA and
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TBM 1I selectively binds to PACT and promotes the PACT-RIG-I interaction. This initiates the RIG-I signaling cascade. Such

molecular events upregulate type I interferon (IFN-I) production, enhance the innate immune response, and consequently achieve broad-spectrum

antiviral efficacy.

initiate downstream antiviral signaling pathways, thereby acti-
vating IFN-I production. We therefore performed PACT-
knockdown and overexpression in cells prior to viral infection
and TBM 1II treatment. Following PACT-knockdown, enhanced
HCoV-OC43 and TAV-HINI1 (FM1) infection was observed, with
diminished therapeutic efficacy of TBM II evidenced by reduced
IFN-@ up-regulation and increased pro-inflammatory cytokine
expression. To determine whether the antiviral activity of TBM II
involves the PACT-mediated RIG-I pathway, we performed
Western blot analysis. The results showed that PACT-knockdown
impaired the ability of TBM II to enhance the expression of RIG-
I/MAVS and the phosphorylation of IRF-3 in infected cells.
Conversely, PACT overexpression amplified TBM Il-induced up-
regulation of these proteins. Moreover, we generated knockout
cell lines targeting key components of this signaling cascade:
RIG-I, MAVS, and IFN-S. Following infection with IAV-HIN1
(FM1), cells deficient in these genes exhibited significantly
higher viral loads compared to wild-type controls. Moreover, the
potent therapeutic effect of TBM II was markedly attenuated or
completely abolished in these knockout cells (Fig. 9). These re-
sults collectively demonstrate that TBM II exerts its antiviral ac-
tion by targeting PACT to activate the RIG-I signaling pathway,
thereby enhancing IFN-8 production and boosting innate immune
responses. These observations are fully consistent with our initial
scientific hypothesis (Fig. 10).

4. Conclusions

In summary, “target—ligand compounds” represent an innovative
approach for the development of broad-spectrum antiviral drugs,
and the PACT target undoubtedly holds great potential for appli-
cation. This represents the first reported ligand discovery targeting
PACT to date. Beyond TBM II, additional traditional Chinese
medicine compounds identified in the preliminary screening phase
of this study may similarly exert antiviral effects via PACT,
warranting further investigation in our subsequent research.
Moreover, investigations into the mechanisms downstream of
PACT are not confined to the RIG-I signaling pathway but can also

be extended to other avenues *'~**. Although the antiviral

mechanisms of different drugs via PACT are diverse, the ultimate
goal remains consistent: to expand our pharmacological arsenal
for future responses to emerging viral pandemics.

5. Experimental
5.1.  Drug and reagents

Tubeimoside II was obtained from Target Mol Co., Ltd. (Boston,
USA). Recombinant Human PACT His Protein was sourced from
Novus Biologicals Co., Ltd. (MA, USA). The PROCARTAPLEX
6 PLEX kit for detecting inflammatory cytokines and Lip-
ofectamine® 3000 were purchased from Thermo Fisher Co., Ltd.
(Waltham, MA, USA).

5.2.  Animals

BALB/c mice (body weight 13—-15 g) were obtained from Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China),
and ICR mice of similar weight were sourced from Sibeifu
Biotechnology Co., Ltd. (Beijing, China). All animal were
approved by the Animal Welfare Ethics Committee of the China
Academy of Chinese Medical Sciences (Approval Nos:
2024D027, 2024D030).

5.3. Virtual screening

The fishing database encompasses a range of chemical libraries
such as Targetmol, Chemdiv, Specs, IBS, HTS Biochemie Inno-
vationen, Princeton, Vitas-M, Alinda, Enamine, Bionet, Otava,
Asinex, UkrOrg Synthesis, IB Screen, and Life chemicals. Mo-
lecular docking commences with uploading the target protein
structure in Protein Data Bank format followed by structural
validation. The docking box position and size defining the binding
site search space are specified either through selection of the target
amino acid sequence or by defining spatial coordinates and box
dimensions. After confirming the protein ligand and docking box
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users configure the scoring function such as Vina Vinardo or
AutoDock4 select a search mode categorized as Fast Balanced or
Detailed determine the number of output poses and set ligand
conformational sampling options.

5.4.  Plasmid construction

Primers with restriction enzyme sites at both ends were designed
based on the coding sequence (CDS) region of Homo sapiens PACT
(Gene Bank accession number NM_003690.5) retrieved from the
NCBI GenBank database. The human PACT siRNA hPACT
(PRKRA)-502 (Catalog No. R16589) was synthesized by Sangon
Biotech (Shanghai) Co., Ltd. The human PACT overexpression
plasmid pHG-CMV-PRKRA-mEGFP (Catalog No. HG-HO00369)
was purchased from Honor Gene (Changsha, China).

5.5.  Cell cultures

Caco-2-N, RAW264.7, and A549 cell lines were cultured in
DMEM (Gibco, China) supplemented with 10% FBS and 50 IU/
mL penicillin-streptomycin under standard conditions (37 °C, 5%
CO,). Mycoplasma-free status was confirmed through routine
screening. Cells were seeded in 96-well plates at 2 x 10* cells/
well and allowed to adhere for 12 h before exposure to gradient
concentrations of the test compound (Caco-2-N cells provided by
Dr. Qiang Ding from Tsinghua University).

5.6.  Generation of SARS-CoV-2 trVLP

RT-qPCR-amplified target fragments were enzymatically digested,
purified, and ligated via T4 ligase. The cDNA construct was
phenol-chloroform  extracted, isopropanol-precipitated, and
reconstituted in 10 pL. nuclease-free H,O. For recombinant virus
generation, in vitro-transcribed RNA was electroporated into
Caco-2-N cells (8 x 10° cells/0.4 mL Opti-MEM) using 270 V/
950 pF parameters (Bio-Rad Gene Pulser). GFP expression was
monitored at 17 h post-transfection. PO virus harvested at 72 h was
amplified in fresh Caco-2-N cultures. Clarified supernatant was
filtered (0.45 pmol/L), aliquoted, and cryopreserved (—80 °C).
Reagent requests should be addressed to Dr. Qiang Ding (qding@
tsinghua.edu.cn)**.

5.7.  High-content imaging (HCI) systems are utilized for the
analysis of the virulence of the SARS-CoV-2 trVLP

Caco-2-N cells were seeded in black-wall 96-well plates at
3 x 10* cells/well with experimental groups configured as: Con-
trol, infection model, positive drug and TCM compounds. At
70%-80% confluency, cultures underwent synchronized virolog-
ical challenge with SARS-CoV-2 GFP/AN VLPs under standard
culture conditions (37 °C, 5% CO,) for 12 h, with intervention
timing calibrated to pre-GFP signal manifestation. Following this,
the individual drugs at various dosages were administered and the
cells were further incubated for 48 h under the same conditions.
The expression of the virus post-treatment (GFP signal) was then
assessed using a high-content imaging system, Image Xpress®
Micro XLS, to determine whether the administered drugs possess
antiviral activity against SARS-CoV-2 virus.

5.8.  Target protein fishing assay

WED-conjugated epoxy-activated Sepharose 6B matrices (GE
Healthcare) were prepared following standardized coupling pro-
cedures. Cellular lysates underwent affinity binding with WED-
immobilized matrices or free WED through 12-h cold incubation
(4 °C), followed by three sequential PBS washes to eliminate non-
specifically adsorbed proteins. Captured protein complexes were
subsequently characterized through argentometric detection,
immunoblotting analysis, and liquid chromatography-tandem
mass spectrometry.

5.9.  CETSA experiment to verify drug affinity for PACT

After drug treatment, cells were subjected to thermal denaturation
across a gradient of 37-68 °C, followed by lysis in RIPA buffer
supplemented with protease inhibitors. Insoluble aggregates were
removed by high-speed centrifugation (16,000xg, 15 min) or
0.22 pmol/L filtration, with concurrent collection of both the
precipitated and soluble protein fractions. The soluble proteins
were then separated by SDS-PAGE (12% gel, 120 V) and trans-
ferred to PVDF membranes using a semi-dry method. PACT
protein was detected with validated primary antibodies (1:1000
dilution) and horseradish peroxidase-conjugated secondary anti-
bodies (1:5000), with visualization achieved through chemilumi-
nescent detection.

5.10.  SPR analysis

The binding assay was conducted on a BIAcore T200 (25 °C) with
CMS5 chips. After EDC/NHS activation (200/50 pmol/L, 10 pL/
min, 420 s), target protein PACT in 10 mmol/L. sodium acetate
was dual-immobilized (50 pL, 10 pul/min, 420 s). Ethanolamine
(1 mol/L, 10 pL/min) blocked residual sites. PBS (pH 5.0) served
as reference. Analyte dilutions (PBS) were injected (10 pL/min,
150 s) with intermittent regeneration (10 mmol/L glycine-HCI, pH
2.0). Reference-subtracted sensorgrams were processed via 1:1
Langmuir global fitting (BIAcore Evaluation v2.0) for kinetic
analysis, with data visualization using Origin 7.

5.11.  Drug affinity responsive target stability assay (DARTS)

HEK293T cells in the logarithmic growth phase were harvested
from culture dishes, and total protein was extracted. The proteins
were lysed and the supernatant was collected following centrifu-
gation. The lysate was then divided equally into five groups, to
which different concentrations of TBM II solution (0.25, 0.5, and
1 pmol/L) were added. The control group received an equivalent
volume of DMSO. After mixing at room temperature for 2 h,
followed by incubation at 37 °C for 10 min. The samples were
centrifuged (20,000x g, 20 min, 4 °C) and the resultant superna-
tant was combined with 5 x loading buffer followed by thermal
denaturation (100 °C, 10 min). Protein preparations were elec-
trophoretically resolved for immunoblotting detection.

5.12.  Microscale thermophoresis (MST) assay

Fluorescent labeling of PACT was performed using the Monolith
NT protein conjugation system. A concentration gradient of TBM
II was serially diluted and incubated with the tagged protein.
Capillary-based thermophoretic migration was monitored through
the Monolith NT.115 platform (NanoTemper Technologies,
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Munich, Germany) following sample loading. Binding kinetics
were quantified using the manufacturer’s proprietary analysis
suite.

5.13.  Western blot assay

Western blot analysis was carried out on samples from both in vivo
and in vitro experiments. Protein concentrations were quantified
using a BCA protein assay kit (Biorigin, Beijing, China). Proteins
(10% SDS-PAGE/PVDF) were FBS-blocked and immunoprobed
(4 °Cl/overnight): @-actin (1:10,000, Proteintech, Chicago, IL,
USA), PACT (1:1500, Proteintech, Chicago, IL, USA), RIG-1
(1:3000, Proteintech, Chicago, IL, USA), MAVS (1:9000, Pro-
teintech, Chicago, IL, USA), IRF3 (1:5000, Proteintech, Chicago,
IL, USA), Phospho-IRF3 (1:2000, Proteintech, Chicago, IL, USA)
and IFN-B (1:500, Proteintech, Chicago, IL, USA). The mem-
branes were incubated with goat anti-rabbit IgG(H + L) (1:8000,
Proteintech, Chicago, IL, USA) for 1 h at room temperature.
Signals were captured and analyzed via Imagel.

5.14. RT-gPCR assay

The mRNA levels of RIG-I pathway-related genes were quantified
by RT-qPCR. Total RNA was isolated from lung tissues and
cultured cells with TRIzol reagent (Life Technologies, USA),
followed by RT-qPCR analysis using Evo M-MLV One Step RT-
gqPCR Kit (ACCURATE BIOTECHNOLOGY(HUNAN) CO.,
LTD, ChangSha, China). Primer sequences are provided in Sup-
porting Information Table S2.

5.15.  Establishment, grouping, and medication administration
in animal models

A total of 60 ICR and Balb/c mice were selected, with an equal
number of males and females, and randomly assigned to six
different groups based on their body weight to establish models
for IAV-HIN1/FM1 and HCoV-OC43 virus infection. The groups
were categorized as follows: normal control group, model control
group, Oseltamivir/Azvudine control group, and three dosage
groups of TBMII (2.6, 1.3, and 0.65 mg/kg), The positive drug
doses were FNC (2.0 mg/kg) and OSV (27.5 mg/kg). Under mild
anesthesia with isoflurane, all groups except the normal control
group were infected via the intranasal route with 15 TCIDs of the
IAV-HIN1/EM1 and HCoV-OC43 virus. The normal control
group received a physiological saline solution, with each mouse
receiving 35 pL of the intranasal solution. On the day of infection,
mice in each treatment group were administered medication via
gavage, with a dosage volume of 0.2 mL/10 g, once daily for five
consecutive days. The IAV-HIN1/FM1 and HCoV-OC43 virus
were purchased from the American Type Culture Collection
(ATCC), propagated in our laboratory, and stored at —80 °C.

5.16. H&E staining for histopathological evaluation of murine
lung tissue alterations

Pulmonary specimens underwent immersion-fixation in 10%
neutral buffered formalin followed by progressive ethanol dehy-
dration. Subsequent to alcohol treatment, xylene-mediated
clearing preceded final encapsulation in histological-grade
paraffin wax. Sections of the embedded tissues, approximately
5 + 1 pmol/L in thickness, were cut using a microtome, floated
onto glass slides, and allowed to dry in a temperature-controlled

chamber. Subsequently, H&E-stained slides revealed morphology.
The presence of any pathological alterations in the murine lung
tissue was examined using light microscopy.

5.17.  Immunofluorescence assay

Cellular/tissue specimens underwent immersion-fixation in 4%
paraformaldehyde (PFA), followed by 0.4% Triton X-100 per-
meabilization treatment and 1-h nonspecific site blocking with 5%
BSA under room temperature equilibration. Immunostaining
employed species-matched primary immunoprobes targeting
PACT, RIG-I, IRF3, IFN-y, and IL-6 (monoclonal/polyclonal
sources) through 12-16 h cold-phase incubation (4 °C), succeeded
by 60 min exposure to fluorochrome-conjugated secondary
antibodies under light-protected ambient conditions. Chromatin
visualization utilized DAPI nuclear counterstaining (10-min pro-
tocol). High-resolution imaging was performed on a Leica SP5
laser-scanning confocal microscopy system (63 X oil objective),
with subsequent digital quantification of fluorescence signals via
ImageJ threshold-based detection module for spatial protein
profiling.

5.18.  Generation of knockout cell lines

CRISPR-Cas9-mediated knockout of the RIGI, MAVS, and IFNB 1
genes was performed using commercially available ribonucleo-
protein (RNP) complexes. Targeted knockout of RIGI, MAVS, and
IFNB1 was performed using two sgRNAs per gene designed via
http://crispr.mit.edu: RIGI (AAACAACAAGGGCCCAATGG
AGG, ATTGGGCTGACTGCCTCGGT TGG), MAVS (TGT
GTAGCAGGCTTTAATGG TGG, AGCCTGAGACCGTTGCA-
TTG AGG), and IFNB1 (ATGGTCCTCTCTCTATTCAG AGG,
GGAGGGTCTGGAACTAAACC TGG). These were delivered as
plasmids or RNP complexes via electroporation (Neon System).
Single-cell clones were isolated, screened by PCR and Sanger
sequencing for biallelic indels, and isogenic lines (e.g., +/+, —/—)
were established and maintained under standard conditions.

5.19.  Statistical analysis

Statistical analyses were executed through GraphPad Prism
10.2.3. Intergroup comparisons were conducted via One-way
ANOVA, with P < 0.05 indicating statistical significance.
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