. . Z
IE:}I:ZI veterinary sciences m\p\py
F

Review

Host-Directed Antiviral Strategies Against Influenza Viruses:
Host Targets, Multi-Omics Approaches and
Al-Assisted Discovery

Xianfeng Hui 1,23, Shihuan Ding 1,231 Shuoxiang Gao 1,23 Shuochen Xu 123, Tiesuo Zhao 13,

Xiaowei Tian 3*© and Hui Wang

W) Check for updates

Academic Editor: Senyan Du

Received: 27 May 2026

Revised: 23 June 2026

Accepted: 24 June 2026

Published: 27 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

2,4,%

Department of Immunology, School of Basic Medical Sciences, Henan Medical University, Xinxiang 453003,
China; 50240206012@stu.xxmu.edu.cn (S.D.); 50250206064@stu.xxmu.edu.cn (S.G.);
20251450217@stu.xxmu.edu.cn (S.X.); 131009@hamu.edu.cn (T.Z.)

Henan Key Laboratory of Inmunology and Targeted Drug, Henan Medical University,

Xinxiang 453003, China

Xinxiang Engineering Technology Research Center of Immune Checkpoint Drug for Liver-Intestinal Tumors,
Henan Medical University, Xinxiang 453003, China

Henan Collaborative Innovation Center of Molecular Diagnosis and Laboratory Medicine, School of Medical
Technology, Henan Medical University, Xinxiang 453003, China

*  Correspondence: xianfenghui@163.com (X.H.); tianxw2020@163.com (X.T.); immuneweb@126.com (H.W.)
These authors contributed equally to this work.

Simple Summary

Influenza viruses remain a major threat to animal and public health because of their
rapid evolution and increasing antiviral resistance. Host-directed antiviral strategies,
which target host factors required for viral replication, provide a promising alternative
to traditional virus-targeting therapies. Recent advances in multi-omics technologies and
artificial intelligence (AI) have improved the identification of host factors involved in
influenza infection and accelerated the discovery of new antiviral targets. This review
summarizes current knowledge of host factors regulating influenza virus infection and
highlights how multi-omics and Al-driven approaches may support the development of
next-generation antiviral therapies for both animals and humans.

Abstract

Influenza viruses continue to pose a significant threat to both animal and public health due
to their rapid evolution and the frequent emergence of antiviral resistance. Host-directed
antiviral (HDA) strategies, which target host factors essential for viral replication, may
represent an alternative to conventional virus-targeting approaches. However, the identi-
fication of reliable and therapeutically actionable host targets remains a major challenge,
primarily due to the complexity and context dependency of host-virus interactions. Recent
advancements in multi-omics technologies, including functional genomics, transcriptomics,
and proteomics, have facilitated the systematic characterization of host factors involved
in influenza virus infection. These methodologies have unveiled intricate regulatory net-
works that govern viral replication and host immune responses. Nonetheless, translating
large-scale datasets into biologically meaningful targets necessitates robust integrative
frameworks. In this context, artificial intelligence (AI) and machine learning methods
offer powerful tools for data integration, target prioritization, and predictive modeling.
In this Review, we summarize current insights into host factors that regulate influenza
virus infection and discuss how multi-omics and Al-driven approaches are expediting host
target discovery. Furthermore, we highlight the potential of these strategies to enhance
antiviral development while addressing key challenges related to specificity, safety, and
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translational application. Collectively, these advancements lay a foundation that may
support the rational design of next-generation host-directed antivirals.

Keywords: influenza virus; host-directed antiviral strategies; multi-omics integration;
artificial intelligence; host—virus interactions

1. Introduction

Influenza viruses continue to circulate and evolve within the One Health ecosystem,
which includes humans, swine, poultry, and wild birds. Swine and avian species serve
as significant reservoir hosts for influenza viruses, providing ecological environments
that facilitate viral persistence, interspecies transmission, and genetic reassortment [1].
Consequently, controlling influenza is not only a public health concern but also a major
challenge for animal health, food security, and the sustainable development of livestock
production systems.

Due to their segmented genomes and high mutation rates, influenza viruses undergo
continuous antigenic drift and can generate novel reassortant strains through the exchange
of gene segments between viruses originating from different host species [2,3]. Such
evolutionary dynamics have repeatedly contributed to the emergence of viruses with
epidemic or pandemic potential [1,4]. In domestic animals such as swine and poultry, the
sustained circulation of influenza viruses not only results in substantial economic losses
but also increases the risk of zoonotic transmission and the emergence of novel influenza
variants with public health significance [5,6]. Therefore, understanding influenza virus—
host interactions across multiple host species has become increasingly important within
the One Health framework.

Current anti-influenza strategies primarily target viral proteins, such as neuraminidase
and the M2 ion channel [7]. However, the high mutation frequency of influenza viruses has
led to the emergence of antiviral resistance, while extensive genetic and antigenic diversity
among viral strains limits the long-term effectiveness of virus-directed therapies [7,8]. These
limitations have stimulated growing interest in the development of antiviral strategies that
are less susceptible to viral evolution.

Host-directed antiviral (HDA) strategies may represent an alternative approach by
targeting host factors required for viral replication, although their application remains
limited by safety and translational constraints. In parallel, increasing attention has been
directed toward the identification of conserved host pathways that may be associated
with antiviral effects across multiple influenza virus subtypes and, potentially, across
different host species. In this review, the term “broad-spectrum antiviral strategy” is used
primarily to describe interventions targeting conserved host mechanisms with activity
against multiple influenza virus subtypes. Where appropriate, the terms “cross-subtype,”
“cross-virus,” and “cross-host” are used to distinguish activity across influenza subtypes,
different viral species, and different host organisms, respectively. Despite their potential
advantages, host-targeted approaches face several challenges. Host—virus interactions are
highly context-dependent and can vary substantially among cell types, tissues, and host
species. Moreover, many host factors participate in essential cellular processes, raising
concerns regarding safety, tissue specificity, and therapeutic windows.

Recent advances in multi-omics technologies have provided unprecedented oppor-
tunities to systematically characterize host regulatory networks during influenza virus
infection. Functional genomics, transcriptomics, proteomics, and interactomics collec-
tively enable the identification of host factors involved in viral replication, immune reg-
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ulation, and host adaptation [9]. However, the scale, complexity, and heterogeneity of
these datasets present significant challenges for conventional analytical approaches. In
this context, artificial intelligence (Al) and machine learning methods have emerged as
powerful tools for data integration, network analysis, and target prioritization [10]. By
combining multi-omics evidence with computational predictions, Al-assisted approaches
may help prioritize biologically relevant host factors, although their outputs require careful
experimental validation.

This review summarizes current studies on influenza host targets across multiple
host species, with particular emphasis on the integration of multi-omics technologies and
Al-assisted approaches. Special attention is given to conserved host factors that have
been proposed as candidates for cross-subtype influenza control and their relevance in
humans, swine, and poultry. Additionally, we discuss the challenges associated with
translating host-target discoveries across species, the limitations of Al-assisted target
prioritization, and the opportunities for developing host-targeted antiviral strategies within
a One Health framework.

This article is a narrative review. Relevant literature was identified through searches of
PubMed, Web of Science, and Scopus using combinations of keywords including “influenza

A7

virus”, “host factors”, “host-directed antiviral”, “multi-omics”, “functional genomics”,
“transcriptomics”, “proteomics”, “interactomics”, “artificial intelligence”, “machine learn-
ing”, and “One Health”. Priority was given to peer-reviewed publications with particular
emphasis on recent studies published within the last five years, while seminal studies
were included where necessary to provide historical and mechanistic context. No formal
language restrictions were applied during literature selection; however, the vast majority

of the included studies were published in English.

2. Host Factors in Influenza Virus Infection

Influenza virus replication relies extensively on host cellular machinery and structural
components, making infection a dynamic process shaped by continuous interactions be-
tween viral factors and host regulatory networks. From viral entry and genome replication
to particle assembly and release, each stage of the viral life cycle depends on host membrane
trafficking systems, nucleocytoplasmic transport pathways, and diverse metabolic and
signaling processes. At the same time, host cells detect viral invasion through innate im-
mune sensing mechanisms and initiate antiviral defenses. However, influenza viruses have
evolved multiple strategies to counteract or evade these responses. Consequently, host fac-
tors involved in influenza infection can generally be classified into two categories: proviral
factors that facilitate viral replication and restriction factors that suppress viral propaga-
tion. The functions and relative importance of these factors vary according to cell type,
stage of infection, and host species. Notably, many host pathways involved in influenza
virus replication and immune regulation exhibit varying degrees of conservation across
species, providing opportunities for the identification of host-directed antiviral targets with
potential cross-subtype or cross-species applicability. At the same time, the essential physio-
logical roles of many host factors raise important concerns regarding safety, selectivity, and
therapeutic windows. Therefore, a systematic understanding of the functional categories
of host factors and their roles throughout the influenza virus life cycle is fundamental to
elucidating viral pathogenesis and advancing host-targeted antiviral strategies.

2.1. Host Factors Related to the Viral Life Cycle

Influenza virus replication depends on multiple fundamental biological processes
within host cells, with distinct yet interconnected host factors contributing to different stages
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of the viral life cycle. According to their functions, these host factors can be broadly grouped
into those involved in viral entry, nuclear replication, and virion assembly and release.

During viral entry, influenza viruses initially attach to sialic acid receptors on the host
cell surface, such as «-2,6-linked sialic acid receptors that predominate in human airway
epithelial cells, through interactions mediated by hemagglutinin (HA) [11]. The virus
is subsequently internalized via clathrin-mediated endocytosis [12]. Following uptake,
progressive acidification of endosomes triggers fusion between the viral envelope and the
endosomal membrane [13]. This process depends on endosomal acidification machinery,
including the v-ATPase complex [13], as well as ion channel activity. Simultaneously, proton
influx mediated by the viral M2 protein promotes uncoating and facilitates the release of
viral ribonucleoprotein complexes (vRNPs) into the cytoplasm [14]. Host regulators of
endosomal trafficking, particularly Rab5 and Rab?7, are required for endosome maturation
and efficient viral genome release [15]. Notably, these pathways are highly conserved
across mammalian and avian hosts, highlighting their potential relevance as host-directed
antiviral targets.

During the replication stage, influenza viruses exhibit a unique dependence on the
host nuclear transport machinery because viral transcription and genome replication occur
within the nucleus. Nuclear import of VRNPs is primarily mediated by the importin-o/ 3
transport system [16], including importin-o7 [16], which recognizes viral nuclear local-
ization signals and facilitates translocation into the nucleus. Viral mRNA synthesis relies
on the well-characterized cap-snatching mechanism [17], whereby the viral polymerase
complex utilizes the 5’ cap structures of host RNA polymerase II transcripts as primers
for transcription initiation. In this process, the PB2 subunit specifically binds host-derived
capped RNA fragments [18]. Host transcriptional activity and chromatin organization also
influence viral replication efficiency, and RNA polymerase II activity has been shown to
correlate closely with viral transcriptional output [19].

Among the host factors involved in viral replication, members of the ANP32 protein
family represent particularly important regulators of influenza polymerase activity and host
adaptation [20]. ANP32 proteins are broadly conserved among humans, swine, and avian
species; however, their ability to support viral polymerase function differs substantially
between hosts. For example, avian ANP32A contains a species-specific insertion that effi-
ciently supports avian influenza polymerases, whereas mammalian ANP32A and ANP32B
exhibit distinct levels of support depending on the degree of viral adaptation [20]. These
differences are now recognized as important determinants of host range and cross-species
transmission [20,21]. Similarly, the importin-«/ 3-mediated nuclear transport pathway
operates in human, porcine, and avian cells [16], indicating that nucleocytoplasmic trans-
port represents a conserved host dependency pathway that may offer opportunities for the
development of host-directed antiviral interventions across multiple host systems.

During virion assembly and release, newly synthesized viral proteins and genomic
components are transported to the plasma membrane through host vesicular trafficking
pathways [22]. This process involves Golgi-associated transport mechanisms and cytoskele-
tal networks, particularly microtubules, which facilitate the coordinated trafficking of
viral proteins and vRNPs to assembly sites [23]. Host lipid metabolism also contributes
substantially to virion formation. For example, cholesterol- and sphingolipid-enriched
lipid rafts provide specialized membrane microdomains that support viral assembly and
budding [24]. Mature virions are ultimately released from infected cells through a budding
process, during which neuraminidase (NA) cleaves terminal sialic acid residues to prevent
virion aggregation and promote the efficient release of progeny viruses [25,26] (Figure 1).
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Figure 1. Host factors involved in the influenza virus life cycle.

Influenza virus replication relies on multiple host factors that regulate distinct stages
of the viral life cycle. During viral entry, the virus binds to sialic acid receptors on the host
cell surface and is internalized through endocytosis. Endosomal acidification mediated by
the v-ATPase complex and endosomal trafficking regulators such as Rab5 and Rab?7 facili-
tates viral membrane fusion, uncoating, and release of viral ribonucleoprotein complexes
(VRNPs). During nuclear replication, vRNPs are transported into the nucleus through the
importin-ot/ 3 nuclear transport system, where viral transcription and genome replication
occur. Host factors such as ANP32 proteins support influenza polymerase activity and
contribute to host adaptation. During virion assembly and release, newly synthesized
viral components are transported through vesicular trafficking pathways and assembled
at cholesterol-rich lipid rafts on the plasma membrane. Host lipid metabolism and cy-
toskeletal networks play important roles in this process, while neuraminidase-mediated
budding enables the release of progeny virions. Collectively, these host pathways represent
critical determinants of influenza virus replication and potential targets for host-directed
antiviral strategies.

Collectively, each stage of the influenza virus life cycle depends on host cellular
pathways that regulate intracellular trafficking, nuclear transport, metabolism, and mem-
brane dynamics. These host factors not only influence viral replication efficiency but also
contribute to host adaptation and cross-species transmission. Importantly, many of these
pathways exhibit varying degrees of conservation among humans, swine, and avian species,
making them attractive candidates for host-directed antiviral intervention. Therefore, sys-
tematic characterization of host dependency factors across different stages of infection
provides an essential foundation for the identification and prioritization of antiviral targets.

2.2. Host Antiviral Immune Regulation

The innate immune system constitutes the first line of host defense during the early
stages of influenza virus infection. Following viral entry, viral RNA is detected by pattern-
recognition receptors (PRRs), among which the RIG-I-like receptor pathway plays a partic-
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ularly important role [27]. Recognition of viral RNA by RIG-I triggers MAVS-dependent
signaling [28], leading to the activation of downstream kinases and transcription factors
that induce the production of type I interferons and pro-inflammatory cytokines [29]. The
magnitude and duration of this response are regulated by multiple host factors, includ-
ing ubiquitin-modifying enzymes, protein kinases, and transcriptional regulators, which
collectively shape antiviral immunity.

The interferon signaling pathway represents one of the major host mechanisms re-
stricting influenza virus replication. Binding of type I interferons to their cognate receptors
activates the JAK-STAT pathway and stimulates the expression of numerous interferon-
stimulated genes (ISGs) [30], which inhibit viral replication through diverse mechanisms.
Representative examples include IFITM proteins, which restrict viral membrane fusion [31],
and Mx proteins, which interfere with viral ribonucleoprotein function and replication [32].
Additional ISGs contribute to antiviral defense by regulating RNA degradation, protein
translation, intracellular trafficking, and other cellular processes, thereby establishing a
multi-layered antiviral network [33].

However, influenza viruses have evolved multiple mechanisms to counteract host
innate immunity. Viral proteins can disrupt key components of the RIG-I-MAVS signaling
axis or suppress interferon production and downstream signaling, thereby attenuating
antiviral responses. Importantly, although many innate immune pathways are conserved
among humans, swine, and avian species, substantial differences exist in immune regula-
tion, signaling intensity, and antiviral effector repertoires. These species-specific variations
influence viral adaptation, pathogenicity, and transmission dynamics and should be consid-
ered when evaluating host-directed antiviral targets across different host systems (Table 1).

Table 1. Representative host factors and their translational potential for host-directed antiviral

development.
Host Factor Role Validation Status Cross-Spec.:les Therape}l tic
Conservation Potential
Importin-oc/ 3 Nuclear import Cell + animal studies High High
ANP32A/B Polymerase Cell + animal studies High High
support
CRM1/XPO1 Nuclear export Small-molecule High High
p inhibitors available & &
[FITM3 Restriction Genetic as§0c1at10n Moderate Moderate
factor studies
MxA /MX1 Restriction Strong mechanlstlc Moderate Moderate
factor evidence
PKR "ljran.sl.apon Extenswe antiviral High Limited (toxicity
inhibition evidence concerns)

2.3. Host-Dependent Factors and Restriction Factors

Based on their roles in viral replication, host factors are typically classified into proviral
factors, which promote viral replication, and restriction factors, which inhibit viral amplifi-
cation. Proviral factors provide the cellular environment and molecular support required
for viral replication, including host components involved in nuclear transport, protein
translation, membrane trafficking, and energy metabolism. Taking influenza viruses as
an example, members of the importin-« family mediate the nuclear import of viral vVRNP
complexes [16]. In addition, ANP32A supports the activity of viral polymerase complexes
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and plays a particularly important role in the adaptation of avian influenza viruses to
mammalian hosts [20].

Additionally, viral replication relies on the host translation machinery and lipid
metabolism pathways to support viral protein synthesis and virion assembly [34]. In
contrast, restriction factors primarily suppress viral replication through direct or indi-
rect mechanisms. For example, IFITM3 can restrict viral entry by interfering with viral
membrane fusion [31]; MxA (Mx1) can inhibit viral replication by disrupting the function
of viral ribonucleoprotein complexes [35]; and PKR suppresses protein translation upon
recognizing viral RNA, thereby limiting viral amplification [36]. Furthermore, certain host
nucleases and ubiquitination-related factors are involved in viral RNA degradation and the
regulation of antiviral signaling [37]. It should be noted that the functions of host factors are
not strictly fixed. Some host molecules may exhibit dual roles at different stages of infection
or in different cellular contexts. For example, autophagy-related pathways may promote
the transport and replication of viral components under certain conditions, whereas under
other conditions, they may facilitate viral clearance and antigen presentation [38]. Similarly,
factors associated with cellular stress responses may either be exploited by viruses to
maintain a favorable replication environment or participate in host antiviral defense [39].

Furthermore, functional redundancy and pathway compensation are widespread
within host cells [40]. When a single host factor is inhibited, viruses may maintain their
replication capacity by utilizing alternative pathways. This phenomenon may limit the
effectiveness of single-target interventions and increase the complexity of designing host-
targeted antiviral strategies. It is noteworthy that some host dependency factors and
restriction factors exhibit high levels of conservation across humans, pigs, and birds. For
instance, the nuclear transport system, endocytic trafficking pathways, and interferon-
induced antiviral responses are extensively involved in influenza virus infection across
different hosts [41,42]. This conservation provides an important foundation for the identi-
fication of broad-spectrum antiviral targets. However, these pathways often participate
in essential physiological functions, and excessive interference may result in cytotoxicity
or immune imbalance. Therefore, the screening of host targets should comprehensively
consider antiviral efficacy, host safety, and functional differences among species (Figure 2).

Overall, influenza virus replication depends on a complex host regulatory network
comprising both host dependency factors that facilitate viral replication and antiviral
factors that restrict viral amplification. These host factors undergo dynamic changes across
different stages of infection, cell types, and host species, and their interactions collectively
influence viral replication efficiency and host adaptability. Systematic analysis of host-factor
networks and their dynamic balance provides an important basis for the development of
host-targeted antiviral strategies and broad-spectrum antiviral targets (Table 1).

Key host factors facilitating or restricting viral replication are depicted across entry,
nuclear replication, and assembly stages. Several factors (e.g., ubiquitination-related
proteins, Importin-oc/ 3, RNase) exert dual pro- and antiviral functions depending on
context. Energy metabolism, particularly glycolysis, supports viral biosynthesis, while
restriction factors, including IFITM3, Mx«, and PKR, antagonize critical steps of the viral
life cycle.
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Figure 2. Host-dependent and restriction factors during influenza virus infection.

3. Application of Multi-Omics Technologies in Host Target Discovery

With the advancement of high-throughput sequencing and systems biology tech-
nologies, multi-omics approaches have become a key tool for elucidating the interactions
between influenza viruses and their hosts. Omics data from various levels provide comple-
mentary information across multiple dimensions—from gene function and transcriptional
regulation to protein interactions—enabling the identification of host factors to shift from
single-dimensional studies to systematic analysis. By integrating data from multiple
sources, researchers can not only map host regulatory networks during viral infection more
comprehensively but also establish a basis for screening targets with biological significance
and potential application value.

3.1. Functional Genomics

Functional genomics is a key approach for the systematic identification of host factors
associated with influenza virus infection. Early studies primarily relied on RNA interfer-
ence (RNAIi) technology, using siRNA or shRNA to silence specific genes and evaluate the
effects of host gene depletion on viral replication [9]. RNAi-based screening has identi-
fied numerous host factors involved in the influenza virus life cycle, including the COPI
complex, which participates in viral endocytosis and intracellular trafficking, NXF1, which
regulates nuclear transport, and ATP6V0D1, which is associated with viral RNA replica-
tion [9]. These studies established an important foundation for subsequent host-target
discovery efforts.
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In recent years, the development of CRISPR/Cas9 technology has substantially im-
proved the accuracy and throughput of functional screening. Genome-wide CRISPR-based
knockout screens enable systematic investigation of host gene functions and facilitate
the identification of host dependency factors that are critical for viral replication. For
example, several CRISPR screening studies have demonstrated that disruption of the
sialic acid biosynthesis genes SLC35A1 and CMAS markedly reduces cellular susceptibility
to influenza virus infection, highlighting their importance in viral entry [43]. In addi-
tion, CRISPR screens have identified ANP32A and ANP32B as key regulators of influenza
virus polymerase activity [44]. Beyond gene knockout approaches, CRISPR interference
(CRISPRi) and CRISPR activation (CRISPRa) technologies allow targeted suppression or en-
hancement of gene expression, enabling more flexible investigation of host-factor functions
across different expression levels [45]. Compared with conventional RNAi approaches,
CRISPR screening provides greater targeting specificity and fewer off-target effects, making
it a more reliable platform for defining host gene function [46].

To date, most CRISPR screening studies have been conducted in human-derived cell
lines. However, functional genomics studies using porcine and avian cells have increased
in recent years. Cross-species comparative screening can facilitate the identification of con-
served host factors involved in viral replication across different hosts, thereby improving
the efficiency of discovering broadly applicable antiviral targets. For example, differences
in the ability of the ANP32 protein family to support influenza virus polymerase activity
have been observed between human and avian cells, and these differences are thought
to contribute to host adaptation and cross-species transmission [47]. Consequently, inte-
grating functional genomics data from multiple host species may help identify conserved
host targets that play important roles across different biological systems and provide a
foundation for the development of host-targeted antiviral strategies.

Functional genomics screening is often regarded as the starting point of host-target
discovery. However, the large number of candidate genes identified through RNAi or
CRISPR screening requires further prioritization through integration with transcriptomic
and proteomic datasets. For example, when a candidate gene not only influences viral
replication in CRISPR screens but also exhibits significant expression changes during
infection and occupies a central position within host regulatory networks, confidence in its
potential as an antiviral target is substantially strengthened. Therefore, cross-validation of
functional screening results with complementary omics datasets has become an important
strategy in contemporary host-target research (Table 2).

Table 2. Examples of influenza host factors identified by functional genomics studies.

Host . . oye Potential
Factor Function Evidence Druggability Limitations
SLC35A1 CMP-sialic acid CRISPR KO Low Essential for. host
transporter glycosylation
CMAS Sialic ac%d CRISPR KO Low High toxicity risk
synthesis
CRISPR KO+
ANP32A Polymerase mechanistic Moderate Host cellular
cofactor . functions unclear
studies
Polymerase CRISFR KO+ Functional
ANP32B Y mechanistic Moderate
cofactor studies redundancy
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3.2. Transcriptomics

Transcriptomic analysis provides important insights into the dynamic host response to
influenza virus infection. Using RNA sequencing (RNA-seq), researchers can systematically
compare host gene expression profiles before and after infection, thereby identifying key
pathways involved in antiviral defense or exploited by the virus. For example, in influenza
virus-infected lung epithelial cells, multiple interferon-stimulated genes (ISGs), including
IFITM3, ISG15, and members of the OAS family, are typically upregulated, reflecting rapid
activation of innate immune responses [48]. At the same time, inflammatory cytokines
and chemokines, such as IL-6 and CXCL10, are often highly expressed and are closely
associated with disease pathogenesis [49]. Traditional bulk RNA-seq primarily captures
the average transcriptional profile of an entire cell population and is therefore well-suited
for analyzing global transcriptional changes following infection. For example, studies have
shown that infection with highly pathogenic H5N1 viruses induces stronger expression
of inflammation-related genes, whereas low-pathogenicity strains generally elicit more
moderate transcriptional responses. Such findings provide insights into differences in
pathogenic mechanisms among influenza virus strains. In recent years, single-cell RNA
sequencing (scRNA-seq) has further revealed the cellular heterogeneity associated with
viral infection [50]. For instance, within influenza virus-infected lung tissue, individual
cells can differ substantially in viral burden and immune activation; some cells exhibit
robust interferon responses, whereas others are more permissive to viral replication [50].
Single-cell analyses therefore facilitate the identification of host factors associated with
specific cell types and potentially susceptible cellular populations.

Furthermore, transcriptomic analysis has been widely applied in studies of swine and
avian influenza to investigate host immune responses and mechanisms of viral adapta-
tion. For example, although human, swine, and avian cells all activate interferon-related
pathways following influenza virus infection, differences have been observed in the ex-
pression patterns of certain inflammatory mediators and metabolism-related genes [51,52].
Such cross-species transcriptomic comparisons help identify genes that exhibit conserved
response patterns across different hosts and provide a foundation for the discovery of
broadly applicable antiviral targets. However, transcriptomic data alone are insufficient to
determine the functional importance of candidate genes. Many differentially expressed
genes do not directly contribute to viral replication, whereas some critical host factors show
little or no transcriptional change during infection. Therefore, transcriptomic findings
are often interpreted in conjunction with functional genomics and proteomics data. For
example, a host factor that exhibits infection-associated expression changes and is inde-
pendently validated in CRISPR screening is more likely to represent a biologically relevant
antiviral target.

3.3. Proteomics and Interactomics

Proteomics and interactomics reveal host—virus interactions at the protein level and
serve as a crucial link between changes in gene expression and biological function. Com-
pared with transcriptomics, proteomics can more directly reflect alterations in the func-
tional state of host cells following viral infection. Mass spectrometry (MS)-based analytical
techniques enable the systematic detection of changes in host protein abundance and
post-translational modifications, such as phosphorylation and ubiquitination, during infec-
tion [53]. These modifications are often closely associated with the regulation of cellular
signaling pathways.

In influenza virus research, proteomics has been widely used to analyze alterations
in host signaling networks following infection. For example, studies have shown that
influenza virus infection can significantly affect the phosphorylation status of proteins
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involved in signaling pathways such as MAPK and PI3K-Akt, and these changes are
closely linked to viral replication and host inflammatory responses [9,54]. Furthermore,
viral infection can also alter the expression of host metabolic and cytoskeletal proteins,
thereby modifying the intracellular environment to facilitate viral replication [55].

Direct interactions between viral and host proteins constitute a crucial foundation for
successful viral replication. Using techniques such as immunoprecipitation coupled with
mass spectrometry (IP-MS), yeast two-hybrid assays, and proximity-labeling approaches
(e.g., BiolD and APEX), virus-host protein interaction networks can be systematically
constructed. For example, the influenza virus NS1 protein interacts with host proteins
such as TRIM25 and CPSF30 [56,57], thereby suppressing RIG-I-mediated interferon re-
sponses, whereas the viral polymerase subunit PB2 binds to the host protein ANP32A to
maintain polymerase complex activity [20]. These interacting factors often play critical
roles in viral replication or immune evasion and are therefore considered potential targets
for intervention.

Meanwhile, cross-species interactomics studies have shown that some virus-host
protein interactions are highly conserved across different host species, whereas others
exhibit substantial host specificity. Comparative analysis of interaction networks in human-
, porcine-, and avian-derived cells can facilitate the identification of host targets with
broad-spectrum intervention potential.

Although multi-omics technologies provide valuable resources for host-target discov-
ery, differences in data structure, experimental design, and temporal dynamics continue to
create challenges for data integration and interpretation. These limitations have motivated
the development of computational and Al-assisted approaches for multi-omics integration,
which are discussed in the following section.

3.4. Multi-Omics Integration Drives Host Target Discovery

Single-omics studies often capture only limited aspects of the host response, whereas
influenza virus replication is regulated through coordinated processes operating at multiple
molecular levels. Consequently, multi-omics integration has emerged as an important
strategy for host-target discovery.

A typical workflow begins with the identification of candidate host factors that in-
fluence viral replication through CRISPR- or RNAi-based screening [58]. Transcriptomic
analyses are then used to characterize the expression dynamics of these genes during infec-
tion. Subsequently, proteomic and interactomic approaches are employed to investigate
the associated signaling pathways and virus—host protein interactions. Finally, network
analysis, machine learning, and experimental validation are integrated to prioritize and
functionally verify candidate targets.

ANP32A provides a representative example of this process [20]. It was initially identi-
fied in functional screening studies as a host factor influencing influenza virus polymerase
activity. Subsequent transcriptomic and proteomic analyses further demonstrated its
involvement in the regulation of viral replication complexes and revealed substantial func-
tional differences among cells derived from different host species. These findings ultimately
established ANP32A as an important determinant of influenza virus cross-species adapta-
tion [59]. Similarly, host factors such as SLC35A1, CMAS, members of the importin-o family,
and several interferon-related factors have progressed through a comparable research
pipeline, from initial screening to multi-omics validation [43].

By integrating functional genomics, transcriptomics, proteomics, and interactomics
datasets, researchers can not only improve the accuracy of host-target identification but also
uncover core regulatory nodes that are shared across different host species and influenza
virus subtypes [60]. These conserved host factors may represent potential candidates for
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host-directed antiviral intervention and provide an important foundation for the devel-
opment of broadly applicable antiviral strategies while also generating the data resources
required for subsequent Al-assisted target prioritization.

Overall, multi-omics technologies have become a fundamental platform for host-target
discovery. However, the rapid accumulation of CRISPR screening, RNA-seq, proteomic,
and interactomic datasets has greatly increased both data volume and analytical complexity.
Identifying host targets that possess antiviral potential while maintaining an acceptable
safety profile remains a major challenge. As a result, artificial intelligence approaches—
including network analysis, machine learning, and deep learning—are increasingly being
incorporated into host-target research. By integrating diverse multi-omics datasets, these
methods can prioritize candidate targets, predict their biological functions, and improve
the efficiency of antiviral target discovery.

4. AI-Driven Target Integration and Screening

With the rapid development of multi-omics technologies, including CRISPR screen-
ing, transcriptomics, proteomics, and interactomics, vast amounts of high-dimensional,
heterogeneous, and dynamically changing datasets have been generated during influenza
virus infection. However, individual omics layers often capture only limited aspects of
the host response, and discrepancies frequently exist among different data types. For
example, transcriptional changes do not necessarily correlate with protein abundance,
while post-translational modifications further increase the complexity of biological regula-
tion. Consequently, systematically identifying key host factors that genuinely contribute
to viral replication from complex multi-omics datasets has become a major challenge in
host-target discovery.

The emergence of artificial intelligence (AI) and machine learning technologies has
provided powerful tools to address this challenge. By integrating information derived
from functional genomics, transcriptomics, proteomics, and interactomics, Al-based ap-
proaches can reconstruct host regulatory networks, identify key nodes associated with viral
replication, and prioritize candidate host targets. In recent years, a variety of computa-
tional methods, including network analysis, machine learning, and deep learning, have
increasingly been applied to the study of influenza virus host factors. These approaches
have demonstrated considerable potential for the identification and prioritization of host-
directed antiviral (HDA) targets, as well as host factors that may support the development
of broadly applicable antiviral strategies.

4.1. Network Analysis Aids in Host Target Discovery

Host-virus interactions during influenza infection form complex regulatory networks
involving viral proteins, host dependency factors, signaling pathways, and immune regula-
tors. Network-based approaches have therefore become widely used for identifying host
factors that occupy central positions within influenza replication networks. Network-based
analytical approaches integrate information from protein—protein interactions, signaling
pathways, gene co-expression patterns, and functional annotations to construct host regula-
tory networks and identify key nodes that play critical roles in viral replication [61].

In influenza virus research, virus-host protein interaction networks have been widely
used to identify important host factors. For example, analysis of the influenza virus
NS1 interaction network has revealed interactions with several host proteins, including
TRIM25 and CPSF30 [56,57], thereby suppressing interferon production and promoting
viral immune evasion. Similarly, the interaction between PB2 and ANP32A has been
shown to be closely associated with viral polymerase activity and host adaptation [20].
Such analyses facilitate the identification of host factors occupying central regulatory
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positions during viral replication. Meanwhile, network-analysis approaches are commonly
used to prioritize host factors identified from CRISPR screens, transcriptomic studies,
and virus-host interaction datasets by identifying regulatory nodes that are repeatedly
implicated across multiple datasets. For example, host pathways involved in nuclear
transport, endosomal trafficking, and innate immune signaling have frequently emerged as
central regulatory modules in influenza-associated host networks, which are often involved
in multiple biological processes. Proteins associated with signaling pathways such as
PI3BK-Akt and MAPK have repeatedly been implicated in influenza virus replication [62].
Functional-module analysis, in contrast, helps identify groups of genes or proteins that
undergo coordinated changes during infection, including modules associated with immune
responses, nuclear transport, and metabolic regulation. Furthermore, network analysis can
be used to compare regulatory differences among host species. For example, comparative
analyses of host interaction networks in human and avian cells have shown that certain
nodes involved in nuclear transport and innate immunity are highly conserved across
species [41], whereas inflammatory regulatory pathways exhibit greater divergence. Such
cross-species network comparisons facilitate the identification of conserved regulatory
nodes that may play important roles in multiple hosts and therefore represent promising
candidates for host-directed antiviral intervention.

In practice, network analysis is often performed after the integration of multi-omics
datasets. Host dependency factors identified through CRISPR screening, differentially
expressed genes identified by RNA-seq, differentially expressed proteins identified through
proteomics, and virus-host interaction data can be incorporated into a unified network
framework [58,63]. After integrating CRISPR-screening, transcriptomic, proteomic, and
virus-host interaction datasets, network-based approaches can be used to identify host
factors that are repeatedly implicated across multiple biological layers. Such factors are
more likely to play biologically relevant roles in influenza replication and therefore rep-
resent higher-confidence host-target candidates. These nodes are generally considered to
have greater biological relevance and are therefore prioritized as potential host targets. For
example, one study constructed an influenza virus-host interaction network and found
that multiple host proteins involved in RNA processing, signal transduction, and immune
regulation formed highly interconnected functional modules that were closely associated
with viral replication [64]. Similarly, another study integrated RNAi-screening results
with protein-interaction networks and identified several key host factors involved in viral
replication, including the COPI complex and v-ATPase [9]. Collectively, these findings
demonstrate that network analysis can substantially improve the efficiency of host-target
discovery and assist in identifying biologically meaningful regulatory nodes from large
candidate gene sets.

4.2. Machine Learning-Assisted Host Factor Prediction

Machine learning approaches can identify host factors associated with influenza viral
replication from complex multidimensional datasets. Compared with traditional statistical
methods, machine learning can not only process large-scale datasets but also capture
complex nonlinear relationships among biological variables. As a result, it has become an
increasingly important tool for host-target discovery in recent years [65,66].

Machine-learning approaches have increasingly been applied to prioritize influenza
host factors by integrating CRISPR-screening results, transcriptomic profiles, protein—
protein interaction networks, and functional annotations [67]. Algorithms including Ran-
dom Forest, Support Vector Machine (SVM), and XGBoost have been widely applied to
prioritize candidate host factors and identify pathways associated with influenza replica-
tion [68]. For example, by integrating CRISPR screening results, RNA-seq datasets, and
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protein—protein interaction networks as model inputs, machine-learning approaches can
identify host pathways associated with viral replication, including nuclear transport, RNA
processing, and endocytic trafficking [69,70]. Machine learning has also been extensively
applied to the prediction of influenza virus-host protein interactions. In these studies,
features such as protein-sequence characteristics, domain composition, and functional
annotations are extracted and incorporated into predictive models, including SVM, Ran-
dom Forest, and XGBoost [71,72]. These approaches enable the identification of potential
influenza virus—host interactions and facilitate the discovery of novel candidate host fac-
tors. Compared with experimental screening methods, computational prediction offers
advantages in terms of cost efficiency, scalability, and coverage [72].

Machine-learning approaches have also been used to identify co-regulated host path-
ways and compare host responses across viral strains, infection stages, and host species. For
example, clustering analyses can identify gene modules that exhibit coordinated changes
during infection [73]. In addition, machine-learning approaches have also been applied to
compare host responses across viral strains, infection stages, and host species, facilitating
the identification of conserved regulatory pathways associated with influenza infection [74].

In the future, machine-learning models may further integrate transcriptomic, CRISPR-
screening, and protein—protein interaction datasets derived from human, porcine, and avian
cells to establish cross-species predictive frameworks. Such approaches may improve the
identification and prioritization of conserved host factors with potential value for broadly
applicable antiviral intervention strategies.

4.3. Deep Learning and Multi-Omics Integration

Deep learning methods offer unique advantages for analyzing high-dimensional,
multi-layered, and complex biological datasets. Compared with traditional machine learn-
ing approaches, which often rely on manual feature engineering, deep learning models can
automatically learn informative features from diverse omics datasets through multi-layer
neural network architectures, thereby improving the identification of key host factors [75].

In recent years, multi-omics integration has emerged as an important strategy for
host-target discovery [60]. A typical workflow involves CRISPR screening, transcrip-
tomic analysis, proteomic profiling, virus-host interactome mapping, Al-assisted data
integration, candidate-target prediction, and experimental validation [76]. Through this
process, biological information from multiple molecular layers can be systematically in-
tegrated, thereby improving the reliability of host-target identification. Deep-learning
approaches have increasingly been explored for integrating complex influenza-related
datasets, particularly virus-host interaction networks and multi-omics datasets. For ex-
ample, Graph Neural Networks (GNNs) have become one of the most widely used deep
learning models for biological network analysis [77]. Network-based deep-learning mod-
els have been used to prioritize host proteins that occupy central positions in influenza
virus—host interaction networks and may therefore represent potential antiviral targets.
Consequently, GNN-based approaches have increasingly been applied to the prediction
of influenza virus-host protein interactions and the identification of host dependency
factors [77]. Deep-learning approaches have also been applied to integrate transcriptomic,
proteomic, and interactomic datasets, enabling the identification of candidate host factors
supported by evidence from multiple molecular layers. By simultaneously integrating
transcriptomic, proteomic, and interaction-network information, these models can uncover
potential regulatory relationships that are difficult to detect using a single omics layer
alone. Such integrative frameworks may be particularly valuable for identifying conserved
host pathways shared among human, swine, and avian influenza infections. Future deep
learning-driven multi-omics integration approaches may enable the simultaneous analysis
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of datasets derived from different host species, facilitate the identification of conserved host
regulatory networks, and support the development of broadly applicable host-directed
antiviral strategies [78].

In livestock systems, the application of Al-assisted target prioritization faces additional
challenges. Available multi-omics datasets from swine and poultry remain substantially
smaller than those generated from human studies, resulting in data imbalance and reduced
model robustness. Furthermore, differences in immune responses, genetic backgrounds,
and production environments among livestock species may limit the transferability of pre-
dictive models developed using human-derived datasets. Therefore, future efforts should
focus on establishing standardized cross-species datasets, improving model interpretability,
and strengthening experimental validation to facilitate practical veterinary applications

(Figure 3).
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Figure 3. Multi-omics and artificial intelligence integration pipeline for host factor prioritization in
influenza virus infection.

Despite these advances, relatively few Al-prioritized host factors have progressed
to comprehensive mechanistic validation or in vivo evaluation in influenza models. Con-
sequently, the major contribution of Al currently lies in improving target prioritization
and hypothesis generation rather than replacing experimental screening and validation.
Future studies should focus on integrating computational prediction with functional ge-
nomics and animal infection models to improve the translational value of Al-assisted
host-target discovery.

This schematic outlines a systematic framework combining multi-host influenza
datasets (human, swine, poultry, wild birds) with multi-omics profiling (functional ge-
nomics, transcriptomics, proteomics, and interactomics). Following data integration and
cross-species ortholog mapping, Al-driven modeling—including network analysis, ma-
chine learning, and deep learning approaches—is applied to rank host factors based on
feature importance, predictive probability, and druggability scoring. The prioritization
pipeline ultimately supports host-directed antiviral development, broad-spectrum strate-
gies, and One Health-oriented interventions for livestock and human health.

5. Host-Directed Antiviral (HDA) Strategies

Based on a clear understanding of host dependency factors and their regulatory
networks, antiviral strategies that target host pathways rather than viral components
have attracted increasing attention. Unlike conventional antiviral approaches that directly
target viral proteins, host-directed antiviral (HDA) strategies may reduce the likelihood
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of antiviral resistance by interfering with host processes required for viral replication. In
addition, because some host pathways are utilized by multiple influenza virus subtypes
and, in certain cases, by different RNA viruses, host-targeted approaches may offer broader
applicability than virus-specific therapies. However, many host targets also participate
in essential cellular functions, raising concerns regarding toxicity, tissue specificity, and
therapeutic windows. Therefore, the development of HDA strategies requires careful
balancing of antiviral efficacy with host safety.

5.1. Targeting Key Host Pathways

Intervening in key host pathways that are essential for viral replication is a major focus
of host-targeted antiviral research. During infection, influenza viruses are highly dependent
on fundamental host cellular functions, including endocytic trafficking, nucleocytoplasmic
transport, protein translation, and lipid metabolism [79]. Therefore, pharmacological
interventions targeting these host pathways hold promise for inhibiting viral replication at
multiple stages.

During the viral entry stage, endosomal acidification is essential for fusion between the
viral envelope and the endosomal membrane. Several compounds capable of modulating
endosomal pH have demonstrated anti-influenza activity. For example, Bafilomycin A1l
has been widely used as a mechanistic research tool to demonstrate the importance of
v-ATPase-mediated endosomal acidification during influenza virus entry [80]. However,
its substantial cytotoxicity limits its direct therapeutic applicability; therefore, it primarily
serves as proof-of-concept evidence supporting endosomal acidification as a potential
host-targeted antiviral pathway. Similarly, chloroquine and other weakly basic compounds
have been widely used as experimental tools to investigate the pH dependence of influenza
virus entry [81]. Although antiviral activity has been observed in certain in vitro systems,
translational evidence remains limited, and these compounds have not demonstrated con-
sistent efficacy as clinically applicable host-directed anti-influenza therapies. Influenza
virus replication also relies on the host nuclear transport system. The nuclear import of viral
VRNPs is primarily mediated by importin-a/ 3 [16], whereas the export of newly synthe-
sized vRNPs from the nucleus involves nuclear export pathways such as CRM1/exportin
1[82]. Similarly, Leptomycin B has been extensively used as an experimental inhibitor to
investigate the role of CRM1/exportin 1 in vVRNP nuclear export [64]. Owing to its toxicity
profile, it is generally regarded as a mechanistic tool compound rather than a clinically ap-
plicable antiviral agent. Furthermore, some studies have shown that interventions targeting
importin-related pathways may also influence the host adaptability of different influenza
virus subtypes [83].

In addition to nuclear transport, host lipid metabolism and membrane homeostasis
are closely associated with viral replication. Influenza virus budding depends on lipid
raft structures enriched in cholesterol and sphingolipids [84]; therefore, modulation of
cholesterol metabolism may affect viral particle assembly and release. For example, statins
have been proposed to possess potential antiviral activity because they influence cholesterol
biosynthesis pathways [85]. However, current evidence is derived primarily from exper-
imental studies and observational analyses, whereas clinical and translational findings
remain inconsistent. Furthermore, host signaling pathways such as PI3K-Akt and MAPK
also play regulatory roles in viral replication, and inhibitors targeting these pathways have
demonstrated anti-influenza activity in several studies [62,86] (Figure 4).
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Figure 4. Targeting key host pathways for influenza virus inhibition.

In addition, many host pathways exhibit relatively narrow therapeutic windows [87],
as partial inhibition may be insufficient to suppress viral replication, whereas excessive
inhibition may impair essential cellular functions. Identifying intervention levels that
maintain antiviral efficacy while preserving host homeostasis remains a critical challenge
in the development of host-directed antiviral therapies.

Finally, due to the high conservation of processes such as nuclear transport, endosomal
trafficking, and lipid metabolism across humans, pigs, and birds, interventions targeting
these host pathways may have potential applications in both human and livestock influenza
control. Overall, targeting key host pathways offers considerable antiviral potential because
many viruses rely on similar cellular processes. However, because these pathways also con-
tribute to normal cellular functions, safety and selectivity remain important considerations
in therapeutic development.

This schematic highlights pharmacological inhibitors (red boxes) that block host factors
critical for influenza virus replication. Bafilomycin Al and Chloroquine target endosomal
acidification (v-ATPase) and trafficking (Rab5/Rab?), respectively. Statins disrupt lipid
raft structures required for virion assembly, while Leptomycin B inhibits CRM1-mediated
nuclear export of progeny vRNPs. Additional interventions include blockade of Importin-
o/ -dependent nuclear import, cap-snatching transcription, and viral protein translation
at the ER/ribosome. These host-directed strategies collectively suppress multiple stages of
the viral life cycle.

5.2. Immune Strategy of Host Targeted Intervention

In addition to directly interfering with viral replication, modulation of the host im-
mune response represents another important direction in host-targeted antiviral research.
The innate immune system, particularly the interferon (IFN) pathway, plays a critical role
in restricting early influenza virus replication. Upon recognition of viral RNA by pattern
recognition receptors such as RIG-I, type I and type IIl interferons are induced, which sub-
sequently activate a wide range of interferon-stimulated genes (ISGs), thereby inhibiting
viral replication and spread [27,88].
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Consequently, exogenous administration of interferons or enhancement of related
signaling pathways can strengthen the host antiviral response during the early stages of
infection. Existing studies have demonstrated that IFN-« and IFN-{3 exert inhibitory effects
against various influenza viruses [89], reducing viral replication and alleviating disease
severity. In addition, immunostimulants such as poly(I:C), which activate the RIG-I/MDA5
signaling pathway [90], have been used to enhance innate antiviral immunity. Certain small-
molecule compounds can also promote an antiviral cellular state by enhancing interferon
signaling and increasing the expression of ISGs [91].

However, excessive activation of the immune response may also result in severe tissue
damage. During infection with highly pathogenic influenza viruses, dysregulated inflam-
matory responses characterized by excessive production of cytokines and chemokines can
contribute to lung injury and acute respiratory distress syndrome (ARDS) [92]. Therefore,
a major objective of immunomodulatory strategies is to suppress excessive inflammation
while preserving effective antiviral responses. For example, glucocorticoids, JAK inhibitors,
and certain anti-inflammatory cytokine modulators have been investigated as potential
approaches to mitigate severe inflammatory responses associated with influenza infec-
tion [93]. However, the use of glucocorticoids remains controversial because excessive
suppression of antiviral immunity may delay viral clearance and increase the risk of sec-
ondary infections [94]. Additionally, modulation of inflammatory mediators such as IL-6
has been proposed as a strategy to reduce influenza-associated immunopathology, although
its clinical efficacy requires further evaluation [95].

Overall, the primary goal of immunomodulatory strategies is to maintain a balance
between antiviral immunity and inflammation control. Particularly in cases of severe
influenza or highly pathogenic avian influenza infection, appropriate regulation of the host
immune response may not only help limit viral replication but also reduce tissue damage
and improve disease outcomes. Furthermore, in large-scale livestock production systems,
enhancing innate immune responses to reduce viral shedding and transmission risk may
also have practical value.

5.3. Small Molecules and Biologics

In host-targeted antiviral research, small-molecule compounds and biologics are
the most common forms of intervention. Unlike traditional antiviral drugs that directly
target viral proteins, these approaches primarily inhibit viral replication indirectly by
modulating key host cellular pathways or immune responses. Small-molecule inhibitors
typically target critical host components, such as kinases, transporters, and metabolic
enzymes. For example, the PI3K-Akt and MAPK signaling pathways play important roles
in influenza virus replication, and several kinase inhibitors have been shown to reduce viral
replication levels [62]. Verdinexor, an inhibitor of the nuclear export protein CRM1/exportin
1, interferes with the nuclear export of viral vVRNP complexes, thereby suppressing viral
replication [96]. In addition, certain compounds that affect lipid metabolism, such as statins,
have been proposed to influence viral assembly and budding by regulating cholesterol
metabolism and lipid raft organization [24,85]. These small-molecule agents generally
benefit from well-established development pipelines, flexible routes of administration, and
relatively straightforward large-scale manufacturing.

Biologics, including monoclonal antibodies, recombinant cytokines, and fusion pro-
teins, are also widely used in host-targeted antiviral research. For example, recombinant
IFN-« and IFN-f3 can enhance innate immune responses and improve the antiviral ca-
pacity of host cells [89], whereas antibodies targeting inflammatory mediators such as
IL-6 have been investigated for reducing severe influenza-associated inflammatory dam-
age [95]. In addition, certain biologics targeting host receptors or immunomodulatory

https://doi.org/10.3390/vetscil3070626


https://doi.org/10.3390/vetsci13070626

Vet. Sci. 2026, 13, 626

19 of 33

molecules have been used to intervene in the course of viral infection or to correct immune
dysregulation [97].

Compared with small-molecule drugs, biologics generally exhibit greater target speci-
ficity. However, their production costs, storage requirements, and modes of administration
may limit their applicability in certain settings. Finally, host-factor dependency may vary
substantially among tissues and cell types. A target that exhibits strong antiviral effects
in respiratory epithelial cells may have different biological consequences in immune, hep-
atic, or intestinal tissues, thereby complicating efficacy and safety assessments. Although
host-directed antiviral strategies offer advantages in reducing the likelihood of antiviral
resistance and potentially broadening antiviral activity, their practical application still
requires careful evaluation of safety, efficacy, and translational feasibility.

6. Host-Targeted and Cross-Species Antiviral Strategies in Livestock

Livestock serve as critical ecological niches for the natural circulation and interspecies
transmission of influenza viruses. In particular, high-density swine and poultry production
systems provide favorable conditions for sustained viral transmission and genetic reas-
sortment. This not only complicates disease control at the animal level but also increases
the risk of the emergence and cross-species transmission of novel influenza viruses to
humans. Therefore, the development of effective, scalable antiviral strategies for livestock
populations is of considerable importance for both public health security and the sus-
tainability of the livestock industry. Building upon the concept of host-targeted antiviral
approaches, increasing attention has been directed toward the identification of conserved
host mechanisms shared among humans, swine, and poultry. Such targets may facilitate
the development of cross-subtype antiviral strategies against diverse influenza virus strains
and, in some cases, may offer broader applicability across multiple host species.

6.1. Influenza Virus Prevalence and Risks in Livestock

In livestock populations such as pigs and poultry, influenza viruses often circulate
persistently over extended periods and are prone to genetic reassortment among different
subtypes. For example, multiple influenza virus subtypes originating from human, avian,
and swine populations can co-circulate within pig herds [98]. Pigs have traditionally been
regarded as “mixing vessels” because their respiratory tracts express both «2,3-linked and
«2,6-linked sialic acid receptors [99], which may facilitate infection by viruses originating
from different host species. However, the emergence of reassortant viruses is influenced
not only by receptor distribution but also by viral introductions from human and avian
populations, farm management practices, animal movement, surveillance intensity, and
regional ecological conditions [100].

The emergence of the 2009 HIN1 pandemic virus is widely believed to have involved
multiple reassortment events among swine influenza lineages [101]. Nevertheless, sub-
sequent studies have emphasized that reassortment dynamics are shaped by complex
interactions among host biology, viral ecology, animal production systems, and geographic
factors. Moreover, recent surveillance studies suggest that the role of pigs in influenza
evolution should be considered within a broader One Health framework [102]. Reassort-
ment opportunities depend not only on the biological susceptibility of pigs but also on the
frequency of virus exchange among humans, livestock, poultry, and wildlife. Consequently,
the epidemiological significance of pigs as mixing hosts may vary across production systems
and geographical regions. In poultry production systems, outbreaks of highly pathogenic
avian influenza viruses, such as H5N1 and H5NS, often result in substantial economic
losses and high mortality rates. For example, outbreaks of H5 subtype avian influenza
in certain regions frequently require large-scale culling to control transmission, thereby
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causing major disruptions to the poultry industry. In addition, waterfowl, including ducks
and geese, serve as natural reservoirs of influenza viruses and play an important role in
maintaining long-term viral circulation [103].

At present, influenza prevention and control in livestock populations continue to
rely primarily on vaccination and biosecurity measures [104], including farm isolation,
personnel and equipment disinfection, and transportation controls. However, because
influenza viruses undergo frequent antigenic variation—particularly continuous antigenic
drift in the HA and NA proteins—vaccine effectiveness often varies across geographical
regions and epidemic seasons. For instance, avian influenza vaccines may provide only
limited protection against newly emerging reassortant strains [105], thereby reducing
overall disease-control effectiveness (Figure 5).

Human influenza virus
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Figure 5. Role of pigs in influenza A virus reassortment at the human-avian interface.

On the other hand, individualized treatment strategies are difficult to implement on a
large scale in intensive livestock production systems, necessitating a greater reliance on
population-level prevention and control measures. This creates an increasing need for
antiviral approaches capable of providing activity across multiple influenza virus subtypes
and, where feasible, applicability across different host species. Therefore, the development
of robust antiviral strategies that are effective against diverse influenza virus subtypes and
suitable for large-scale livestock production systems has considerable practical significance
and translational potential.

Pigs express both «-2,6 (human-type) and «-2,3 (avian-type) sialic acid receptors on
respiratory epithelial cells, enabling co-infection of human (e.g., HIN1, H3N2, swH1IN1)
and avian (e.g., H5N1, H5N8) influenza viruses within the same cell. This dual receptor
tropism facilitates genetic reassortment among different viral strains, generating novel
progeny viruses with pandemic potential.
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6.2. Cross-Species Conserved Host Targets

The identification of host factors that are conserved across multiple host species and
play essential roles in viral replication represents a key objective of host-targeted antiviral
strategies. Such factors are typically involved in fundamental cellular processes, includ-
ing membrane trafficking, nucleocytoplasmic transport, and innate immune signaling,
and therefore often exhibit substantial functional conservation among humans, swine,
and poultry.

For example, the importin-«/ 3 nuclear transport system mediates the nuclear import
of influenza viral ribonucleoprotein complexes (vRNPs) in a wide range of host cells [106].
Similarly, the ANP32 protein family represents one of the best-characterized host factor
families that combines evolutionary conservation with species-specific functional varia-
tion [20]. Although ANP32 proteins are widely conserved among vertebrates, their capacity
to support influenza virus polymerase activity differs markedly among host species. Avian
ANP32A contains a unique 33-amino-acid insertion that is absent in mammalian ANP32
proteins [107]. Functional complementation studies have demonstrated that expression of
avian ANP32A in mammalian cells can restore the activity of avian influenza polymerases,
highlighting the critical role of species-specific ANP32 variation in determining host range
and cross-species adaptation [20,21]. These differences contribute to host restriction barriers
and influence the ability of avian influenza viruses to establish infection in mammalian
hosts. Consequently, ANP32 proteins provide an important model for understanding how
conserved host factors can simultaneously influence viral replication and cross-species
transmission dynamics. In addition, CRISPR-based screening studies have consistently
identified ANP32A and ANP32B as key host factors required for influenza virus poly-
merase activity [108]. Other host pathways, including the Rab5/Rab7-mediated endosomal
trafficking axis and the JAK-STAT signaling pathway [15,109], are also highly conserved
across multiple host species and play central regulatory roles during influenza virus in-
fection. Evidence supporting the conservation of these pathways is available at multiple
levels. Comparative sequence analyses have shown that key components of the nuclear
transport machinery, Rab GTPases, and JAK-STAT signaling proteins exhibit high amino
acid sequence conservation among humans, swine, and avian species. Transcriptomic stud-
ies further indicate that many of these genes are constitutively expressed in respiratory and
immune-related tissues across different hosts, although their expression levels may vary
according to tissue type and infection status. Importantly, functional conservation does
not necessarily imply complete biological equivalence. Cross-species complementation
experiments have demonstrated that avian ANP32A efficiently supports avian influenza
polymerase activity [20], whereas mammalian ANP32 proteins often require adaptive mu-
tations within the viral polymerase complex to achieve comparable levels of activity. These
findings suggest that the evaluation of conserved host factors should extend beyond se-
quence similarity and include assessments of functional compatibility and species-specific
regulatory contexts.

Comparative analyses integrating cross-species multi-omics datasets, including tran-
scriptomic profiles and CRISPR screening results from human, swine, and avian cells, can
further identify core pathways involved in viral replication across different hosts. Such
conserved host pathways may serve as candidate targets for the development of antiviral
strategies with activity against multiple influenza virus subtypes and, potentially, other
RNA viruses. However, because many of these targets participate in essential cellular pro-
cesses, their therapeutic exploitation requires careful evaluation of safety, tissue specificity,
and species-dependent biological functions.

https://doi.org/10.3390/vetscil3070626


https://doi.org/10.3390/vetsci13070626

Vet. Sci. 2026, 13, 626

22 of 33

6.3. Types of Broad-Spectrum Antiviral Strategies

Broad-spectrum antiviral strategies currently being explored in livestock systems
can be broadly divided into three categories. The first category involves targeting host
pathways that are commonly exploited by viruses, with the aim of inhibiting multiple
viruses by disrupting key cellular processes required for viral replication. This approach
has been investigated most extensively, particularly in pathways associated with nuclear
transport, endocytic trafficking, and cellular metabolism, where substantial experimental
evidence has accumulated. Theoretically, such strategies offer considerable potential for
inhibiting multiple influenza virus subtypes and, in some cases, other viruses that rely on
similar host mechanisms. However, they may also carry a higher risk of adverse effects
because many of the targeted pathways are essential for normal cellular functions. For
example, interventions targeting endocytosis and endosomal acidification, such as those
affecting v-ATPase-associated pathways [110], can impair the entry of multiple influenza
virus subtypes. Similarly, CRM1/exportin 1, a key component of the nuclear export
pathway, has been implicated in the replication of various RNA viruses, and its inhibition
may produce broad antiviral activity [96].

The second category focuses on modulation of the host’s innate immune response.
By enhancing interferon signaling or the activity of downstream effector molecules, these
strategies aim to strengthen the host’s overall antiviral capacity. For example, exogenous
interferons, such as IFN-«, can induce the expression of antiviral genes, including ISG15,
OAS1, and MX1, in both avian and porcine cells, thereby limiting viral replication during
the early stages of infection [111]. In addition, molecules capable of activating RIG-I-like
receptor signaling have been investigated as a means of enhancing host defenses against
multiple influenza virus subtypes [112]. Compared with direct interference in fundamental
cellular processes, immune-modulatory approaches may provide broader antiviral cover-
age while preserving essential cellular functions. However, their efficacy is often influenced
by host-specific factors, the stage of infection, and viral virulence. Variability in immune
responses among animal populations may also contribute to inconsistent outcomes.

The third category involves host metabolic regulation, which seeks to impair the
cellular environment required for viral replication by modulating lipid metabolism, energy
metabolism, or related pathways. For example, influenza virus replication and budding de-
pend on cholesterol-rich lipid raft structures [24]; therefore, strategies that alter cholesterol
biosynthesis or membrane lipid composition, including those investigated using statins,
may influence viral particle assembly. Furthermore, glycolytic and mitochondrial metabolic
pathways are frequently reprogrammed during viral infection [113], and interventions
targeting these pathways have demonstrated potential antiviral effects. Compared with
strategies targeting nuclear transport or immune signaling, metabolic interventions may
have a more favorable safety profile because they generally exert indirect effects on viral
replication. Nevertheless, their antiviral efficacy is often modest, and metabolic regulation
can differ substantially among host species. Consequently, further investigation is required
to evaluate their translational potential in livestock systems (Table 3).

Overall, these approaches share a common principle: rather than directly targeting
viral proteins, they exploit relatively stable host biological processes that are less susceptible
to rapid viral mutation. As a result, host-directed strategies may offer advantages over
direct-acting antivirals in reducing the likelihood of resistance development and targeting
conserved host mechanisms. However, their efficacy across different influenza virus
subtypes, safety profiles, and practical applicability in livestock production systems remains
to be fully validated. Food safety considerations are particularly important in livestock
production settings. In addition to drug residue concerns, factors such as withdrawal
periods, regulatory approval requirements, administration feasibility, and potential effects
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on product quality must be carefully evaluated before large-scale implementation of host-
targeted antiviral strategies.

Table 3. Representative host-directed broad-spectrum antiviral strategies for influenza control in the

livestock system.

Candidate Target Species Evidence Deliverv Route Residue/Safety Scalability in
Strategy Pathway Investigated Level Y Concerns Livestock
. V.-ATPase Endog(?mal Human cell Mechanistic . High cellular
inhibitors (e.g., acidifica- . . Experimental . .
. . . . lines, limited proof of toxicity; unsuitable Very low
Bafilomycin tion/viral . . only .
Al) entry animal studies concept for food animals
CRM1/XPO1  Nuclear export . In vitro and Oral or Potent.lal toxicity
R Human, swine limited . . due to interference
inhibitors (e.g., of vRNP . injectable . Low
- cell models in vivo . with host nuclear
Verdinexor) complexes . (experimental)
studies transport
JAK-STAT . In vitro and Injection, Risk of excessive
Interferon-o . . Swine, poultry, . mucosal . o
signaling, ISG animal . immune activation; Moderate
(IFN-o) 2 4 humans . delivery, . .
induction studies cost considerations
aerosol
Poultry, swine Injection Excessive
RIG-I/MDA5 . Y ! . ) / inflammation and
. Innate immune  experimental Experimental aerosol,
agonists (e.g., o li di di reduced Moderate
oly(I:C)) activation mammalian studies adjuvant productivity
poiytt models formulations .
possible
Cytokine Mainly human :;gcclﬁiﬁ Oral Immunosuppression Low—
JAK inhibitors signaling studies; limited . g . and secondary
. . evidence administration - . . moderate
regulation veterinary data infection risks
(human)
Cholestgrol Lipid raft Humans, Mixed Oral. adminis- Unc.ertam an’Flvn‘al
metabolism . . . tration/feed efficacy; residue
formation and experimental experimental . Moderate
modulators . . - . supplementa- evaluation
. viral budding  animal models evidence . .
(e.g., statins) tion required
Glveolvsi Cellul Cell culture and  Early-stage Oral Mayf affect growg’l
ycolysis ellular energy . . . . performance an
ST . experimental experimental  administration . Low
inhibitors metabolism . . . . feed conversion
animal studies evidence (potential) .
efficiency
. . Cellular L
Mitochondrial . . . Early-stage Oral Potential impact on
: bioenergetics Experimental . L . )
metabolism and antiviral models experimental  administration host metabolism Low
modulators responses evidence (potential) and productivity
Host-targeted Host
RNA dependency . . Delivery efficiency,
therapeutics factors (e.g., lall\)/i)ar?cloi Proof of (Il?;:lzfar::;l:l biosafety, Currently low
(siRNA /CRISPR- ANP32, y concept Y regulatory Y
. - models vectors
based importin concerns
approaches) pathways)
Swine and Feed additives, Immune imbalance
Multi-target Interferon and .. aerosol, .
. . . poultry Preclinical L and variable . .
immunomodu- innate immune . . vaccination- High potential
. experimental evidence . responses among
latory strategies pathways . associated .
studies . species
delivery

6.4. Broad-Spectrum Antiviral Strategy from a One Health Perspective

Within the One Health framework, influenza prevention and control should not be

confined to a single host system but should instead consider the interconnected trans-

mission network among humans, livestock, and poultry. In particular, the cross-species
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transmission chain involving wild waterfowl, poultry, pigs, and humans represents an
important ecological foundation for the emergence and dissemination of novel influenza
viruses [42,114]. Influenza outbreaks in livestock not only result in reduced productivity,
increased mortality, and substantial economic losses but may also create opportunities for
the emergence of novel influenza viruses with zoonotic potential [5]. Therefore, reducing
viral replication and transmission in pigs and poultry is not only an animal health objective
but also an important public health measure for minimizing the risk of human exposure.

The identification of conserved host targets provides new opportunities to support this
goal. Many host-dependent pathways, including the nuclear transport system, endocytic
and endosomal trafficking pathways, interferon signaling, and lipid metabolism, exhibit
a substantial degree of conservation among humans, pigs, and poultry [41]. Targeting
these pathways may provide a foundation for the development of antiviral strategies
applicable to both human and veterinary medicine. For example, interventions targeting
CRM1/exportin 1, the JAK-STAT signaling pathway, or cholesterol metabolism have
demonstrated antiviral potential in multiple host systems [96].

However, significant differences in immune responses, metabolic characteristics, drug
metabolism, and treatment tolerance exist among different host species, making it difficult
to directly apply a single intervention strategy across all hosts [41]. Consequently, the
development of antiviral approaches with activity across multiple host species requires
a careful balance between conserved host mechanisms and species-specific biological
differences [115]. On the one hand, priority should be given to identifying host factors
that are both highly conserved across species and essential for viral replication. On the
other hand, intervention intensity, administration routes, safety assessment, and practical
implementation should be optimized according to the physiological characteristics of
individual host species.

An important direction for future research is the establishment of cross-species multi-
omics integration frameworks. By jointly analyzing transcriptomic, proteomic, interactomic,
and CRISPR screening datasets derived from humans, pigs, poultry, and wild birds, it will
be possible to identify regulatory networks that play central roles across different host
species more systematically. At the same time, the application of artificial intelligence to
multi-source data integration, target prioritization, and network analysis is expected to
further improve the efficiency and accuracy of host-target discovery. Ultimately, integrated
human-animal surveillance and control systems developed under the One Health frame-
work may become an important component of future strategies for the prevention and
control of influenza and other emerging RNA viruses.

7. Challenges and Limitations

Although advancements in multi-omics technologies and artificial intelligence meth-
ods have significantly propelled progress in host-targeted antiviral research and provided
new insights for broad-spectrum antiviral strategies, the transition from basic research to
practical application still faces multiple constraints. These issues involve both the biological
complexity of host—virus interactions and technical and practical barriers in data analysis
and translation.

7.1. Biological and Safety Challenges of Host-Targeted Interventions

A major challenge for host-targeted antiviral strategies arises from the multifunctional
nature of host factors. Many host proteins exploited or regulated by viruses are also
involved in essential cellular processes, including nuclear transport, protein translation,
and metabolic regulation. Consequently, interventions targeting these proteins may disrupt
normal cellular homeostasis and lead to toxicity or unintended physiological effects.
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In addition, functional redundancy and compensatory mechanisms are common
within host cells. When a particular pathway is inhibited, alternative pathways may
partially compensate for its function, allowing essential cellular processes to continue [116].
As a result, inhibition of a single host factor may not always produce sustained or robust
antiviral effects in vivo. Another challenge is the context-dependent nature of host-factor
function. Different cell types and tissue environments often exhibit distinct levels of
dependence on the same host pathway. For example, epithelial cells and immune cells may
respond differently to the modulation of interferon signaling or metabolic pathways [117].
Consequently, observations obtained from immortalized cell lines do not always accurately
predict outcomes in primary tissues or animal infection models.

Furthermore, many host pathways have relatively narrow therapeutic windows. Par-
tial inhibition may be insufficient to suppress viral replication effectively, whereas excessive
inhibition can impair normal cellular functions and increase the risk of adverse effects.
These challenges are particularly relevant for highly conserved pathways, such as nuclear
transport, endosomal trafficking, and cellular metabolism, which are critical for both viral
replication and host physiology. Collectively, these factors complicate host-target valida-
tion and highlight the need for careful evaluation of efficacy, safety, tissue specificity, and
therapeutic windows during the development of host-directed antiviral interventions.

7.2. Challenges in Multi-Omics Integration and Al-Assisted Target Prioritization

The heterogeneity of multi-omics data represents one of the most significant technical
bottlenecks in current host-targeted antiviral research. Different omics platforms, including
transcriptomics, proteomics, and interactomics, differ substantially in data structure, detec-
tion sensitivity, and dynamic range, making cross-omics standardization and integration
challenging. For example, changes in mRNA abundance do not always correlate with
protein expression levels, while post-translational modifications add further complexity to
biological interpretation [118].

In addition, influenza virus infection is a highly dynamic process, with host responses
varying considerably across different stages of infection, including viral entry, replication,
and release. However, many studies still rely on single-time-point or endpoint sampling,
limiting the ability to capture temporal regulatory dynamics. This static view may obscure
stage-specific host dependencies and reduce the biological relevance of computational pre-
dictions. Publicly available influenza datasets are also frequently biased toward particular
viral strains, cell lines, and experimental systems. Such sampling biases can affect model
generalizability and lead to the overrepresentation of specific pathways or host factors.
Moreover, many Al models are trained predominantly on data generated from a limited
number of cell lines, such as A549, 293T, and MDCK cells, which may not accurately reflect
host-factor dependencies in primary tissues or in vivo infection settings [119].

Another limitation is the lack of well-defined negative datasets. Most studies focus on
identifying host factors that promote or restrict viral replication, whereas experimentally
validated non-associated genes are rarely reported. This imbalance can introduce bias
during model training and reduce prediction reliability. Potential information leakage
between training and testing datasets represents an additional concern. For example, re-
lated genes, pathways, or interaction networks may appear in both datasets, resulting in
overly optimistic estimates of model performance. Importantly, examples from influenza
host-factor research illustrate how dataset heterogeneity can affect reproducibility. Several
genome-wide RNAi screens conducted in different cell lines and experimental systems
identified hundreds of candidate host factors required for influenza virus replication; how-
ever, the overlap among the reported gene sets was unexpectedly low. In some cases, host
factors identified as important in one study could not be reproduced in subsequent screens
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performed using different viral strains or cellular backgrounds. These inconsistencies
were attributed to variations in experimental design, screening methodology, statistical
thresholds, and data-processing pipelines. Such findings highlight the risk that Al models
trained on heterogeneous datasets may prioritize context-specific or false-positive candi-
dates rather than universally relevant host factors. Without rigorous validation, Al-assisted
target prioritization may inadvertently amplify existing biases and generate predictions
that are difficult to reproduce across independent studies.

Furthermore, many published Al models are evaluated only on the datasets used
for model development and lack validation using independent external datasets. Conse-
quently, their applicability across different host species, viral strains, and experimental
conditions remains uncertain. Therefore, future studies should emphasize standardized
multi-omics data generation, cross-study harmonization, independent external validation,
and experimental verification of computational predictions. Integrating Al-assisted target
discovery with functional genomics, molecular virology, and animal infection studies will
be essential for translating computationally identified host factors into practical antiviral
targets for both human and veterinary applications.

7.3. Translational Challenges in Human and Livestock Applications

In the transition from basic research to practical application, host-targeted antiviral
strategies still face multiple practical constraints. First, safety remains the primary consid-
eration, particularly for host targets involved in fundamental cellular processes, such as
nuclear transport systems and core metabolic pathways. Long-term or systemic interven-
tion in these pathways may lead to unintended side effects, including immune dysfunction
and metabolic disturbances.

Second, in practical settings such as livestock production systems, factors including
production costs, administration methods, and the feasibility of large-scale implementation
must be carefully evaluated. For example, the sustained use of immunomodulators or
metabolic intervention agents in intensive farming systems may be constrained by economic
costs and operational complexity.

In addition, food safety, drug residues, and withdrawal-period requirements repre-
sent important considerations for the application of host-targeted interventions in food-
producing animals. Candidate compounds must not only demonstrate antiviral efficacy but
also comply with regulatory standards governing residue depletion in edible tissues and
animal-derived products. Prolonged withdrawal periods may reduce production efficiency,
increase management costs, and limit large-scale adoption in commercial livestock systems.
Therefore, residue profiles, pharmacokinetics, and withdrawal-period assessments should
be incorporated early in the development of host-targeted antiviral strategies for livestock.
Beyond antiviral efficacy, practical evaluation frameworks should also be integrated into the
early stages of candidate development. For livestock applications, key assessment criteria
may include antiviral effectiveness, cost-effectiveness, ease of administration, withdrawal-
period requirements, residue risks in edible products, animal welfare considerations, and
compatibility with existing farm management practices. For example, antiviral strategies
that require repeated individual administration may be difficult to implement in large-scale
poultry or swine production systems, whereas approaches compatible with feed- or water-
based delivery may offer greater scalability. Similarly, candidate interventions associated
with prolonged withdrawal periods or complex residue-monitoring requirements may face
substantial regulatory and economic barriers despite demonstrating antiviral activity under
experimental conditions. Therefore, translational feasibility should be evaluated alongside
biological efficacy throughout the processes of target validation and drug development.
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Furthermore, substantial differences exist among species with respect to immune
system architecture, metabolic characteristics, drug metabolism, and susceptibility to viral
infection, making it difficult to directly translate host-targeted strategies validated in
one species to another. For instance, intervention strategies that are effective in porcine
cell systems may produce different outcomes in avian or human systems. Collectively,
these factors continue to limit the translation of host-targeted antiviral strategies from
experimental research into practical applications.

8. Conclusions and Future Perspectives

Influenza virus replication depends on a diverse range of host factors that regulate
viral entry, genome replication, intracellular trafficking, and innate immune responses.
Among the host targets identified to date, pathways involved in nuclear transport, ANP32-
mediated polymerase support, endosomal trafficking, and interferon signaling have been
consistently implicated in influenza virus replication and therefore remain important targets
for further investigation because of their central biological roles and potential conservation
across host species. However, the biological importance of many host factors also presents
challenges related to safety, tissue specificity, and therapeutic windows, underscoring the
need for careful target prioritization. Multi-omics technologies have greatly expanded
the capacity to identify host factors by integrating evidence from functional genomics,
transcriptomics, proteomics, and interactomics. Importantly, combining these complemen-
tary datasets with Al-assisted prioritization frameworks provides a practical approach for
distinguishing biologically relevant and potentially druggable targets from large candi-
date pools. Nevertheless, challenges related to data heterogeneity, model interpretability,
external validation, and experimental verification remain major barriers to translation.

From a One Health perspective, the identification of conserved host pathways across
humans, swine, poultry, and other animal hosts represents an important opportunity
for the development of host-directed antiviral strategies with cross-subtype influenza
control potential. Over the next three to five years, progress in this field will likely depend
on four key developments: (i) the generation of standardized multi-species multi-omics
resources; (ii) the application of explainable Al methods for host-target prioritization;
(iii) systematic experimental validation using functional genomics, molecular virology, and
animal infection models; and (iv) the establishment of translational evaluation frameworks
that incorporate efficacy, safety, scalability, and regulatory considerations. Collectively,
these advances will accelerate the discovery of conserved host targets and support the
development of next-generation broad-spectrum antiviral strategies for both human and
veterinary medicine within a One Health framework.

Subsequently, candidate targets should undergo systematic validation through
CRISPR-based functional screening, mechanistic studies, and animal infection models,
followed by comprehensive evaluation of safety, efficacy, scalability, and regulatory fea-
sibility. For livestock applications, additional factors—including administration routes,
residue risks, withdrawal periods, and cost-effectiveness—should be incorporated early in
the development process. Ultimately, the integration of comparative multi-omics, artificial
intelligence, and experimental validation within a standardized translational framework
provides a practical roadmap for accelerating the development of next-generation host-
directed antiviral strategies against influenza and other emerging RNA viruses.

Author Contributions: Conceptualization X.H.; writing—original draft preparation, X.H., S.D., 5.G.,

S5.X., X.T., and HW.,; writing—review and editing, X.H., HW., and T.Z.; supervision X.H. All authors
have read and agreed to the published version of the manuscript.

https://doi.org/10.3390/vetscil3070626


https://doi.org/10.3390/vetsci13070626

Vet. Sci. 2026, 13, 626 28 of 33

Funding: This research was supported by the Key Project of International Scientific and Technological
Cooperation of Henan Province (241111520400), the Henan Provincial Natural Science Foundation
General Program (262300421517), Joint Fund of the Henan Provincial Science and Technology R&D
Program (252103810370), the National Natural Science Foundation of China (32300120), and the 111
Project (D20036, China). The authors thank all members of the lab for their support.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lowen, A.C. Constraints, Drivers, and Implications of Influenza A Virus Reassortment. Annu. Rev. Virol. 2017, 4, 105-121.
[CrossRef] [PubMed]

2. Taubenberger, ].K.; Kash, J.C. Influenza Virus Evolution, Host Adaptation, and Pandemic Formation. Cell Host Microbe 2010, 7,
440-451. [CrossRef] [PubMed]

3. Nelson, M.I,; Holmes, E.C. The evolution of epidemic influenza. Nat. Rev. Genet. 2007, 8, 196-205. [CrossRef] [PubMed]

4. Shao, W.; Li, X,; Goraya, M.U.; Wang, S.; Chen, J.L. Evolution of Influenza A Virus by Mutation and Re-Assortment. Int. ]. Mol.
Sci. 2017, 18, 1650. [CrossRef] [PubMed]

5. Peiris, ].S.; de Jong, M.D.; Guan, Y. Avian influenza virus (H5N1): A threat to human health. Clin. Microbiol. Rev. 2007, 20, 243-267.
[CrossRef] [PubMed]

6. Ma, W, Lager, KM.; Vincent, A.L.; Janke, B.H.; Gramer, M.R.; Richt, J.A. The role of swine in the generation of novel influenza
viruses. Zoonoses Public Health 2009, 56, 326-337. [CrossRef] [PubMed]

7. McKimm-Breschkin, J.L. Influenza neuraminidase inhibitors: Antiviral action and mechanisms of resistance. Influenza Other
Respir. Viruses 2013, 7, 25-36. [CrossRef] [PubMed]

8. Lee, N.; Hurt, A.C. Neuraminidase inhibitor resistance in influenza: A clinical perspective. Curr. Opin. Infect. Dis. 2018, 31,
520-526. [CrossRef] [PubMed]

9. Karlas, A.; Machuy, N.; Shin, Y.; Pleissner, K.P,; Artarini, A.; Heuer, D.; Becker, D.; Khalil, H.; Ogilvie, L.A.; Hess, S.; et al.
Genome-wide RNAI screen identifies human host factors crucial for influenza virus replication. Nature 2010, 463, 818-822.
[CrossRef] [PubMed]

10. Ekins, S.; Puhl, A.C.; Zorn, KM,; Lane, T.R.; Russo, D.P,; Klein, J.J.; Hickey, A J.; Clark, A.M. Exploiting machine learning for
end-to-end drug discovery and development. Nat. Mater. 2019, 18, 435-441. [CrossRef] [PubMed]

11.  Rogers, G.N.; Paulson, J.C. Receptor determinants of human and animal influenza virus isolates: Differences in receptor specificity
of the H3 hemagglutinin based on species of origin. Virology 1983, 127, 361-373. [CrossRef] [PubMed]

12.  Rust, M].; Lakadamyali, M.; Zhang, F.; Zhuang, X. Assembly of endocytic machinery around individual influenza viruses during
viral entry. Nat. Struct. Mol. Biol. 2004, 11, 567-573. [CrossRef] [PubMed]

13. Edinger, T.O.; Pohl, M.O; Stertz, S. Entry of influenza A virus: Host factors and antiviral targets. J. Gen. Virol. 2014, 95, 263-277.
[CrossRef] [PubMed]

14. Pinto, L.H.; Holsinger, L.].; Lamb, R.A. Influenza virus M2 protein has ion channel activity. Cell 1992, 69, 517-528. [CrossRef]
[PubMed]

15. Sieczkarski, S.B.; Whittaker, G.R. Influenza virus can enter and infect cells in the absence of clathrin-mediated endocytosis. J.
Virol. 2002, 76, 10455-10464. [CrossRef] [PubMed]

16. Gabriel, G; Klingel, K.; Otte, A ; Thiele, S.; Hudjetz, B.; Arman-Kalcek, G.; Sauter, M.; Shmidt, T.; Rother, F; Baumgarte, S.; et al.
Differential use of importin-alpha isoforms governs cell tropism and host adaptation of influenza virus. Nat. Commun. 2011, 2,
156. [CrossRef] [PubMed]

17.  Plotch, S.J.; Bouloy, M.; Ulmanen, L; Krug, RM. A unique cap(m7GpppXm)-dependent influenza virion endonuclease cleaves
capped RNAs to generate the primers that initiate viral RNA transcription. Cell 1981, 23, 847-858. [CrossRef] [PubMed]

18.  Guilligay, D.; Tarendeau, F; Resa-Infante, P.; Coloma, R.; Crepin, T.; Sehr, P; Lewis, J.; Ruigrok, RW,; Ortin, J.; Hart, D.J.; et al. The
structural basis for cap binding by influenza virus polymerase subunit PB2. Nat. Struct. Mol. Biol. 2008, 15, 500-506. [CrossRef]
[PubMed]

19. Engelhardt, O.G.; Smith, M.; Fodor, E. Association of the influenza A virus RNA-dependent RNA polymerase with cellular RNA

polymerase II. J. Virol. 2005, 79, 5812-5818. [CrossRef] [PubMed]

https://doi.org/10.3390/vetscil3070626


https://doi.org/10.1146/annurev-virology-101416-041726
https://www.ncbi.nlm.nih.gov/pubmed/28548881
https://doi.org/10.1016/j.chom.2010.05.009
https://www.ncbi.nlm.nih.gov/pubmed/20542248
https://doi.org/10.1038/nrg2053
https://www.ncbi.nlm.nih.gov/pubmed/17262054
https://doi.org/10.3390/ijms18081650
https://www.ncbi.nlm.nih.gov/pubmed/28783091
https://doi.org/10.1128/CMR.00037-06
https://www.ncbi.nlm.nih.gov/pubmed/17428885
https://doi.org/10.1111/j.1863-2378.2008.01217.x
https://www.ncbi.nlm.nih.gov/pubmed/19486316
https://doi.org/10.1111/irv.12047
https://www.ncbi.nlm.nih.gov/pubmed/23279894
https://doi.org/10.1097/QCO.0000000000000498
https://www.ncbi.nlm.nih.gov/pubmed/30299356
https://doi.org/10.1038/nature08760
https://www.ncbi.nlm.nih.gov/pubmed/20081832
https://doi.org/10.1038/s41563-019-0338-z
https://www.ncbi.nlm.nih.gov/pubmed/31000803
https://doi.org/10.1016/0042-6822(83)90150-2
https://www.ncbi.nlm.nih.gov/pubmed/6868370
https://doi.org/10.1038/nsmb769
https://www.ncbi.nlm.nih.gov/pubmed/15122347
https://doi.org/10.1099/vir.0.059477-0
https://www.ncbi.nlm.nih.gov/pubmed/24225499
https://doi.org/10.1016/0092-8674(92)90452-i
https://www.ncbi.nlm.nih.gov/pubmed/1374685
https://doi.org/10.1128/jvi.76.20.10455-10464.2002
https://www.ncbi.nlm.nih.gov/pubmed/12239322
https://doi.org/10.1038/ncomms1158
https://www.ncbi.nlm.nih.gov/pubmed/21245837
https://doi.org/10.1016/0092-8674(81)90449-9
https://www.ncbi.nlm.nih.gov/pubmed/6261960
https://doi.org/10.1038/nsmb.1421
https://www.ncbi.nlm.nih.gov/pubmed/18454157
https://doi.org/10.1128/JVI.79.9.5812-5818.2005
https://www.ncbi.nlm.nih.gov/pubmed/15827195
https://doi.org/10.3390/vetsci13070626

Vet. Sci. 2026, 13, 626 29 of 33

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Long, J.S.; Giotis, E.S.; Moncorge, O.; Frise, R.; Mistry, B.; James, J.; Morisson, M.; Igbal, M.; Vignal, A.; Skinner, M.A.; et al. Species
difference in ANP32A underlies influenza A virus polymerase host restriction. Nature 2016, 529, 101-104. [CrossRef] [PubMed]
Baker, S.F.; Ledwith, M.P.; Mehle, A. Differential Splicing of ANP32A in Birds Alters Its Ability to Stimulate RNA Synthesis by
Restricted Influenza Polymerase. Cell Rep. 2018, 24, 2581-2588.e4. [CrossRef] [PubMed]

Rossman, ].S.; Lamb, R.A. Influenza virus assembly and budding. Virology 2011, 411, 229-236. [CrossRef] [PubMed]

Amorim, M.].; Bruce, E.A.; Read, E.K,; Foeglein, A.; Mahen, R.; Stuart, A.D.; Digard, P. A Rab11- and microtubule-dependent
mechanism for cytoplasmic transport of influenza A virus viral RNA. J. Virol. 2011, 85, 4143—4156. [CrossRef] [PubMed]
Takeda, M.; Leser, G.P,; Russell, C.J.; Lamb, R.A. Influenza virus hemagglutinin concentrates in lipid raft microdomains for
efficient viral fusion. Proc. Natl. Acad. Sci. USA 2003, 100, 14610-14617. [CrossRef] [PubMed]

Shibata, S.; Yamamoto-Goshima, F.; Maeno, K.; Hanaichi, T.; Fujita, Y.; Nakajima, K.; Imai, M.; Komatsu, T.; Sugiura, S.
Characterization of a temperature-sensitive influenza B virus mutant defective in neuraminidase. J. Virol. 1993, 67, 3264-3273.
[CrossRef] [PubMed]

McAuley, J.L.; Gilbertson, B.P,; Trifkovic, S.; Brown, L.E.; McKimm-Breschkin, J.L. Influenza Virus Neuraminidase Structure and
Functions. Front. Microbiol. 2019, 10, 39. [CrossRef] [PubMed]

Kato, H.; Takeuchi, O.; Sato, S.; Yoneyama, M.; Yamamoto, M.; Matsui, K.; Uematsu, S.; Jung, A.; Kawai, T.; Ishii, K.J.; et al.
Differential roles of MDAS5 and RIG-I helicases in the recognition of RNA viruses. Nature 2006, 441, 101-105. [CrossRef] [PubMed]
Seth, R.B.; Sun, L.; Ea, C.K.; Chen, Z.]. Identification and characterization of MAVS, a mitochondrial antiviral signaling protein
that activates NF-kappaB and IRF 3. Cell 2005, 122, 669-682. [CrossRef] [PubMed]

Loo, YM.; Gale, M., Jr. Immune signaling by RIG-I-like receptors. Immunity 2011, 34, 680-692. [CrossRef] [PubMed]

Schindler, C.; Levy, D.E.; Decker, T. JAK-STAT signaling: From interferons to cytokines. J. Biol. Chem. 2007, 282, 20059-20063.
[CrossRef] [PubMed]

Brass, A.L.; Huang, I.C.; Benita, Y.; John, S.P.; Krishnan, M.N.; Feeley, E.M.; Ryan, B.].; Weyer, ].L.; van der Weyden, L.; Fikrig, E.;
et al. The IFITM proteins mediate cellular resistance to influenza A HIN1 virus, West Nile virus, and dengue virus. Cell 2009, 139,
1243-1254. [CrossRef] [PubMed]

Haller, O.; Kochs, G. Human MxA protein: An interferon-induced dynamin-like GTPase with broad antiviral activity. J. Interferon
Cytokine Res. 2011, 31, 79-87. [CrossRef] [PubMed]

Schoggins, ].W.; Rice, C.M. Interferon-stimulated genes and their antiviral effector functions. Curr. Opin. Virol. 2011, 1, 519-525.
[CrossRef] [PubMed]

Walsh, D.; Mohr, 1. Viral subversion of the host protein synthesis machinery. Nat. Rev. Microbiol. 2011, 9, 860-875. [CrossRef]
[PubMed]

Verhelst, ].; Hulpiau, P.; Saelens, X. Mx proteins: Antiviral gatekeepers that restrain the uninvited. Microbiol. Mol. Biol. Rev. 2013,
77,551-566. [CrossRef] [PubMed]

Garcia, M.A; Gil, J.; Ventoso, I.; Guerra, S.; Domingo, E.; Rivas, C.; Esteban, M. Impact of protein kinase PKR in cell biology:
From antiviral to antiproliferative action. Microbiol. Mol. Biol. Rev. 2006, 70, 1032-1060. [CrossRef] [PubMed]

Gack, M.U. Mechanisms of RIG-I-like receptor activation and manipulation by viral pathogens. |. Virol. 2014, 88, 5213-5216.
[CrossRef] [PubMed]

Deretic, V.; Saitoh, T.; Akira, S. Autophagy in infection, inflammation and immunity. Nat. Rev. Immunol. 2013, 13, 722-737.
[CrossRef] [PubMed]

McCormick, C.; Khaperskyy, D.A. Translation inhibition and stress granules in the antiviral immune response. Nat. Rev. Immunol.
2017, 17, 647-660. [CrossRef] [PubMed]

Barabasi, A.L.; Oltvai, Z.N. Network biology: Understanding the cell’s functional organization. Nat. Rev. Genet. 2004, 5, 101-113.
[CrossRef] [PubMed]

Long, ].S.; Mistry, B.; Haslam, S.M.; Barclay, W.S. Host and viral determinants of influenza A virus species specificity. Nat. Rev.
Microbiol. 2019, 17, 67-81. [CrossRef] [PubMed]

Short, K.R.; Richard, M.; Verhagen, ].H.; van Riel, D.; Schrauwen, E.J.; van den Brand, ].M.; Manz, B.; Bodewes, R.; Herfst, S. One
health, multiple challenges: The inter-species transmission of influenza A virus. One Health 2015, 1, 1-13. [CrossRef] [PubMed]
Han, J.; Perez, ].T.; Chen, C.; Li, Y.; Benitez, A.; Kandasamy, M.; Lee, Y.; Andrade, J.; tenOever, B.; Manicassamy, B. Genome-wide
CRISPR/Cas9 Screen Identifies Host Factors Essential for Influenza Virus Replication. Cell Rep. 2018, 23, 596-607. [CrossRef]
[PubMed]

Staller, E.; Sheppard, C.M.; Neasham, PJ.; Mistry, B.; Peacock, T.P.; Goldhill, D.H.; Long, ]J.S.; Barclay, W.S. ANP32 Proteins Are
Essential for Influenza Virus Replication in Human Cells. J. Virol. 2019, 93, e00217-19. [CrossRef] [PubMed]

Gilbert, L.A.; Larson, M.H.; Morsut, L.; Liu, Z.; Brar, G.A.; Torres, S.E.; Stern-Ginossar, N.; Brandman, O.; Whitehead, E.H.;
Doudna, J.A.; et al. CRISPR-mediated modular RNA-guided regulation of transcription in eukaryotes. Cell 2013, 154, 442-451.
[CrossRef] [PubMed]

https://doi.org/10.3390/vetscil3070626


https://doi.org/10.1038/nature16474
https://www.ncbi.nlm.nih.gov/pubmed/26738596
https://doi.org/10.1016/j.celrep.2018.08.012
https://www.ncbi.nlm.nih.gov/pubmed/30184493
https://doi.org/10.1016/j.virol.2010.12.003
https://www.ncbi.nlm.nih.gov/pubmed/21237476
https://doi.org/10.1128/JVI.02606-10
https://www.ncbi.nlm.nih.gov/pubmed/21307188
https://doi.org/10.1073/pnas.2235620100
https://www.ncbi.nlm.nih.gov/pubmed/14561897
https://doi.org/10.1128/JVI.67.6.3264-3273.1993
https://www.ncbi.nlm.nih.gov/pubmed/8497050
https://doi.org/10.3389/fmicb.2019.00039
https://www.ncbi.nlm.nih.gov/pubmed/30761095
https://doi.org/10.1038/nature04734
https://www.ncbi.nlm.nih.gov/pubmed/16625202
https://doi.org/10.1016/j.cell.2005.08.012
https://www.ncbi.nlm.nih.gov/pubmed/16125763
https://doi.org/10.1016/j.immuni.2011.05.003
https://www.ncbi.nlm.nih.gov/pubmed/21616437
https://doi.org/10.1074/jbc.R700016200
https://www.ncbi.nlm.nih.gov/pubmed/17502367
https://doi.org/10.1016/j.cell.2009.12.017
https://www.ncbi.nlm.nih.gov/pubmed/20064371
https://doi.org/10.1089/jir.2010.0076
https://www.ncbi.nlm.nih.gov/pubmed/21166595
https://doi.org/10.1016/j.coviro.2011.10.008
https://www.ncbi.nlm.nih.gov/pubmed/22328912
https://doi.org/10.1038/nrmicro2655
https://www.ncbi.nlm.nih.gov/pubmed/22002165
https://doi.org/10.1128/MMBR.00024-13
https://www.ncbi.nlm.nih.gov/pubmed/24296571
https://doi.org/10.1128/MMBR.00027-06
https://www.ncbi.nlm.nih.gov/pubmed/17158706
https://doi.org/10.1128/JVI.03370-13
https://www.ncbi.nlm.nih.gov/pubmed/24623415
https://doi.org/10.1038/nri3532
https://www.ncbi.nlm.nih.gov/pubmed/24064518
https://doi.org/10.1038/nri.2017.63
https://www.ncbi.nlm.nih.gov/pubmed/28669985
https://doi.org/10.1038/nrg1272
https://www.ncbi.nlm.nih.gov/pubmed/14735121
https://doi.org/10.1038/s41579-018-0115-z
https://www.ncbi.nlm.nih.gov/pubmed/30487536
https://doi.org/10.1016/j.onehlt.2015.03.001
https://www.ncbi.nlm.nih.gov/pubmed/26309905
https://doi.org/10.1016/j.celrep.2018.03.045
https://www.ncbi.nlm.nih.gov/pubmed/29642015
https://doi.org/10.1128/JVI.00217-19
https://www.ncbi.nlm.nih.gov/pubmed/31217244
https://doi.org/10.1016/j.cell.2013.06.044
https://www.ncbi.nlm.nih.gov/pubmed/23849981
https://doi.org/10.3390/vetsci13070626

Vet. Sci. 2026, 13, 626 30 of 33

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Evers, B.; Jastrzebski, K.; Heijmans, J].P.M.; Grernrum, W.; Beijersbergen, R.L.; Bernards, R. CRISPR knockout screening outper-
forms shRNA and CRISPRi in identifying essential genes. Nat. Biotechnol. 2016, 34, 631-633. [CrossRef] [PubMed]

Long, J.S.; Idoko-Akoh, A.; Mistry, B.; Goldhill, D.; Staller, E.; Schreyer, J.; Ross, C.; Goodbourn, S.; Shelton, H.; Skinner, M. A ;
et al. Species specific differences in use of ANP32 proteins by influenza A virus. eLife 2019, 8, e45066. [CrossRef] [PubMed]
Chua, R.L,; Lukassen, S.; Trump, S.; Hennig, B.P.; Wendisch, D.; Pott, E; Debnath, O.; Thurmann, L.; Kurth, E; Volker, M.T; et al.
COVID-19 severity correlates with airway epithelium-immune cell interactions identified by single-cell analysis. Nat. Biotechnol.
2020, 38, 970-979. [CrossRef] [PubMed]

Lee, N.; Wong, C.K.; Chan, PK,; Lun, S.W.,; Lui, G.; Wong, B.; Hui, D.S.; Lam, C.W.; Cockram, C.S.; Choi, K.W.; et al. Hypercy-
tokinemia and hyperactivation of phospho-p38 mitogen-activated protein kinase in severe human influenza A virus infection.
Clin. Infect. Dis. 2007, 45, 723-731. [CrossRef] [PubMed]

Russell, A.B.; Trapnell, C.; Bloom, ].D. Extreme heterogeneity of influenza virus infection in single cells. eLife 2018, 7, e32303.
[CrossRef] [PubMed]

Cao, Y;; Huang, Y,; Xu, K;; Liu, Y; Li, X.; Xu, Y.; Zhong, W.; Hao, P. Differential responses of innate immunity triggered by different
subtypes of influenza a viruses in human and avian hosts. BMC Med. Genom. 2017, 10, 70. [CrossRef] [PubMed]

Cao, Y.; Zhang, K,; Liu, L.; Li, W,; Zhu, B.; Zhang, S.; Xu, P; Liu, W.; Li, ]. Global transcriptome analysis of H5N1 influenza
virus-infected human cells. Hereditas 2019, 156, 10. [CrossRef] [PubMed]

Sanford, E.J.; Smolka, M.B. A field guide to the proteomics of post-translational modifications in DNA repair. Proteomics 2022, 22,
€2200064. [CrossRef] [PubMed]

Hutchinson, E.C.; Denham, E.M.; Thomas, B.; Trudgian, D.C.; Hester, S.S.; Ridlova, G.; York, A.; Turrell, L.; Fodor, E. Mapping the
phosphoproteome of influenza A and B viruses by mass spectrometry. PLoS Pathog. 2012, 8, €1002993. [CrossRef] [PubMed]
Coombs, K.M,; Berard, A.; Xu, W.; Krokhin, O.; Meng, X.; Cortens, ].P.; Kobasa, D.; Wilkins, J.; Brown, E.G. Quantitative proteomic
analyses of influenza virus-infected cultured human lung cells. J. Virol. 2010, 84, 10888-10906. [CrossRef] [PubMed]

Gack, M.U.; Albrecht, R.A.; Urano, T.; Inn, K.S.; Huang, I.C.; Carnero, E.; Farzan, M.; Inoue, S.; Jung, ].U.; Garcia-Sastre, A.
Influenza A virus NS1 targets the ubiquitin ligase TRIM25 to evade recognition by the host viral RNA sensor RIG-I. Cell Host
Microbe 2009, 5, 439-449. [CrossRef] [PubMed]

Das, K.; Ma, L.C.; Xiao, R.; Radvansky, B.; Aramini, J.; Zhao, L.; Marklund, J.; Kuo, R.L.; Twu, K.Y.; Arnold, E; et al. Structural
basis for suppression of a host antiviral response by influenza A virus. Proc. Natl. Acad. Sci. USA 2008, 105, 13093-13098.
[CrossRef] [PubMed]

Shriver, L.P,; Polacco, B.J.; Eckhardt, M.; Chang, M.W.; Martinez-Romero, C.; Adkins-Travis, K.; Cahalane, C.; Haas, K,; Stein,
D.A.; Fourati, S; et al. Integrative multi-omics analysis in vivo identifies influenza virus host factors. iScience 2025, 28, 113644.
[CrossRef] [PubMed]

Peacock, T.P.,; Sheppard, C.M,; Lister, M.G.; Staller, E.; Frise, R.; Swann, O.C.; Goldhill, D.H.; Long, ].S.; Barclay, W.S. Mammalian
ANP32A and ANP32B Proteins Drive Differential Polymerase Adaptations in Avian Influenza Virus. J. Virol. 2023, 97, €0021323.
[CrossRef] [PubMed]

Subramanian, I.; Verma, S.; Kumar, S.; Jere, A.; Anamika, K. Multi-omics Data Integration, Interpretation, and Its Application.
Bioinform. Biol. Insights 2020, 14, 1177932219899051. [CrossRef] [PubMed]

Choobdar, S.; Ahsen, M.E.; Crawford, J.; Tomasoni, M.; Fang, T.; Lamparter, D.; Lin, J.; Hescott, B.; Hu, X.; Mercer, J.; et al.
Assessment of network module identification across complex diseases. Nat. Methods 2019, 16, 843-852. [CrossRef] [PubMed]
Ehrhardt, C.; Wolff, T.; Pleschka, S.; Planz, O.; Beermann, W.; Bode, J.G.; Schmolke, M.; Ludwig, S. Influenza A virus NS1 protein
activates the PI3K/ Akt pathway to mediate antiapoptotic signaling responses. J. Virol. 2007, 81, 3058-3067. [CrossRef] [PubMed]
Vaidya, H.; Kumar, M. Al in multi-omics analysis in viral diseases. Prog. Mol. Biol. Transl. Sci. 2026, 222, 229-240. [CrossRef]
[PubMed]

Watanabe, T.; Kawakami, E.; Shoemaker, ].E.; Lopes, T.J.; Matsuoka, Y.; Tomita, Y.; Kozuka-Hata, H.; Gorai, T.; Kuwahara, T.;
Takeda, E.; et al. Influenza virus-host interactome screen as a platform for antiviral drug development. Cell Host Microbe 2014, 16,
795-805. [CrossRef] [PubMed]

Chen, J.; Liu, W,; Luo, T.; Yu, Z,; Jiang, M.; Wen, J.; Gupta, G.P; Giusti, P; Zhu, H; Yang, Y.; et al. A comprehensive comparison on
cell-type composition inference for spatial transcriptomics data. Brief. Bioinform. 2022, 23, bbac245. [CrossRef] [PubMed]
Miglietta, L.; Rawson, T.M.; Galiwango, R.; Tasker, A.; Ming, D.K.; Akogo, D.; Ferreyra, C.; Aboagye, E.O.; Gordon, N.C,;
Garcia-Vidal, C.; et al. Artificial intelligence and infectious disease diagnostics: State of the art and future perspectives. Lancet
Infect. Dis. 2026, 26, e168—e180. [CrossRef] [PubMed]

Lasso, G.; Mayer, S.V.; Winkelmann, E.R.; Chu, T.; Elliot, O.; Patino-Galindo, J.A.; Park, K.; Rabadan, R.; Honig, B.; Shapira, S.D. A
Structure-Informed Atlas of Human-Virus Interactions. Cell 2019, 178, 1526-1541.e16. [CrossRef] [PubMed]

Arnold, R.; Boonen, K.; Sun, M.G.; Kim, PM. Computational analysis of interactomes: Current and future perspectives for
bioinformatics approaches to model the host-pathogen interaction space. Methods 2012, 57, 508-518. [CrossRef] [PubMed]

https://doi.org/10.3390/vetscil3070626


https://doi.org/10.1038/nbt.3536
https://www.ncbi.nlm.nih.gov/pubmed/27111720
https://doi.org/10.7554/eLife.45066
https://www.ncbi.nlm.nih.gov/pubmed/31159925
https://doi.org/10.1038/s41587-020-0602-4
https://www.ncbi.nlm.nih.gov/pubmed/32591762
https://doi.org/10.1086/520981
https://www.ncbi.nlm.nih.gov/pubmed/17712756
https://doi.org/10.7554/eLife.32303
https://www.ncbi.nlm.nih.gov/pubmed/29451492
https://doi.org/10.1186/s12920-017-0304-z
https://www.ncbi.nlm.nih.gov/pubmed/29322931
https://doi.org/10.1186/s41065-019-0085-9
https://www.ncbi.nlm.nih.gov/pubmed/30774581
https://doi.org/10.1002/pmic.202200064
https://www.ncbi.nlm.nih.gov/pubmed/35695711
https://doi.org/10.1371/journal.ppat.1002993
https://www.ncbi.nlm.nih.gov/pubmed/23144613
https://doi.org/10.1128/JVI.00431-10
https://www.ncbi.nlm.nih.gov/pubmed/20702633
https://doi.org/10.1016/j.chom.2009.04.006
https://www.ncbi.nlm.nih.gov/pubmed/19454348
https://doi.org/10.1073/pnas.0805213105
https://www.ncbi.nlm.nih.gov/pubmed/18725644
https://doi.org/10.1016/j.isci.2025.113644
https://www.ncbi.nlm.nih.gov/pubmed/41142120
https://doi.org/10.1128/jvi.00213-23
https://www.ncbi.nlm.nih.gov/pubmed/37074204
https://doi.org/10.1177/1177932219899051
https://www.ncbi.nlm.nih.gov/pubmed/32076369
https://doi.org/10.1038/s41592-019-0509-5
https://www.ncbi.nlm.nih.gov/pubmed/31471613
https://doi.org/10.1128/JVI.02082-06
https://www.ncbi.nlm.nih.gov/pubmed/17229704
https://doi.org/10.1016/bs.pmbts.2026.02.005
https://www.ncbi.nlm.nih.gov/pubmed/42173631
https://doi.org/10.1016/j.chom.2014.11.002
https://www.ncbi.nlm.nih.gov/pubmed/25464832
https://doi.org/10.1093/bib/bbac245
https://www.ncbi.nlm.nih.gov/pubmed/35753702
https://doi.org/10.1016/S1473-3099(25)00354-8
https://www.ncbi.nlm.nih.gov/pubmed/40972627
https://doi.org/10.1016/j.cell.2019.08.005
https://www.ncbi.nlm.nih.gov/pubmed/31474372
https://doi.org/10.1016/j.ymeth.2012.06.011
https://www.ncbi.nlm.nih.gov/pubmed/22750305
https://doi.org/10.3390/vetsci13070626

Vet. Sci. 2026, 13, 626 310f33

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Schultze, J.L.; Aschenbrenner, A.C. COVID-19 and the human innate immune system. Cell 2021, 184, 1671-1692. [CrossRef]
[PubMed]

Smatti, M.K,; Jan, Z.; Yassine, H.M. Pharmacogenomics of antibacterial and antiviral therapies: Clinical actionability, evidence
gaps, and future directions. Pharmacol. Rev. 2026, 78, 100136. [CrossRef] [PubMed]

Noor, E,; Tahir Ul Qamar, M. Comprehensive review and assessment of machine learning approaches for host-pathogen protein-
protein interaction prediction. Brief. Bioinform. 2026, 27, bbag051. [CrossRef] [PubMed]

Dick, K.; Chopra, A.; Biggar, KK.; Green, ].R. Multi-schema computational prediction of the comprehensive SARS-CoV-2 vs.
human interactome. Peer] 2021, 9, e11117. [CrossRef] [PubMed]

Luecken, M.D.; Theis, E]J. Current best practices in single-cell RN A-seq analysis: A tutorial. Mol. Syst. Biol. 2019, 15, e8746.
[CrossRef] [PubMed]

Heumos, L.; Schaar, A.C.; Lance, C,; Litinetskaya, A.; Drost, F; Zappia, L.; Lucken, M.D.; Strobl, D.C.; Henao, J.; Curion, F; et al.
Best practices for single-cell analysis across modalities. Nat. Rev. Genet. 2023, 24, 550-572. [CrossRef] [PubMed]

Wang, W.; Gao, X. Deep learning in bioinformatics. Methods 2019, 166, 1-3. [CrossRef] [PubMed]

Li, B.; Clohisey, S.M.; Chia, B.S.; Wang, B.; Cui, A.; Eisenhaure, T.; Schweitzer, L.D.; Hoover, P.; Parkinson, N.J.; Nachshon, A.;
et al. Genome-wide CRISPR screen identifies host dependency factors for influenza A virus infection. Nat. Commun. 2020, 11, 164.
[CrossRef] [PubMed]

Gaudelet, T,; Day, B.; Jamasb, A.R.; Soman, J.; Regep, C.; Liu, G.; Hayter, ].B.R.; Vickers, R.; Roberts, C.; Tang, J.; et al. Utilizing
graph machine learning within drug discovery and development. Brief. Bioinform. 2021, 22, bbab159. [CrossRef] [PubMed]
Wang, B.; Mezlini, A.M.; Demir, F.; Fiume, M.; Tu, Z.; Brudno, M.; Haibe-Kains, B.; Goldenberg, A. Similarity network fusion for
aggregating data types on a genomic scale. Nat. Methods 2014, 11, 333-337. [CrossRef] [PubMed]

Tripathi, S.; Pohl, M.O.; Zhou, Y.; Rodriguez-Frandsen, A.; Wang, G.; Stein, D.A.; Moulton, H-M.; DeJesus, P; Che, J.; Mulder, L.C,;
et al. Meta- and Orthogonal Integration of Influenza “OMICs” Data Defines a Role for UBR4 in Virus Budding. Cell Host Microbe
2015, 18, 723-735. [CrossRef] [PubMed]

Ochiai, H.; Sakai, S.; Hirabayashi, T.; Shimizu, Y.; Terasawa, K. Inhibitory effect of bafilomycin Al, a specific inhibitor of
vacuolar-type proton pump, on the growth of influenza A and B viruses in MDCK cells. Antivir. Res. 1995, 27, 425-430. [CrossRef]
[PubMed]

Savarino, A.; Boelaert, ].R.; Cassone, A.; Majori, G.; Cauda, R. Effects of chloroquine on viral infections: An old drug against
today’s diseases? Lancet Infect. Dis. 2003, 3, 722-727. [CrossRef] [PubMed]

Elton, D.; Simpson-Holley, M.; Archer, K.; Medcalf, L.; Hallam, R.; McCauley, J.; Digard, P. Interaction of the influenza virus
nucleoprotein with the cellular CRM1-mediated nuclear export pathway. J. Virol. 2001, 75, 408-419. [CrossRef] [PubMed]
Resa-Infante, P; Jorba, N.; Zamarreno, N.; Fernandez, Y.; Juarez, S.; Ortin, J. The host-dependent interaction of alpha-importins
with influenza PB2 polymerase subunit is required for virus RNA replication. PLoS ONE 2008, 3, e3904. [CrossRef] [PubMed]
Roberts, K.L.; Leser, G.P.,; Ma, C.; Lamb, R.A. The amphipathic helix of influenza A virus M2 protein is required for filamentous
bud formation and scission of filamentous and spherical particles. J. Virol. 2013, 87, 9973-9982. [CrossRef] [PubMed]

Fedson, D.S. Treating influenza with statins and other immunomodulatory agents. Antivir. Res. 2013, 99, 417-435. [CrossRef]
[PubMed]

Pleschka, S.; Wolff, T.; Ehrhardt, C.; Hobom, G.; Planz, O.; Rapp, U.R.; Ludwig, S. Influenza virus propagation is impaired by
inhibition of the Raf/MEK/ERK signalling cascade. Nat. Cell Biol. 2001, 3, 301-305. [CrossRef] [PubMed]

Zumla, A.; Rao, M.; Wallis, R.S.; Kaufmann, S.H.; Rustomjee, R.; Mwaba, P; Vilaplana, C.; Yeboah-Manu, D.; Chakaya, J.; Ippolito,
G.; et al. Host-directed therapies for infectious diseases: Current status, recent progress, and future prospects. Lancet Infect. Dis.
2016, 16, e47—e63. [CrossRef] [PubMed]

Schneider, W.M.; Chevillotte, M.D.; Rice, C.M. Interferon-stimulated genes: A complex web of host defenses. Annu. Rev. Immunol.
2014, 32, 513-545. [CrossRef] [PubMed]

Davidson, S.; Maini, M.K.; Wack, A. Disease-promoting effects of type I interferons in viral, bacterial, and coinfections. ]. Interferon
Cytokine Res. 2015, 35, 252-264. [CrossRef] [PubMed]

Kato, H,; Sato, S.; Yoneyama, M.; Yamamoto, M.; Uematsu, S.; Matsui, K.; Tsujimura, T.; Takeda, K.; Fujita, T.; Takeuchi, O.; et al.
Cell type-specific involvement of RIG-I in antiviral response. Immunity 2005, 23, 19-28. [CrossRef] [PubMed]

Hu, S.; Zhao, Y.; Chen, X.; Wang, H.; Hu, W.; Huang, R.; Yang, J.; Niu, C.; Guo, X.; You, F. Betrixaban is a broad anti-virus inhibitor
by activating innate immunity. Front. Cell. Infect. Microbiol. 2025, 15, 1603530. [CrossRef] [PubMed]

Short, K.R.; Kroeze, E.; Fouchier, R.A.M.; Kuiken, T. Pathogenesis of influenza-induced acute respiratory distress syndrome.
Lancet Infect. Dis. 2014, 14, 57-69. [CrossRef] [PubMed]

Stebbing, J.; Krishnan, V.; de Bono, S.; Ottaviani, S.; Casalini, G.; Richardson, P.J.; Monteil, V.; Lauschke, V.M.; Mirazimi, A.;
Youhanna, S.; et al. Mechanism of baricitinib supports artificial intelligence-predicted testing in COVID-19 patients. EMBO Mol.
Med. 2020, 12, €12697. [CrossRef] [PubMed]

https://doi.org/10.3390/vetscil3070626


https://doi.org/10.1016/j.cell.2021.02.029
https://www.ncbi.nlm.nih.gov/pubmed/33743212
https://doi.org/10.1016/j.pharmr.2026.100136
https://www.ncbi.nlm.nih.gov/pubmed/42296571
https://doi.org/10.1093/bib/bbag051
https://www.ncbi.nlm.nih.gov/pubmed/41666404
https://doi.org/10.7717/peerj.11117
https://www.ncbi.nlm.nih.gov/pubmed/33868814
https://doi.org/10.15252/msb.20188746
https://www.ncbi.nlm.nih.gov/pubmed/31217225
https://doi.org/10.1038/s41576-023-00586-w
https://www.ncbi.nlm.nih.gov/pubmed/37002403
https://doi.org/10.1016/j.ymeth.2019.06.006
https://www.ncbi.nlm.nih.gov/pubmed/31181259
https://doi.org/10.1038/s41467-019-13965-x
https://www.ncbi.nlm.nih.gov/pubmed/31919360
https://doi.org/10.1093/bib/bbab159
https://www.ncbi.nlm.nih.gov/pubmed/34013350
https://doi.org/10.1038/nmeth.2810
https://www.ncbi.nlm.nih.gov/pubmed/24464287
https://doi.org/10.1016/j.chom.2015.11.002
https://www.ncbi.nlm.nih.gov/pubmed/26651948
https://doi.org/10.1016/0166-3542(95)00040-s
https://www.ncbi.nlm.nih.gov/pubmed/8540761
https://doi.org/10.1016/s1473-3099(03)00806-5
https://www.ncbi.nlm.nih.gov/pubmed/14592603
https://doi.org/10.1128/JVI.75.1.408-419.2001
https://www.ncbi.nlm.nih.gov/pubmed/11119609
https://doi.org/10.1371/journal.pone.0003904
https://www.ncbi.nlm.nih.gov/pubmed/19066626
https://doi.org/10.1128/JVI.01363-13
https://www.ncbi.nlm.nih.gov/pubmed/23843641
https://doi.org/10.1016/j.antiviral.2013.06.018
https://www.ncbi.nlm.nih.gov/pubmed/23831494
https://doi.org/10.1038/35060098
https://www.ncbi.nlm.nih.gov/pubmed/11231581
https://doi.org/10.1016/S1473-3099(16)00078-5
https://www.ncbi.nlm.nih.gov/pubmed/27036359
https://doi.org/10.1146/annurev-immunol-032713-120231
https://www.ncbi.nlm.nih.gov/pubmed/24555472
https://doi.org/10.1089/jir.2014.0227
https://www.ncbi.nlm.nih.gov/pubmed/25714109
https://doi.org/10.1016/j.immuni.2005.04.010
https://www.ncbi.nlm.nih.gov/pubmed/16039576
https://doi.org/10.3389/fcimb.2025.1603530
https://www.ncbi.nlm.nih.gov/pubmed/40918260
https://doi.org/10.1016/S1473-3099(13)70286-X
https://www.ncbi.nlm.nih.gov/pubmed/24239327
https://doi.org/10.15252/emmm.202012697
https://www.ncbi.nlm.nih.gov/pubmed/32473600
https://doi.org/10.3390/vetsci13070626

Vet. Sci. 2026, 13, 626 32 0f33

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.

115.

116.

117.

Lansbury, L.; Rodrigo, C.; Leonardi-Bee, J.; Nguyen-Van-Tam, J.; Lim, W.S. Corticosteroids as adjunctive therapy in the treatment
of influenza. Cochrane Database Syst. Rev. 2019, 2, CD010406. [CrossRef] [PubMed]

Paquette, S.G.; Banner, D.; Zhao, Z.; Fang, Y.; Huang, S.S.; Leomicronn, A.J.; Ng, D.C.; Almansa, R.; Martin-Loeches, I.; Ramirez,
P; et al. Interleukin-6 is a potential biomarker for severe pandemic HIN1 influenza A infection. PLoS ONE 2012, 7, e38214.
[CrossRef] [PubMed]

Perwitasari, O.; Johnson, S.; Yan, X.; Howerth, E.; Shacham, S.; Landesman, Y.; Baloglu, E.; McCauley, D.; Tamir, S.; Tompkins,
S.M.; et al. Verdinexor, a novel selective inhibitor of nuclear export, reduces influenza a virus replication in vitro and in vivo. J.
Virol. 2014, 88, 10228-10243. [CrossRef] [PubMed]

Teijaro, ].R.; Farber, D.L. COVID-19 vaccines: Modes of immune activation and future challenges. Nat. Rev. Immunol. 2021, 21,
195-197. [CrossRef] [PubMed]

Henritzi, D.; Petric, PP.; Lewis, N.S.; Graaf, A.; Pessia, A.; Starick, E.; Breithaupt, A.; Strebelow, G.; Luttermann, C.; Parker,
L.M.K;; et al. Surveillance of European Domestic Pig Populations Identifies an Emerging Reservoir of Potentially Zoonotic Swine
Influenza A Viruses. Cell Host Microbe 2020, 28, 614-627.e6. [CrossRef] [PubMed]

Tto, T.; Couceiro, J.N.; Kelm, S.; Baum, L.G.; Krauss, S.; Castrucci, M.R.; Donatelli, I.; Kida, H.; Paulson, ]J.C.; Webster, R.G.; et al.
Molecular basis for the generation in pigs of influenza A viruses with pandemic potential. J. Virol. 1998, 72, 7367-7373. [CrossRef]
[PubMed]

Lewis, N.S.; Russell, C.A.; Langat, P.; Anderson, T.K,; Berger, K.; Bielejec, F.; Burke, D.F.; Dudas, G.; Fonville, ].M.; Fouchier, R.A ;
et al. The global antigenic diversity of swine influenza A viruses. eLife 2016, 5, €12217. [CrossRef] [PubMed]

Smith, G.J.; Vijaykrishna, D.; Bahl, J.; Lycett, S.J.; Worobey, M.; Pybus, O.G.; Ma, S.K.; Cheung, C.L.; Raghwani, J.; Bhatt, S.; et al.
Origins and evolutionary genomics of the 2009 swine-origin HIN1 influenza A epidemic. Nature 2009, 459, 1122-1125. [CrossRef]
[PubMed]

Nelson, M.IL; Vincent, A.L. Reverse zoonosis of influenza to swine: New perspectives on the human-animal interface. Trends
Microbiol. 2015, 23, 142-153. [CrossRef] [PubMed]

Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Evolution and ecology of influenza A viruses. Microbiol.
Rev. 1992, 56, 152-179. [CrossRef] [PubMed]

Rajao, D.S.; Anderson, T.K.; Gauger, P.C.; Vincent, A.L. Pathogenesis and vaccination of influenza A virus in swine. Curr. Top.
Microbiol. Immunol. 2014, 385, 307-326. [CrossRef] [PubMed]

Lee, D.H.; Criado, M.F,; Swayne, D.E. Pathobiological Origins and Evolutionary History of Highly Pathogenic Avian Influenza
Viruses. Cold Spring Harb. Perspect. Med. 2021, 11, a038679. [CrossRef] [PubMed]

Gabriel, G.; Herwig, A.; Klenk, H.D. Interaction of polymerase subunit PB2 and NP with importin alphal is a determinant of host
range of influenza A virus. PLoS Pathog. 2008, 4, el11. [CrossRef] [PubMed]

Domingues, P.; Hale, B.G. Functional Insights into ANP32A-Dependent Influenza A Virus Polymerase Host Restriction. Cell Rep.
2017, 20, 2538-2546. [CrossRef] [PubMed]

Zhang, H.; Zhang, Z.; Wang, Y.; Wang, M.; Wang, X.; Zhang, X.; Ji, S.; Du, C.; Chen, H.; Wang, X. Fundamental Contribution
and Host Range Determination of ANP32A and ANP32B in Influenza A Virus Polymerase Activity. J. Virol. 2019, 93, e00174-19.
[CrossRef] [PubMed]

Ivashkiv, L.B.; Donlin, L.T. Regulation of type I interferon responses. Nat. Rev. Immunol. 2014, 14, 36—49. [CrossRef] [PubMed]
Guinea, R; Carrasco, L. Requirement for vacuolar proton-ATPase activity during entry of influenza virus into cells. J. Virol. 1995,
69, 2306-2312. [CrossRef] [PubMed]

Gu, Y,; Zuo, X.; Zhang, S.; Ouyang, Z.; Jiang, S.; Wang, F.; Wang, G. The Mechanism behind Influenza Virus Cytokine Storm.
Viruses 2021, 13, 1362. [CrossRef] [PubMed]

Rehwinkel, ].; Gack, M.U. RIG-I-like receptors: Their regulation and roles in RNA sensing. Nat. Rev. Immunol. 2020, 20, 537-551.
[CrossRef] [PubMed]

Thaker, S.K.; Ch'ng, J.; Christofk, H.R. Viral hijacking of cellular metabolism. BMC Biol. 2019, 17, 59. [CrossRef] [PubMed]
Wille, M.; Holmes, E.C. The Ecology and Evolution of Influenza Viruses. Cold Spring Harb. Perspect. Med. 2020, 10, a038489.
[CrossRef] [PubMed]

Karpala, A.J.; Lowenthal, ].W.; Bean, A.G. Activation of the TLR3 pathway regulates IFNbeta production in chickens. Dev. Comp.
Immunol. 2008, 32, 435-444. [CrossRef] [PubMed]

Bojkova, D.; Klann, K.; Koch, B.; Widera, M.; Krause, D.; Ciesek, S.; Cinatl, J.; Munch, C. Proteomics of SARS-CoV-2-infected host
cells reveals therapy targets. Nature 2020, 583, 469-472. [CrossRef] [PubMed]

Karki, R.; Sharma, B.R.; Tuladhar, S.; Williams, E.P.; Zalduondo, L.; Samir, P.; Zheng, M.; Sundaram, B.; Banoth, B.; Malireddi,
R.K.S,; et al. Synergism of TNF-alpha and IFN-gamma Triggers Inflammatory Cell Death, Tissue Damage, and Mortality in
SARS-CoV-2 Infection and Cytokine Shock Syndromes. Cell 2021, 184, 149-168 e117. [CrossRef] [PubMed]

https://doi.org/10.3390/vetscil3070626


https://doi.org/10.1002/14651858.CD010406.pub3
https://www.ncbi.nlm.nih.gov/pubmed/30798570
https://doi.org/10.1371/journal.pone.0038214
https://www.ncbi.nlm.nih.gov/pubmed/22679491
https://doi.org/10.1128/JVI.01774-14
https://www.ncbi.nlm.nih.gov/pubmed/24965445
https://doi.org/10.1038/s41577-021-00526-x
https://www.ncbi.nlm.nih.gov/pubmed/33674759
https://doi.org/10.1016/j.chom.2020.07.006
https://www.ncbi.nlm.nih.gov/pubmed/32721380
https://doi.org/10.1128/JVI.72.9.7367-7373.1998
https://www.ncbi.nlm.nih.gov/pubmed/9696833
https://doi.org/10.7554/eLife.12217
https://www.ncbi.nlm.nih.gov/pubmed/27113719
https://doi.org/10.1038/nature08182
https://www.ncbi.nlm.nih.gov/pubmed/19516283
https://doi.org/10.1016/j.tim.2014.12.002
https://www.ncbi.nlm.nih.gov/pubmed/25564096
https://doi.org/10.1128/mr.56.1.152-179.1992
https://www.ncbi.nlm.nih.gov/pubmed/1579108
https://doi.org/10.1007/82_2014_391
https://www.ncbi.nlm.nih.gov/pubmed/25033752
https://doi.org/10.1101/cshperspect.a038679
https://www.ncbi.nlm.nih.gov/pubmed/31964650
https://doi.org/10.1371/journal.ppat.0040011
https://www.ncbi.nlm.nih.gov/pubmed/18248089
https://doi.org/10.1016/j.celrep.2017.08.061
https://www.ncbi.nlm.nih.gov/pubmed/28903035
https://doi.org/10.1128/JVI.00174-19
https://www.ncbi.nlm.nih.gov/pubmed/30996088
https://doi.org/10.1038/nri3581
https://www.ncbi.nlm.nih.gov/pubmed/24362405
https://doi.org/10.1128/JVI.69.4.2306-2312.1995
https://www.ncbi.nlm.nih.gov/pubmed/7884876
https://doi.org/10.3390/v13071362
https://www.ncbi.nlm.nih.gov/pubmed/34372568
https://doi.org/10.1038/s41577-020-0288-3
https://www.ncbi.nlm.nih.gov/pubmed/32203325
https://doi.org/10.1186/s12915-019-0678-9
https://www.ncbi.nlm.nih.gov/pubmed/31319842
https://doi.org/10.1101/cshperspect.a038489
https://www.ncbi.nlm.nih.gov/pubmed/31871237
https://doi.org/10.1016/j.dci.2007.08.004
https://www.ncbi.nlm.nih.gov/pubmed/17870162
https://doi.org/10.1038/s41586-020-2332-7
https://www.ncbi.nlm.nih.gov/pubmed/32408336
https://doi.org/10.1016/j.cell.2020.11.025
https://www.ncbi.nlm.nih.gov/pubmed/33278357
https://doi.org/10.3390/vetsci13070626

Vet. Sci. 2026, 13, 626 33 0f 33

118. Vogel, C.; Marcotte, E.M. Insights into the regulation of protein abundance from proteomic and transcriptomic analyses. Nat. Rev.
Genet. 2012, 13, 227-232. [CrossRef] [PubMed]
119. Speranza, E. Understanding virus-host interactions in tissues. Nat. Microbiol. 2023, 8, 1397-1407. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/vetsci13070626


https://doi.org/10.1038/nrg3185
https://www.ncbi.nlm.nih.gov/pubmed/22411467
https://doi.org/10.1038/s41564-023-01434-7
https://www.ncbi.nlm.nih.gov/pubmed/37488255
https://doi.org/10.3390/vetsci13070626

	Introduction 
	Host Factors in Influenza Virus Infection 
	Host Factors Related to the Viral Life Cycle 
	Host Antiviral Immune Regulation 
	Host-Dependent Factors and Restriction Factors 

	Application of Multi-Omics Technologies in Host Target Discovery 
	Functional Genomics 
	Transcriptomics 
	Proteomics and Interactomics 
	Multi-Omics Integration Drives Host Target Discovery 

	AI-Driven Target Integration and Screening 
	Network Analysis Aids in Host Target Discovery 
	Machine Learning-Assisted Host Factor Prediction 
	Deep Learning and Multi-Omics Integration 

	Host-Directed Antiviral (HDA) Strategies 
	Targeting Key Host Pathways 
	Immune Strategy of Host Targeted Intervention 
	Small Molecules and Biologics 

	Host-Targeted and Cross-Species Antiviral Strategies in Livestock 
	Influenza Virus Prevalence and Risks in Livestock 
	Cross-Species Conserved Host Targets 
	Types of Broad-Spectrum Antiviral Strategies 
	Broad-Spectrum Antiviral Strategy from a One Health Perspective 

	Challenges and Limitations 
	Biological and Safety Challenges of Host-Targeted Interventions 
	Challenges in Multi-Omics Integration and AI-Assisted Target Prioritization 
	Translational Challenges in Human and Livestock Applications 

	Conclusions and Future Perspectives 
	References

