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ABSTRACT
Currently, SARS-CoV-2, especially the Omicron strain, is ravaging the world and even co-infecting human beings with IAV,
which is a serious threat to human public health. As of yet, no specific antiviral drug has been discovered for SARS-CoV-2.
This requires deeper understandings of the molecular mechanisms of SARS-CoV-2-host interaction, to explore antiviral
drug targets and provide theoretical basis for developing anti-SARS-CoV-2 drugs. This article discussed IAV, which has
been comprehensively studied and is expected to provide the most important reference value for the SARS-CoV-2
study apart from members of the Coronaviridae family. We wish to establish a theoretical system for the studies on
virus-host interaction. Previous studies have shown that host PRRs recognize RNAs of IAV or SARS-CoV-2 and then
activate innate immune signaling pathways to induce the expression of host restriction factors, such as ISGs, to
ultimately inhibit viral replication. Meanwhile, viruses have also evolved various regulatory mechanisms to antagonize
host innate immunity at transcriptional, translational, post-translational modification, and epigenetic levels. Besides,
viruses can hijack supportive host factors for their replication. Notably, the race between host antiviral innate
immunity and viral antagonism of host innate immunity forms virus-host interaction networks. Additionally, the viral
replication cycle is co-regulated by proteins, ncRNAs, sugars, lipids, hormones, and inorganic salts. Given this, we
updated the mappings of antiviral drug targets based on virus-host interaction networks and proposed an innovative
idea that virus-host interaction networks as new antiviral drug targets for IAV and SARS-CoV-2 from the perspectives
of viral immunology and systems biology.
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Introduction

The COVID-19 pandemic has spread rapidly
throughout the world since its outbreak, leading to
400 million infections and about 6 million deaths
worldwide. Aside from its severe damage to the glo-
bal economy and public health, SARS-CoV-2, the
virus responsible for the COVID-19, could even co-
infect human beings with IAV. Recently, Omicron,
a variant of SARS-CoV-2, has become a global
focus. It was discovered in early November 2021
and quickly spread worldwide, becoming the main
epidemic strain in some countries and causing social
panic. Additionally, the influenza virus, another virus
that seriously affects human health, should not be
underestimated. As a common respiratory pathogen,
it causes seasonal epidemics and severe occasional
worldwide pandemics, thereby resulting in human
casualties and significant economic losses. It is
recorded that four influenza pandemics have
occurred over the past century [1]. The 1918 Spanish

H1N1 influenza pandemic infected about 1 billion
people and caused more than 50 million deaths
worldwide, the most serious harm to humanity. The
other influenza pandemics occurred in 1957 (Asian
influenza, H2N2), 1968 (Hong Kong influenza,
H3N2), and 2009 (H1N1) [1]. Influenza viruses are
enveloped RNA viruses and belong to the family
Orthomyxoviridae. There are four types of influenza
viruses: A, B, C, and D [2]. Among all subtypes,
IAV is the most common, whose genomes are com-
posed of eight negative-sense single-stranded RNA
segments. Six segments among the eight encode
their corresponding proteins: HA, NA, NP, PA, PB1
and PB2, while the remaining two segments can
encode two corresponding proteins by variable spli-
cing, namely M1, M2, and NS1, NEP, respectively
[3]. All the 10 proteins mentioned above are essential
for IAV replication. In addition, non-essential pro-
teins are also encoded by IAV, such as PA-X, and
PB1-F2 (i.e. dispensable for IAV replication, but
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rather modulate host immune response) [4]. The
genome of IAV is an ssRNA, and the dsRNA is pro-
duced during viral replication. Moreover, the vRNPs
consist of eight vRNAs, NP and RNA polymerase
complexes composed of PA, PB1, and PB2. In con-
clusion, SARS-CoV-2 and IAV have a serious impact
on human public health. Therefore, developing anti-
viral drugs and the updating of antiviral drug targets
remain an urgent and long-term need.

The discovery of TLRs, the first kind of pattern
recognition receptors identified in the innate
immune signaling pathway, was awarded the 2011
Nobel Prize in Physiology or Medicine, which has
fuelled the interest in gaining a deeper knowledge
of innate immunity, especially the race between
host antiviral innate immunity and viral antagonism
of host innate immunity. After almost a decade of
in-depth exploration, biomolecular interaction net-
works consist of various host biomolecules associated
with IAV replication (such as PRRs, adaptor pro-
teins, signaling proteins, transcription factors, inter-
ferons and their receptors, JAK-STAT-SOCS, host
restriction factors, supportive host factors, micro-
RNAs, lncRNAs, circRNAs, vtRNAs, sugars, lipids,
hormones, and inorganic salts) have been initially
formed [2,5–9]. The mechanisms of innate immune
responses against IAV have been studied, while the
numerous strategies of IAV to antagonize innate
immunity have also been revealed [10]. Furthermore,
with the support of transcriptomics, proteomics,
metabolomics, epigenetics, and single-cell sequen-
cing, a comprehensive analysis of biomolecular regu-
latory networks associated with IAV replication was
conducted at the chromatin, DNA, transcriptional,
translational, and post-translational modification
levels [7,10]. Thus, a relatively complete theoretical
system of virus-host interaction networks has gradu-
ally been formed. Notably, current studies on the
IAV-host interaction network involve multiple disci-
plines, such as viral immunology, molecular biology
of viruses, system biology, biochemistry, physiology,
network pharmacology, bioinformatics, and struc-
tural biology. In conclusion, fundamental com-
ponents of virus-host interaction networks include
the virus, host, and viral antagonism of host innate
immunity. Among them, viral proteins are tra-
ditional antiviral drug targets.

The potential antiviral drug targets are important
for developing effective antiviral drugs. Most
approved antiviral drugs target a viral enzyme that
plays an essential role in viral replication. In
addition, host cell pathways and virus-host inter-
actions are being used as antiviral targets [11–13].
To date, only two classes of antiviral drugs are glob-
ally approved and available for the treatment of
influenza infections: M2 ion channel blockers and
NA inhibitors. The first class includes adamantane

derivatives, amantadine, and rimantadine, which
inhibit proton conductivity of the M2 ion channel
of IAV, hence preventing the viral uncoating step
of the viral replication cycle. However, they are
often associated with limited efficacy and adverse
side effects. In addition, the currently available
drugs suffer from rapid and extensive emergence of
drug resistance. All this highlights the urgent need
for developing new antiviral strategies with novel
mechanisms of action and with reduced drug resist-
ance potential [14,15]. Viruses rely on host cellular
functions to replicate, and therefore a thorough
understanding of the roles of virus-host interaction
networks during IAV replication is essential to
develop new anti-IAV drugs [16]. Unlike the devel-
opment strategies of new anti-IAV drugs based on
virus-host interaction networks proposed by some
scholars [16–18]. Initially, the host targets summar-
ized in this review include non-coding RNAs, sugars,
lipids, hormones, and inorganic salts, rather than
being limited to proteins. What’s more, we systema-
tically summarized IAV antagonism of host innate
immunity, which is an often-overlooked antiviral
drug target. Finally, we elucidated the molecular
mechanisms of IAV-host interaction from the per-
spectives of viral immunology and systems biology
rather than bioinformatics. As of yet, no specific
antiviral drug has been discovered for SARS-CoV-
2. Therefore, scholars have discussed the potential
antiviral drug targets for SARS-CoV-2 extensively,
which include viral targets (especially spike protein),
host targets, and virus-host protein interactions [19–
21]. However, host targets are mainly limited to host
receptors that mediate viral entry, while ignoring
biomolecules such as host factors, glycans, lipids,
and inorganic salts that regulate SARS-CoV-2 repli-
cation. In addition, the viral antagonism of innate
immune signaling pathways is easy to be neglected.
As components of interaction networks, these over-
looked potential antiviral drug targets have also
been discussed in this review. What’s more, the cur-
rent studies on the SARS-CoV-2-host interaction
network are still in its initial stage. Considering
that IAV has the advantages of a relatively systematic
theoretical system and has many similarities with
SARS-CoV-2. Important inspirations initiated from
the research results of IAV-host interaction network
are summarized to accelerate the study’s progress on
SAR-CoV-2-host interaction network and lay a
theoretical foundation to develop anti-SARS-CoV-2
drugs.

In conclusion, in this review, we updated the IAV-
host interaction network and SAR-CoV-2-host inter-
action network to better understand the biological
pathogenesis of influenza and COVID-19. Besides,
we proposed new strategies for designing antiviral
drugs based on the virus-host interaction networks,
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which is expected to solve the problem of viral drug
resistance. We firmly believe that the mappings of
antiviral drug targets (Figures 1–3) focusing on the
viral replication cycle or antiviral innate immune sig-
naling pathways could provide richer potential drug
targets and a theoretical basis for new strategies to
design antiviral drugs based on virus-host interaction
networks from the perspectives of viral immunology
and systems biology. In particular, the virus-host
interaction networks harbour three kinds of main
antiviral drug targets: viral targets, host targets, and
viral antagonism of host innate immunity, with viral
targets being the traditional antiviral drug targets,
host targets being selected as a secondary consider-
ation, and viral antagonism of host innate immunity
being the most overlooked in the antiviral drug devel-
opment process.

The IAV replication cycle

Theoretically, each of these steps in the viral replication
cycle could be used as an antiviral drug target [11,12].
The complete IAV replication cycle comprises four
stages: attachment, entry and uncoating, replication
and transcription, assembly and release [22]. The
hemagglutinin binds to sialic acid receptors on cells
to mediate viral entry. The vRNPs are released into
the cytoplasm after endocytosis by fusing the viral
membrane with the cell endosomal membrane. Sub-
sequently, the vRNPs enter the nucleus, where new
vRNPs are synthesized with the viral mRNAs. Then
these mRNAs are exported to the cytoplasm for trans-
lation of essential viral proteins. In the course of viral
replication, newly synthesized polymerase proteins
(PA, PB1, and PB2) and NP are imported into the

Figure 1. The mapping of antiviral drug targets focusing on IAV replication cycle. A complete IAV replication cycle consists of four
stages: attachment, entry and uncoating, replication and transcription, assembly and release. Host restriction factors, supportive
host factors, microRNAs, and lncRNAs can regulate IAV replication by directly acting on one or multiple steps of the IAV replication
cycle. Theoretically, these host biomolecules, which regulate the viral replication cycle and each of these steps in the viral replica-
tion cycle, could be used as potential antiviral drug targets. Green lines indicate that supportive host factors target one or multiple
steps of the IAV replication cycle. Red lines indicate that host restriction factors target one or multiple steps of the IAV replication
cycle. Purple lines indicate that lncRNAs target one step of the IAV replication cycle. Blue lines indicate that microRNAs target IAV
proteins.
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nucleus, where they are assembled into vRNPs to sup-
port late transcription. Finally, newly synthesized struc-
tural components, including vRNPs, are transported to
the cell membrane, where progeny viruses are
assembled and formed by budding. A schematic dia-
gram of the IAV replication cycle is shown in Figure 1.

Host innate immune responses against IAV:
fundamental components of the interaction
networks

The host innate immune responses are the first line of
defense against IAV infection, which includes three

Figure 2. The mapping of antiviral drug targets focusing on host innate immune responses against IAV. The host PRRs can recog-
nize dsRNA or ssRNA during IAV replication and quickly activate the innate immune signaling pathways to induce the expression
of interferons and downstream ISGs, thereby inhibiting one or multiple steps of the IAV replication cycle. Meanwhile, IAV has
evolved multiple strategies to directly or indirectly antagonize host innate immunity at transcriptional, translational, post-transla-
tional modification, and epigenetic levels. Notably, microRNAs, lncRNAs, and vtRNAs regulate innate immune signaling pathways.
Theoretically, these host biomolecules, which regulate the host innate immune signaling pathways and the viral antagonism of
host innate immune responses, could be used as potential antiviral drug targets. The red, blue, purple, peacock blue lines respect-
ively indicate that IAV proteins, microRNAs, lncRNAs, vtRNAs target various steps of host innate immune signaling pathways.

Figure 3. The mapping of antiviral drug targets focusing on SARS-CoV-2 antagonism of host innate immune signaling pathways.
On the one hand, SARS-CoV-2 infection activates the host innate immune signaling pathways, thereby promoting the expression
of type I/III interferons and downstream ISGs. On the other hand, SARS-CoV-2 can suppress the expression of interferons and
downstream ISGs by targeting and inhibiting PRRs, signaling proteins, transcription factors, and interferon-activated JAK/STAT
signal transduction. Theoretically, the viral antagonism of host innate immune signaling pathways could be used as potential
antiviral drug targets. The red lines indicate that SARS-CoV-2 proteins target various steps of host innate immune signaling
pathways.
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main phases: interferon production, expression of
ISGs, and antiviral action of ISGs. In addition, some
host restriction factors independent of interferon
induction are also involved in regulating IAV replica-
tion. Thus, both host innate immune responses and
host restriction factors, which regulate IAV replica-
tion, could be used as potential antiviral drug targets
for the treatment of IAV infection. A schematic dia-
gram of host innate immune responses against IAV
is shown in Figure 2.

Interferon induction

As a pattern recognition receptor in host cells, the
RIG-I recognizes ssRNAs and dsRNAs produced
during IAV replication in the cytoplasm. In addition,
the MDA5 is responsible for the recognition of
dsRNAs in the cytoplasm [23]. After IAV infection,
RIG-I and MDA5 can recognize vRNAs and recruit
MAVS to activate the NF-κB and IRF3/IRF7. These
activated transcription factors enter the nucleus and
bind promoter sites of the corresponding genes to
induce the expression of cytokines such as type I
and type III interferons. It has been reported that
TRIM25, Riplet, and PACT regulate RIG-I-mediated
type I interferon induction [24–26]. Besides, TLR3 is
responsible for recognizing dsRNAs, while TLR7/8 is
responsible for recognizing ssRNAs in endosomes
[2]. Upon recognition, TLR3 interacts with the
adaptor protein TRIF for subsequent activation of
NF-κB and IRF3, while TLR7 acts on the adaptor
protein MyD88 for subsequent activation of NF-κB
and IRF7 [2]. During this process, MAVS, TRAF3,
TRAF6, TAK1, IκBα, TBK1/IKKε, and IKKα/IKKβ/
NEMO complexes act as essential signaling proteins
to play a signal transduction role.

Expression of ISGs

Type I and III interferons, induced by activated tran-
scription factors NF-κB and IRF3/IRF7, bind to their
corresponding receptors on target cells in an autocrine
or paracrine manner, thus inducing the phosphoryl-
ation of JAK1 and TYK2 kinases, which further induces
downstream STAT1 and STAT2 phosphorylation.
Upon phosphorylation, STAT1 and STAT2 join with
IRF9 to form the transcription factor complex ISGF3.
Subsequently, the ISGF3 trimers migrate to the nucleus
and bind ISRE to initiate the expression of ISGs that
can ultimately inhibit the IAV replication [2].

Antiviral action of ISGs and other host
restriction factors

ISGs are one of the host restriction factors that can
directly or indirectly inhibit viral replication in host
cells and can be expressed to inhibit viral replication

under interferon stimulation, while other host restric-
tion factors can exert antiviral effects independent of
interferon responses [27]. It has been found that the
host restriction factors can block one or multiple
steps of the IAV replication cycle, which is composed
of four stages: attachment, entry and uncoating, repli-
cation and transcription, assembly and release. There-
fore, these host restriction factors could provide many
potential antiviral drug targets for the treatment of
IAV infection. Roles of host restriction factors that
inhibit IAV replication are shown in Figure 1 and
Table 1.

Supportive host factors that promote IAV
replication: fundamental components of the
interaction networks

The frequent evolution of viruses not only changes the
severity of the disease but also contributes to the devel-
opment of drug resistance. In this regard, the modu-
lation of host factors involved in regulating viral
replication is a good strategy against viral diseases
[11,12]. Host factors related to IAV replication include
host restriction and supportive host factors. Suppor-
tive host factors can directly or indirectly promote
viral replication. Studies have shown that IAV can
hijack host translation systems, thereby promoting
the expression of supportive host factors to meet
their needs [5,28]. Roles of supportive host factors
that promote IAV replication are shown in Figure 1
and Table 2.

ncRNAs involved in regulating IAV
replication: fundamental components of the
interaction networks

It has been recognized that ncRNAs are novel regula-
tors participating in various cell biological processes,
such as cell growth, differentiation, survival, and apop-
tosis. In addition to the host factors mentioned above,
it has been demonstrated that ncRNAs regulate IAV
replication, such as microRNAs, lncRNAs, circRNAs,
and vtRNAs. Therefore, the systematic understand-
ings of the ncRNAs involved in regulating IAV repli-
cation and their regulatory mechanisms are essential
for exploring antiviral drug targets.

MicroRNAs

Studies have shown that microRNAs can affect IAV
replication by directly regulating the expression of
viral proteins. Besides, they can indirectly affect IAV
replication through various mechanisms by targeting
and regulating PRRs, signaling proteins, transcription
factors, JAK-STAT signaling pathway, host restriction
factors, and supportive host factors. First and fore-
most, miR-3145, miR-323, miR-324-5p, miR-485,
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miR-491, and miR-654 inhibit PB1 expression [29–
32]; miR-1249, miR-188-3p, and miR-584-5p inhibit
PB2 expression [33,34]; miR-1307-3p inhibits NS1
expression [35]; and miR-let-7c inhibits M1
expression [36]. In addition, miR-136, miR-340-5p,
and miR-485 target and regulate the expression of
PRRs such as RIG-I [32,37,38]. Furthermore, miR-
125a, miR-125b, miR-144, miR-146a, miR-194, miR-
302c, miR-4776, and miR-93 target and regulate the
expression of signaling proteins MAVS, MAVS,

TRAF6, TRAF6, TBK1, NIK, NFKBIB, and JAK1,
respectively [6, 39–42]. What’s more, miR-30 targets
and regulates the expression of SOCS1 and SOCS3.
Additionally, miR-132-3p, miR-144, miR-194, and
miR-302a regulate the expression of transcription fac-
tors IRF1, IRF7, IRF3, and IRF5, respectively [40,41].
For supportive host factors, miR-1-3p, miR-17-3p,
miR-193b, miR-203, miR-221, miR-26a, miR-30,
miR-324-5p, miR-33a, and miR-548an respectively
inhibit the expression of ATP6V1A, GALNT3, β-

Table 1. Roles of host restriction factors that inhibit IAV replication.
Categorization The host restriction factors

The host restriction factors that directly inhibit IAV
replication by regulating the IAV replication
cycle

Attachment B4GALNT2, SPOCK2
Entry CK2β, FGFR1, NCOA7, Nrf2, SPOCK2
Endosomal fusion and
release

IFITM3

vRNPs import BPIFA1, CK2β, MOV10, MxA, PLSCR1
Replication ISG20, NCL, STAT1, TRIM56, YBX3
Proteins import eEF1D, MxA
Assembly of RNA
polymerase

DDX21, SERTAD3

Polymerase activity HDAC6, hnRNP-F, ISG20
NCL, PACT, PKP2, RTF2

Assembly of vRNPs CypE, RBL2
vRNPs export SOD1
Transcription Mx1, RTF2, TRIM25
mRNAs export hnRNP A2/B1, Nup98, Rae1
Protein synthesis MxA, ZAPS, ZFP36L1
Post-translational
modification of
proteins

HDM2, ISG15

Degradation CypA, Grail, p27Kip1, TRIM14, TRIM22
TRIM32, TRIM35, TRIM41, USP11, ZAPL

Protein transport ARHGAP21
Assembly of virion CyclinD3
Budding AnxA6, Viperin
VLP budding Tetherin
Release AnxA6

The host restriction factors that indirectly inhibit IAV replication by regulating
the innate immune signaling pathways

AGO4, Dot1L, eIF4B, FBXW7, FGF2, FKBP5, GBP5, HDAC2, HDAC4,
HDAC11, HERP, HIST1H1C, MCCC1, MVP, NF90, NLRC5, NMB, p27Kip1,
PACT, RSK2, RTF2, S1PR1, SLFN14, SNW1, SPL, TIP60, TRIM14, TRIM35,
ZMPSTE24

Table 2. Roles of supportive host factors that promote IAV replication.
Categorization The supportive host factors

The supportive host factors that directly promote
IAV replication by regulating the IAV replication
cycle

Attachment Akt
Entry Akt, EGFR, FAK, FFAR2, GBA, LY6E

MCOLN2, PLC-γ1, PLD2, RNASEK, SLC35A1
Endosomal fusion and
release

ACP2, CtsW, EPS8, GRK2, Itch, PEPD

vRNPs import ACP2, AP2M1, Hsp40, SH3GLB1
Replication IREF-2, JNK, PRPF8, α-actinin-4
Polymerase activity ANP32A, ANP32B, ATP7A, CDC25B, CHD1, CLE, CTR1, DDX17, DR1,

eIF4A3, GPS1, HMGB1, PKC, PPP6C
Assembly of vRNPs FMRP, LYAR
vRNPs export CD151, CHD3, eIF4A3, Hsc70, KIF18A

MLC, NOX2, Nucleolin, PRC2, RanBP3, SGK1, SK, TrkA, XPO1
Transcription CDK9, ERI1, RRP1B
mRNAs export DDX19, eIF4A3, NUP93, ZC3H11A
Protein synthesis eEF1G, JNK, P58IPK
Post-translational
modification of
proteins

AIMP2, CNOT4, CRL4

Protein transport Cdc42, NUMA1, UBR4
Assembly of virion Cofilin-1
Budding Cofilin-1, F1β
Release NOX2, RACK1

The supportive host factors that indirectly promote IAV replication by regulating
the innate immune signaling pathways

A20, AGO2, CUEDC2, DPF2, DR1, EZH2, FADD, FAT10, GLDC, GPS1,
IFI44L, KHSRP, MK2, MK3, MKP5, NDRG1, NEDD4, PARP1, PGRN, PLD2,
Rubicon, SK, SOCS1, SOCS3, TAP1, TRIM21, USP7, ZBTB25
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catenin, DR1, GALNT3, USP3, NEDD4, CUEDC2,
ARCN1, and NS1ABP to inhibit IAV replication ulti-
mately, but miR-34c promotes PLK4 expression to pro-
mote IAV replication. For host restriction factors, miR-
1290, miR-194, miR-21-3p, miR-340-5p, miR-4276,
miR-664a-3p, and miR-9 respectively inhibit the
expression of VIM, FGF2, HDAC8, OAS2, COX6C,
LIF, and MCPIP1 to ultimately promote IAV replica-
tion [38,41]. Notably, miR-144, miR-194, miR-30,
miR-324-5p, and miR-340-5p can regulate the IAV
replication through multiple mechanisms, which
deserve more attention in the selection process of anti-
viral drug targets. Besides, Harshad Ingle et al. uncov-
ered that infection of various human and mouse cells
with RNA viruses, including the H5N1 influenza
virus, resulted in the increased production of themicro-
RNA miR-485, which targeted RIG-I mRNA for degra-
dation. As a result, antiviral signaling was inhibited and

viral replication was enhanced. However, when cells
were exposed to increased amounts of virus, miR-485
was expressed, but viral replication was inhibited.
These findings highlight the dual role of miR-485 in
preventing activation of antiviral signaling and restrict-
ing influenza virus infection [32]. Therefore, as a host
target, the dual role of miR-485 in regulating IAV repli-
cation should be extensively considered in the selection
process of anti-IAV drug targets, otherwise, there is a
risk of drug side effects. Roles of microRNAs involved
in regulating IAV replication are shown in Figures 1
and 2, and Table 3.

LncRNAs

It has been shown that lncRNAs can regulate the anti-
viral innate immune responses at the transcriptional,
translational, and chromatin levels. Moreover,

Table 3. Roles of microRNAs involved in regulating IAV replication.

microRNAs Targets
Effect on IAV
replication

Expression level after IAV
infection IAV subtypes Cell lines

miR-1249 PB2, ↓ Inhibitive ↓ H5N1 A549
miR-125a, miR-
125b

MAVS, ↓ Promotive ↑ H1N1, H3N2 pBECs

miR-1290 VIM, ↓ Promotive ↑ H1N1 A549
miR-1307-3p NS1, ↓ Inhibitive ↓ H1N1 A549
miR-132-3p IRF1, ↓ Promotive ↑ H1N1 A549
miR-136 RIG-I, ↑ Inhibitive N/A H5N1 A549
miR-1-3p ATP6V1A, ↓ Inhibitive ↓ H1N1, H3N2 A549
miR-144 TRAF6, ↓

IRF7, ↓
Promotive N/A H1N1 murine lung epithelial

cells
miR-146a TRAF6, ↓ Promotive ↑ H1N1 A549
miR-155 N/A Inhibitive N/A H1N1 N/A
miR-17-3p GALNT3, ↓ Inhibitive ↓ H1N1, H3N2 A549
miR-188-3p PB2, ↓ Inhibitive N/A H1N1, H5N6,

H7N9
A549

miR-193b β-catenin, ↓ Inhibitive ↓ H1N1 A549, HEK293
miR-194 Phosphorylation of TBK1 and

IRF3, ↓
FGF2, ↓

Promotive ↓ H1N1 A549, HEK293T

miR-203 DR1, ↓ Inhibitive ↑ H5N1 A549
miR-21-3p HDAC8, ↓ Promotive ↓ H1N1, H5N1 A549
miR-21-3p FGF2, ↓ Promotive ↓ H5N1 A549
miR-221 GALNT3, ↓ Inhibitive ↓ H1N1, H3N2 A549
miR-26a USP3, ↓ Inhibitive ↓ H1N1 A549, HEK293T
miR-30 SOCS1,SOCS3, NEDD4, ↓ Inhibitive ↓ H5N1 A549
miR-302a IRF5, ↓ Inhibitive ↓ H1N1 A549, PBMC
miR-302c NIK, ↓ Promotive ↓ H3N2 A549
miR-3145 PB1, ↓ Inhibitive N/A H1N1, H3N2,

H5N1
A549

miR-323 PB1, ↓ Inhibitive ↑ H1N1 MDCK, HEK293T
miR-324-5p CUEDC2, ↓

PB1, ↓
Inhibitive ↓ H1N1, H5N1 A549, SAEC

miR-33a ARCN1, ↓ Inhibitive ↓ H1N1, H3N2,
H9N2

A549, HEK293T, Hela

miR-340-5p RIG-I, ↓
OAS2, ↓

Promotive ↓ H5N1 A549

miR-34c PLK4, ↑ Promotive ↑ H1N1 A549
miR-4276 COX6C, ↓ Promotive ↓ H1N1, H3N2 A549
miR-4776 NFKBIB, ↓ Promotive ↑ H1N1 HBEpC
miR-485 RIG-I, ↓ Promotive ↑ H5N1 HEK293T

PB1, ↓ Inhibitive ↑ H5N1 HEK293T
miR-491 PB1, ↓ Inhibitive ↓ H1N1 MDCK, HEK293T
miR-548an NS1ABP, ↓ Inhibitive ↓ H1N1 A549
miR-584-5p PB2, ↓ Inhibitive ↓ H5N1 A549
miR-654 PB1, ↓ Inhibitive ↑ H1N1 MDCK, HEK293T
miR-664a-3p LIF, ↓ Promotive ↑ H3N2, H7N9 A549
miR-9 MCPIP1, ↓ Promotive ↑ H1N1, H3N2 A549
miR-93 JAK1, ↓ Promotive ↓ H1N1 AT2, MLE-12
miR-let-7c M1, ↓ Inhibitive ↑ H1N1 A549
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lncRNAs can also affect IAV replication by protecting
viral proteins from degradation, regulating host cell
metabolism, and increasing the RNA polymerase
activity. For example, lncRNA-155, lncRNA-ISG20,
lncRNA-MxA, and lncRNA-TSPOAP1-AS1 can target
and regulate the expression of interferons and down-
stream ISGs at the transcription and translation levels
[43–46], while lncRNA-IVRPIE and lncRNA-NRAV
target and regulate it at chromatin levels [7,47].
Besides, lncRNA-IPAN can protect the viral proteins
from degradation [48], while lncRNA-PAAN can
increase the RNA polymerase activity [49]. Interest-
ingly, lncRNA-ACOD1 can affect IAV replication by
regulating host cell metabolism [50]. These lncRNAs
involved in regulating IAV replication enrich the var-
iety of host antiviral drug targets in interaction net-
works. Roles of lncRNAs involved in regulating IAV
replication are shown in Figures 1 and 2, and Table 4.

CircRNAs and vtRNAs

Aside from microRNAs and lncRNAs, it has been
reported that circRNAs and vtRNAs regulate IAV repli-
cation. Tianqi Yu et al. found that H1N1 IAV infection-
induced circRNA-GATAD2A expression promotes
IAV replication by inhibiting autophagy [8]. Interest-
ingly, Zhiyuan Qu et al. have identified a circRNA,
which could antagonize influenza virus by absorbing
a microRNA that degrades CREBBP and accelerating
IFN-β production [51]. Additionally, Fang Li et al.
uncovered that vtRNAs could regulate the IAV replica-
tion at cellular and animal levels. Further studies
revealed that vtRNAs induced by a viral infection
could promote the IAV replication by inhibiting PKR
activation and the subsequent interferon expression [9].

Other host biomolecules involved in
regulating IAV replication: fundamental
components of the interaction networks

Aside from proteins and nucleic acids, studies have
shown that sugars, lipids, hormones, and inorganic
salts also affect IAV replication by regulating the
viral replication cycle or innate immune signaling
pathways, which could also be used as antiviral drug
targets. Specifically, glucose is the sugar that promotes
IAV replication [52]. For lipids, SM is found to facili-
tate IAV replication, while ceramide, cholesterol, and
PD1 act as inhibitors [53]. For hormones, glucocorti-
costeroids positively affect IAV replication, but oestro-
genic hormones are inhibitory [54]. For inorganic
salts, Zn is observed as a positive regulator for IAV
replication [55]. Interestingly, Zhuo Luo et al. showed
that the CORT level was increased significantly under
stress conditions, thereby ultimately mediating the
degradation of MAVS to promote IAV replication
[56]. CORT is the major type of glucocorticoids, so

this work connected hormones to innate immune sig-
naling pathways and enriched our understanding of
biomolecular regulatory networks.

IAV antagonism of host innate immunity:
fundamental components of the interaction
networks

Studies indicated that the virus-host interaction net-
works harbour three kinds of main antiviral drug tar-
gets: viral targets, host targets, and viral antagonism of
host innate immunity, with viral targets being the tra-
ditional antiviral drug targets, host targets being
selected as a secondary consideration, and viral antag-
onism of host innate immunity being the most over-
looked in the antiviral drug development process
[17,57]. IAV had evolved multiple strategies to
antagonize host innate immunity, such as blocking
various steps of host innate immune signaling path-
ways or regulating microRNAs expression and lipid
synthesis [5,33,53]. These mechanisms affect gene
expression at the transcriptional, translational, post-
translational modification, and epigenetic levels.

Block host innate immune signaling pathways

It has been demonstrated that IAV can block the host
innate immune signaling pathways by several strat-
egies. First and foremost, IAV could suppress the
expression of interferons and downstream ISGs by tar-
geting and inhibiting PRRs, signaling proteins, tran-
scription factors, interferon promoter activity, and
interferon-activated JAK/STAT signal transduction.
Shi Liu et al. showed that IAV NS1 proteins could
regulate the expression of some key regulators of
JAK-STAT signaling by inhibiting the DNA methyl-
ation of their promoters so as to antagonize host
innate immunity. This research revealed a new strat-
egy of IAV to antagonize host innate immunity by epi-
genetic modifications [10]. In addition, IAV can also
inhibit the interferon-mediated JAK-STAT signaling
pathway by inducing SOCS1 and SOCS3 expression.
For example, SOCS1 participates in the degradation
of JAK1 [28], while SOCS3 inhibits the phosphoryl-
ation of STAT1 and STAT2 [5].

Interestingly, strategies of IAV to antagonize host
innate immunity are characteristic in three aspects.
To begin with, multiple viral proteins can work
together to antagonize one host factor. Additionally,
one viral protein can antagonize multiple host factors
or signal transduction processes. What’s more, IAV
can reduce the content of one host factor at multiple
levels of gene expression regulation, including
mRNA transcription and protein degradation. A sche-
matic diagram of strategies of IAV to antagonize host
innate immune signaling pathways are shown in
Figure 2 and Table 5. Notably, NS1 is encoded by all
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strains of IAV, serving as a key protein in the “game”
between IAV and host in innate immunity. Particu-
larly, NS1 could antagonize multiple signal transduc-
tion processes at the transcriptional, translational,
post-translational modification, and epigenetic levels,
making it a valuable target for developing antiviral
drugs [10]. More specifically, these drugs may bind
to NS1 or interfere with the interactions between
NS1 and its cellular targets to exert their efficacy.
Scholars have achieved consensus about the feasibility
of this idea for antiviral drug development [57].

Regulate microRNAs expression and lipid
synthesis

It is noteworthy that previous studies found many
microRNAs can directly or indirectly suppress IAV
replication, including miR-1249, miR-1307-3p, miR-1-

3p, miR-17-3p, miR-193b, miR-221, miR-26a, miR-30,
miR-302a, miR-324-5p, miR-33a, miR-491, miR-548an
and miR-584-5p (Table 3). Interestingly, the expression
of these microRNAs was down-regulated in the early
stage of IAV infection. Similarly, Morita et al. reported
that PD1 could also inhibit IAV replication by suppres-
sing thenuclear export of vRNAs. Ina further study, they
found that the synthesis of PD1 was significantly inhib-
ited when infected with IAV. These studies help to
further expand the targets of IAV antagonism from
host factors to ncRNAs and lipids [53].

IAV-host interaction networks: current
research trends and future directions

To accelerate the study’s progress on virus-host inter-
action networks, we taked IAV as representatives of
viruses and discuss the current research trends and
future directions on virus-host interaction networks.
Currently, studies on IAV-host interaction network
mainly focus on the IAV replication cycle and host
innate immune responses. Therefore, we updated the
mappings of antiviral drug targets focusing on IAV
replication cycle or host innate immune responses
against IAV, which could provide richer potential
drug targets and a theoretical basis for new strategies
to design antiviral drugs based on virus-host inter-
action networks from the perspectives of viral immu-
nology and systems biology. The mapping of antiviral
drug targets focusing on IAV replication cycle is
shown in Figure 1. The mapping of antiviral drug tar-
gets focusing on host innate immune responses
against IAV is shown in Figure 2.

Identification of host biomolecules involved in
regulating IAV replication

In recent years, high-throughput sequencing tech-
niques, such as transcriptome sequencing, microRNA

Table 4. Roles of lncRNAs involved in regulating IAV replication.

LncRNAs
Effect on IAV
replication

Expression level after
IAV infection Mechanisms

lncRNA-155 Inhibitive ↑ Inhibits the expression of PTP1B, a negative regulator of the interferon signaling
pathway, to promote the production of IFN-β and ISGs, such as IFITM3

lncRNA-ACOD1 Promotive ↑ binds directly to Glutamate oxalate transaminase-2 (GOT2), thereby promoting the
catalytic activity of GOT2 and the synthesis of its metabolites to facilitate IAV
replication

lncRNA-IPAN Promotive ↑ Binds to PB1 protein to form the IPAN/PB1 complex, thereby protecting PB1 from
degradation

lncRNA-ISG20 Inhibitive ↑ As a ceRNA, it counters the targeting inhibitory effect of miR-326 on ISG20 by binding to
miR-326, promoting ISG20 translation indirectly

lncRNA-IVRPIE Inhibitive ↑ Affects histone modifications at the transcriptional start site of IFNβ and ISGs, and
promotes the expression of ISGs, such as ISG15

lncRNA-MxA Promotive ↑ Blocks the transcription of IFN-β through the formation of RNA-DNA triplex structures at
the promoter site, thereby inhibiting the expression of ISGs, such as IFITM3

lncRNA-NRAV Promotive ↓ affects histone modifications at the transcription start site and suppresses the
expression of ISGs, such as IFITM3

lncRNA-PAAN Promotive ↑ Interacts with PA protein to promote the assembly of RdRp complexes, thus increasing
the RNA polymerase activity

lncRNA-
TSPOAP1-AS1

Promotive ↑ Inhibits transcription of IFN-β and activation of the ISRE promoter, thereby suppressing
the expression of ISGs, such as IFITM3

Table 5. Strategies of IAV to antagonize host innate immune
signaling pathways.
Classification of
targets or other
signal transduction
processes Targets

Viral
proteins Mechanisms

PRRs RIG-I NS1 Inhibits signal
transduction
mediated by targets
and thus down-
regulate the
expression of
interferons and
downstream ISGs

Signaling proteins MAVS PB1-F2
PB2

TRAF3 NS1
PB2

IKKα NS1
IKKβ NS1

PB1-F2
Transcription factors NF-κB NS1

IRF3 NS1
PA

The nuclear import
of transcription
factors

IRF3 PA
NF-κB PA-X

The transcription of
interferon

promoter
regions

NS1 Blocks IFN-β
transcription and
thereby inhibits the
expression of
interferons and
downstream ISGs
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sequencing, and proteomics have been widely used in
various fields of life sciences [7,51]. Given this, future
studies can continue to integrate interference, overex-
pression, and high-throughput sequencing techniques
together to identify more biomolecules involved in
regulating IAV replication and broaden the scope of
potential antiviral drug targets in the virus-host inter-
action networks. For example, several hundred cir-
cRNAs, which show up-regulation or down-
regulation after IAV infection, may be obtained
from sequencing results, and the top 50–100 circRNAs
with high differences in expression should be given
special attention as they could play a more important
biological role during IAV infection. Following that,
RNA interference and overexpression techniques
could be used to identify the specific circRNAs
involved in regulating IAV replication [51].

Regulatory mechanisms of IAV replication and
biomolecular regulatory networks

To explore antiviral drug targets, the systematic
understandings of the regulatory mechanisms of
IAV replication and biomolecular regulatory networks
are essential. After IAV infection, host biomolecules
such as host factors, ncRNAs, sugars, lipids, hor-
mones, and inorganic salts co-regulate IAV replication
and form biomolecular regulatory networks. In the
first place, we try to discuss the regulatory mechan-
isms of IAV replication. The molecular mechanisms
regulating IAV replication by ncRNAs have gradually
become a research hot spot in recent years. Many
studies have been done regarding the issue of whether
these ncRNAs can directly affect IAV replication by
regulating the IAV replication cycle or indirectly
affect IAV replication by regulating the innate
immune signaling pathways [7,43,48,49]. In particu-
lar, special attention has been paid to the expression
of which host factors these ncRNAs can regulate to
affect IAV replication ultimately [7,43].

Next, we intend to discuss the regulatory relation-
ships among host biomolecules. Current studies mainly
focus on the upstream-downstream relationships
among the same class of host biomolecules and the
regulatory relationships among different classes of
host biomolecules [6,7,9,50]. Currently, we don’t
know which PRRs, adaptor proteins, signaling proteins,
and transcription factors are required to express the
majority of the host factors, microRNAs, and lncRNAs
mentioned above. Consequently, we propose that TLR3,
TLR7, or other knockout mice can be constructed by
CRISPR/Cas9 technology to investigate the upstream-
downstream relationships among the same class of
host biomolecules. In addition, studies have reported
that some host restriction factors, supportive host fac-
tors, microRNAs, and lncRNAs belong to ISGs [44].
Therefore, interferon receptor knock-out mice can be

constructed to systematically explore which of the
host factors or ncRNAs mentioned above belong to
ISGs. It is worth noting that some activated signaling
pathways, such as JNK-AP-1, can promote IAV replica-
tion. Similarly, we can systematically explore which of
the above-mentioned supportive host factors is
expressed in dependence on the activation of JNK-
AP-1. Interestingly, Wenjia Chai et al. reported that
lncRNA-ISG20 could indirectly regulate the IAV repli-
cation by regulating other ncRNAs, such as miR-326
[44]. Excitingly, Pin Wang et al. revealed a new mech-
anism that IAV can exploit lncRNA-ACOD1 to regu-
late host cell metabolism to favour IAV replication.
The research results provide a new idea about the regu-
latory mechanisms among different classes of host bio-
molecules [50]. In short, we can further refine the
regulatory relationships among these biomolecules by
multi-omics joint analysis. Besides, it deserves thought-
ful consideration whether the key biomolecules in bio-
molecular regulatory networks can be screened. If so, it
is bound to lay an extremely important theoretical
foundation for designing antiviral drugs based on mul-
tiple host targets. Recently, researchers began to realize
that virus-infected cells can regulate the innate immune
responses in uninfected neighbouring cells by exosome-
mediated signal transmission [58]. These studies lay the
foundation for a further understanding of biomolecular
regulatory networks based on intercellular association.

Finally, we will discuss the research ideas about the
regulatory mechanisms among host biomolecules.
Based on the current research ideas about IAV-host
interactions, we only introduce protein–protein inter-
actions, classified into three types: host-host protein
interactions, virus-host protein interactions, and
virus-virus protein interactions. The research ideas
about protein–protein interactions mainly focus on
determining upstream-downstream relationships,
interacting domain and even binding site, and subcel-
lular localization [59]. It is worth mentioning that the
network of all interactions among proteins in the liv-
ing body is called “protein–protein interaction net-
works”. Some researchers have proposed the
construction methods of dynamic protein–protein
interaction networks, which have contributed to the
study of dynamic biological processes such as the
occurrence and development of various diseases
[60]. In conclusion, we strongly believe the in-depth
study of regulatory mechanisms of viral replication
and biomolecular regulatory networks could acceler-
ate the development of antiviral drugs based on
virus-host interaction networks.

Mechanisms of the innate immune responses
against IAV at the animal level or single-cell level

Rigorous identifications of gene functions and the anti-
viral drug targets require validation at the animal level.
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However, most research results are obtained at the cel-
lular level, especially those of microRNAs and lncRNAs
involved in regulating IAV replication. In recent years,
point mutant mice have been constructed to investigate
the biological functions of protein phosphorylation
modification. This approach lets us screen the key
amino acid sites of IRF3, IFR7, and other proteins
and explore the molecular mechanisms that host fac-
tors, especially transcription factors, regulate IAV repli-
cation after phosphorylation by multi-omics joint
analysis. Notably, traditional studies on host innate
immune responses are generally limited to cellular or
animal levels, obscuring the differences and connec-
tions between different cell lines. To overcome such
obstacles, Yael Steuerman et al. used single-cell sequen-
cing and found heterogeneous properties of viral loads
among nine cell types in the lung [61]. Interestingly,
Irene Ramos et al. used single-cell sequencing and
found that type III interferon played a key role in para-
crine signaling after IAV infection [62]. These studies
profoundly elucidated the interaction relationships
between IAV and host at the single-cell level, thereby
providing different targets for designing new antiviral
drugs based on virus-host interaction networks.

Virus-host interaction networks as new
antiviral drug targets for IAV

The potential antiviral drug targets are important for
developing effective antiviral drugs. Most approved
antiviral drugs target a viral enzyme that plays an
essential role in viral replication. In addition, host
cell pathways and virus-host interactions are being
used as antiviral targets [11–13]. To date, only two
classes of antiviral drugs are globally approved and
available for the treatment of influenza infections:
M2 ion channel blockers and NA inhibitors. The
first class includes adamantane derivatives, amanta-
dine, and rimantadine, which inhibit proton conduc-
tivity of the M2 ion channel of IAV, hence
preventing the viral uncoating step of the viral replica-
tion cycle. However, because of viral recombination or
drug resistance mutations under the drug selection
pressure, current anti-IAV drugs have difficulty cop-
ing with the constantly mutating viruses, and the vac-
cines often fail in disease prevention. Therefore, drug
resistance is a considerable challenge in antiviral
therapy, and the design of new anti-IAV drugs has
been urgent in clinics. Viruses rely on host cellular
functions to replicate, and therefore a thorough
understanding of the roles of virus-host interaction
networks during IAV replication is essential to
develop new anti-IAV drugs [16]. Recently, IAV-
host interactions have been widely investigated,
which deepened the understanding of the host biomo-
lecules involved in regulating IAV replication and the
molecular mechanisms of IAV to antagonize host

innate immunity. Host biomolecules are not easy to
mutate as virus proteins are, so all biomolecules
involved in various steps of the IAV replication cycle
or even the innate immune signaling pathways could
be considered as the drug targets theoretically. It
needs to be emphasized that antiviral drugs targeting
host biomolecules do not act directly on viruses but
regulate the biochemical process in the host cells.
Besides, due to the relatively few research results of
IAV to antagonize host innate immunity, the inter-
actions, including protein–protein and protein-RNA,
between viral proteins and host biomolecules were
often ignored when designing traditional drugs in
the past 10 years. Therefore, innovative insights will
be provided for the design of new anti-IAV drugs by
an in-depth study on interactions between viral pro-
teins and host biomolecules with the help of structural
biology. In conclusion, the race between host antiviral
innate immunity and viral antagonism of host innate
immunity forms virus-host interaction networks,
which harbour abundant potential antiviral drug tar-
gets. Given this, we updated the mappings of antiviral
drug targets (Figures 1–3) and proposed new strat-
egies to design anti-IAV drugs based on the virus-
host interaction networks from the perspectives of
viral immunology and systems biology, which is
expected to solve the problem of viral drug resistance.
The IAV-host interaction networks harbour three
kinds of main antiviral drug targets: viral targets,
host targets, and viral antagonism of host innate
immunity. To begin with, viral targets are the tra-
ditional antiviral drug targets. Theoretically, each of
these steps in the IAV replication cycle could be
used as a potential antiviral drug target. Additionally,
these host biomolecules, which regulate the IAV repli-
cation cycle and host innate immune signaling path-
ways, are selected as a secondary consideration. Last
but not least, IAV antagonism of host innate immu-
nity in interaction networks could also be used as
potential antiviral drug targets, which are the most
overlooked in the antiviral drug development process.

Unlike the development strategies of new antiviral
drug targets for IAV proposed by some scholars, we
summarized a more comprehensive understanding
of the IAV-host interaction networks from the per-
spectives of viral immunology and systems biology,
providing richer potential drug targets and a theoreti-
cal basis for developing new anti-IAV drugs based on
the IAV-host interaction networks [16–18]. Initially,
when exploring the potential drug targets in the
hosts, previous studies mainly focused on proteins
involved in regulating IAV replication, such as host
restriction factors, supportive host factors, receptors,
and enzymes. However, this article also systematically
discussed microRNAs, lncRNAs, circRNAs, vtRNAs,
sugars, lipids, hormones, and inorganic salts. Studies
have shown that these host biomolecules can directly
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affect IAV replication by regulating the IAV replica-
tion cycle or indirectly affect IAV replication by regu-
lating the innate immune signaling pathways.
Furthermore, previous studies mainly focused on the
viral replication cycle, while the innate immune
responses against IAV were summarized from the per-
spectives of viral immunology and systems biology in
this article, establishing a theoretical foundation to
design new anti-IAV drugs based on innate immune
signaling pathways. Besides, previous explorations
on the potential host drug targets depended on bioin-
formatics analysis, which relatively lacked crucial
experimental verification. However, the potential
drug targets summarized in this paper were proposed
from experimental reports, providing a strong guaran-
tee for developing new anti-IAV drugs [16,17]. Fur-
thermore, multiple molecular mechanisms of IAV to
antagonize host innate immunity were summarized
in this paper, providing innovative insights for design-
ing new anti-IAV drugs targeting the interactions
between viral proteins and host biomolecules.

In recent years, traditional ideas of developing new
anti-IAV drugs based on single targets have gradually
shown their limitations. When treating complex dis-
eases, traditional antiviral drugs are often incapable
of producing the desired effects. With the develop-
ment of proteomics and system biology, researchers
started to integrate biological networks and drug-tar-
get networks to analyze the effect of drugs on the cru-
cial nodes or other biomolecules in the overall
biological networks. Thus, the searching targets have
switched from single to network targets, resulting in
a new discipline named network pharmacology.
Given this, we can make full use of network pharma-
cology, structural biology, system biology, and compu-
ter-aided design to develop new anti-IAV drugs based
on multiple targets [63]. In conclusion, we have every
reason to believe that the combination of new and tra-
ditional anti-IAV drugs, which are called therapeutic
cocktails in the future, would possess broad-spectrum
anti-IAV activities to counter the potential influenza
pandemic as a result of viral mutation.

Virus-host interaction networks as new
antiviral drug targets for SARS-CoV-2

SARS-CoV-2-host interaction networks as new
antiviral drug targets

Since the outbreak of the COVID-19 pandemic, it has
spread rapidly around the world. So far, about 400
million people have been infected worldwide, and
about six million have died, seriously threatening glo-
bal public health and economic development. As of
yet, no specific antiviral drug has been discovered
for SARS-CoV-2. Therefore, there is an urgent need
to explore antiviral drug targets for SARS-CoV-2

and develop effective clinical drugs. This requires a
deeper understanding of the SARS-CoV-2 replication
cycle and the SARS-CoV-2-host interaction networks
to provide a richer theoretical basis for developing
anti-SARS-CoV-2 drugs. As a member of the Corona-
viridae family, SARS-CoV-2 is an enveloped, single-
stranded positive-sense RNA virus, which can encode
16 non-structural proteins (nsp1-16), 4 structural pro-
teins (E, M, N, S), and 9 accessory proteins (ORF3a,
3b, 6, 7a, 7b, 8, 9b, 9c and 10) [64]. Among them,
the SARS-CoV-2 polymerase complex is composed
of a catalytic subunit nsp12 and its cofactors nsp7-
nsp8, which contribute to its important regulatory
role in genome replication and other processes [65].
Currently, the studies on SARS-CoV-2-host inter-
action network are still in its initial stage. Therefore,
the research results of SARS-CoV-2-host interaction
network are summarized relatively systematically,
which we hope will provide important inspirations
for subsequent researchers and accelerate the study’s
progress in this field.

Host biomolecules, which mediate viral invasion or
regulate viral replication, could serve as potential anti-
viral drug targets. Viral entry is the first step to infect
host cells. Markus Hoffmann et al. showed that SARS-
CoV-2 cell entry depends on ACE2 and TMPRSS2,
which are the potential targets for antiviral interven-
tion [66]. What’s more, the viral antagonism of host
innate immune signaling pathways could be used as
potential antiviral drug targets theoretically. Since
both SARS-CoV-2 and IAV have enveloped RNA
viruses, their molecular mechanisms are similar. The
mapping of antiviral drug targets focusing on SARS-
CoV-2 antagonism of host innate immune signaling
pathways is shown in Figure 3. It is worth mentioning
that the research ideas of SARS-CoV-S are similar to
that of IAV. By proteomics, Denisa Bojkova et al.
found that some metabolic pathways regulate SARS-
CoV-2 replication. Furthermore, They further
confirmed that SARS-CoV-2 replication depends on
nucleotides in host cells by administering compounds
that can interfere with nucleotide metabolism, such as
ribavirin [67]. Interestingly, by mass spectrometry-
based proteomics, Mehdi Bouhaddou et al. systemati-
cally analyzed the phosphorylation modifications
resulting from SARS-CoV-2 infection. They found
that the inhibitors of CK2, p38 MAPK, PIKFYVE,
and CDKs kinase family have great power to inhibit
SARS-CoV-2 replication [68]. Additionally, Kevin
Klann et al. found that SARS-CoV-2 infection can
activate growth factor receptor (GFR) and down-
stream signaling pathways in the hosts by phosphoryl-
ation proteomics, and drugs targeting them can
inhibit the SARS-CoV-2 replication [69]. In addition,
some scholars attempted to understand the mechan-
isms of SARS-CoV-2-host interaction from an epige-
netic perspective and proposed new strategies based
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on epigenetics for targeted drug therapy [70]. Excit-
ingly, David E Gordon et al. cloned, labelled, and
expressed 26 of 29 viral proteins in human cells and
subsequently identified 332 highly plausible inter-
actions between viral proteins and human proteins
by affinity purification-mass spectrometry (AP-MS).
Meanwhile, they found that SARS-CoV-2 can interact
with multiple innate immune signaling pathways [64].
These research results of SARS-CoV-2-host inter-
action network could provide important references
for the subsequent development of anti-SARS-CoV-2
drugs.

Research ideas for SARS-CoV-2-host interaction
network: important inspirations initiated from
the research results of IAV-host interaction
network

At present, the research ideas on the SARS-CoV-2-
host interaction network are limited to the reference
of previous research results on other coronaviruses,
including SARS-CoV and MERS-CoV. However,
these results have not yet developed into a relatively
systematic theoretical foundation, thus resulting in
the slow progress of SARS-CoV-2 study. As a result,
we believe that our focus should be directed toward
viruses that have been thoroughly studied. After mul-
tiple screenings, IAV stands out among other viruses.
In comparing the characteristics of the two viruses, we
found that there are many unexpected similarities
between SARS-CoV-2 and IAV. First and foremost,
both are enveloped single-stranded RNA viruses. In
addition, both can cause respiratory tract infections.
Besides, lung and A549 were the main target organs
and cell models, respectively. Furthermore, after infec-
tion with IAV and SARS-CoV-2, RIG-I, MDA5, TLR3,
TLR7, and other PRRs in the host can effectively
recognize vRNAs of both viruses and activate tran-
scription factors, including NF-κB, IRF3 and IRF7,
and JAK-STAT signaling pathway to initiate the
innate immune responses [71]. What’s more, both
can target and inhibit the PRRs, signaling proteins,
transcription factors, and signal transduction
mediated by interferon receptors to inhibit the
expression of interferons and downstream ISGs, ulti-
mately antagonizing host innate immunity. Addition-
ally, Both can carry risks of cross-species transmission
and cause acute lung injury and multiple organ failure,
which seriously endangers public health security.
Moreover, as single-stranded RNA viruses, antigenic
variation and virulence variation can occur during
cross-species transmission of both. Last but not least,
both can be rapidly rescued by reverse genetic tech-
niques at present [72]. Considering that IAV has the
advantages of a relatively systematic theoretical system
and has many similarities with SARS-CoV-2, we
strongly believe it can be a new benchmark for the

most important reference value for SARS-CoV-2
study apart from members of the Coronaviridae family.
Moreover, research results of the IAV-host interaction
network could provide important references for
research ideas about the SARS-CoV-2-host interaction
network. The important references include identifi-
cation of host biomolecules involved in regulating
viral replication, and current research trends and future
directions of virus-host interaction networks, which
could accelerate the study’s progress on SARS-CoV-2-
host interaction network and lay a theoretical foun-
dation to develop anti-SARS-CoV-2 drugs based on
virus-host interaction networks. These important refer-
ences are summarized as follows.

First and foremost, potential drug targets for SARS-
CoV-2 can be rapidly screened in bulk based on these
drug targets for IAV, which have been experimentally
identified, especially for ncRNAs such as microRNAs,
lncRNAs, circRNAs, and vtRNAs. Although the
expression difference of some ncRNAs in the host
after SARS-CoV-2 infection has been known through
high-throughput technology, microRNAs and
lncRNAs involved in regulating SARS-CoV-2 replica-
tion have not been identified yet [73]. Therefore, we
suggest that high-throughput data derived from
SARS-CoV-2 infection and previous research results
on IAV can be fully combined and quickly validated
by interference and overexpression techniques. For
example, respectively, as representatives of microRNA
and lncRNA, miR-146a and lncRNA-NRAV, which
have been determined to regulate IAV replication,
can be selected to perform relevant functional vali-
dations. Furthermore, the regulatory mechanisms of
SARS-CoV-2 replication are worthy of further
exploration. For example, whether these biomolecules
can directly affect IAV replication by regulating the
IAV replication cycle or indirectly affect IAV replica-
tion by regulating the innate immune signaling path-
ways. In addition, based on the research results of
IAV, biomolecular regulatory networks associated
with SARS-CoV-2 replication can be conducted,
which consist of proteins (such as host factors),
ncRNAs (such as microRNAs and lncRNAs), sugars,
lipids, hormones, and inorganic salts. What’s more,
research ideas and results about strategies of IAV to
antagonize host innate immunity can be used as a
reference for further explorations about the new
mechanisms of SARS-CoV-2-host interaction. More-
over, IRF3, IRF7, or other knockout mice can be con-
structed to investigate the molecular mechanisms of
innate immune responses against SARS-CoV-2 at
the animal level or single-cell level. Besides, new
mechanisms of SARS-CoV-2-host interaction at
post-translational modification and epigenetic levels
can be explored. Additionally, mammal models
infected with SARS-CoV-2 can be constructed to
simulate cross-species transmission, and the effect of
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adaptive mutations on viral replication and pathogen-
icity in the new host can be further investigated by
reverse genetics techniques. Finally, when developing
SARS-CoV-2 vaccines, lessons should be learned
that influenza viruses mutate and lead to vaccine fail-
ure. Moreover, ideas and experiences of continuous
updating and iteration should be referenced [74].

Recently, co-infection cases of SARS-CoV-2 and
IAV have been reported consistently, and a study illus-
trated that IAV has a unique ability to aggravate
SARS-CoV-2 infection [75]. Therefore, when design-
ing anti-SARS-CoV-2 drugs based on biomolecular
targets, emphasis should be placed on those host tar-
gets with broad-spectrum antiviral activities. For
example, the IFITM family was found to significantly
inhibit the replication of SARS-CoV-2 and IAV in
host cells [76]. Therefore, it is an ideal host target.
Moreover, Timothy R Abbott et al. demonstrated a
CRISPR-Cas13 system that can effectively identify
and degrade the intracellular viral genomes and
mRNAs produced during the replication of SARS-
CoV-2 and IAV [77]. Given this, the system can be
considered as a new antiviral strategy for wider appli-
cations in co-infection studies of the two viruses.

Summary

Infectious diseases have always been a serious threat to
social development. In particular, SARS-CoV-2 has
been spreading worldwide since 2019 and seriously
endangering human health, economic development,
and social stability. Currently, there are no targeted
drugs for SARS-CoV-2, and the therapeutic schedule
is predominantly symptomatic support treatment.
Therefore, there is an urgent need to explore antiviral
drug targets for SARS-CoV-2 and develop effective
clinical drugs. It is imperative to accelerate the study’s
progress on the SARS-CoV-2-host interaction net-
work to provide a richer range of antiviral drug targets
for developing antiviral drugs. Considering that IAV
has the advantages of a relatively systematic theoretical
system and has many similarities with SARS-CoV-2.
We strongly believe the research results of IAV-host
interaction network are bound to provide important
inspirations for the studies on SARS-CoV-2-host
interaction network and accelerate its research pro-
gress. To date, only two classes of antiviral drugs are
globally approved and available for the treatment of
influenza infections. However, they are often associ-
ated with limited efficacy and adverse side effects. In
addition, the currently available drugs suffer from
rapid and extensive emergence of drug resistance.
All this highlights the urgent need for developing
new antiviral strategies with novel mechanisms of
action and with reduced drug resistance potential.
Viruses rely on host cellular functions to replicate.
Therefore, a thorough understanding of virus-host

interaction networks during IAV replication, with a
wealth of potential antiviral drug targets, is essential
to develop new anti-IAV drugs.

The race between host antiviral innate immunity
and viral antagonism of host innate immunity forms
virus-host interaction networks, which harbour abun-
dant potential antiviral drug targets. In this review, we
systematically summarized the IAV-host interaction
networks and SARS-CoV-2-host interaction networks
from the perspectives of viral immunology and sys-
tems biology to better understand the biological
pathogenesis of the disease and proposed new strat-
egies for designing antiviral drugs based on the
virus-host interaction networks. In addition, we
firmly believe that the mappings of antiviral drug tar-
gets focusing on the viral replication cycle or antiviral
innate immune signaling pathways could provide
richer potential drug targets and a theoretical basis
for designing antiviral drugs based on virus-host inter-
action network. Notably, the virus-host interaction
networks harbour three kinds of main antiviral drug
targets: viral targets, host targets, and viral antagonism
of host innate immunity. To begin with, viral targets
are the traditional antiviral drug targets. Theoretically,
each of these steps in the viral replication cycle could
be used as a potential antiviral drug target. Addition-
ally, these host biomolecules, which regulate viral
replication cycle and host innate immune signaling
pathways, are selected as a secondary consideration.
Last but not least, viral antagonism of host innate
immunity in interaction networks could also be used
as potential antiviral drug targets, which are the
most overlooked in the antiviral drug development
process. Unlike the development strategies of antiviral
drugs based on virus-host interaction networks pro-
posed by some scholars. Initially, the host targets sum-
marized in this review include non-coding RNAs,
sugars, lipids, hormones, and inorganic salts, rather
than being limited to proteins. What’s more, we sys-
tematically summarized the viral antagonism of host
innate immunity, which is an often-overlooked anti-
viral drug target. Finally, we elucidated the molecular
mechanisms of IAV-host interaction and SARS-CoV-
2-host interaction from the perspectives of viral
immunology and systems biology rather than bioin-
formatics. In conclusion, we summarized a more com-
prehensive understanding of the virus-host interaction
networks from the perspectives of viral immunology
and systems biology, providing richer potential drug
targets and a theoretical basis for developing antiviral
drugs based on the virus-host interaction networks.

Prospects

Currently, the molecular mechanisms of SARS-CoV-2
cross-species transmission have been poorly investi-
gated. However, the research ideas about cross-species
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transmission of the avian influenza virus (AIV) are
reasonably clear, which could provide important refer-
ences for SARS-CoV-2 studies. Notably, AIV belongs
to the Orthomyxoviridae family, Influenza A virus
(IAV) genus. The host barriers that AIV must over-
come to initiate a pandemic in humans. Currently,
the main approach to simulate cross-species trans-
mission is to construct the mammalian model infected
by AIV and acquired adaptive mutations during pas-
saging of AIV. Then the effects of adaptive mutations
on the viral receptor-binding capacity of α2,6-SA, viral
replication capability, and pathogenicity in a new host
are further investigated by reverse genetics techniques
[78]. In this way, the key amino acid sites of viral pro-
teins, which regulate cross-species transmission, can
be screened, and their molecular mechanisms can be
elucidated. It is hoped that these relatively systematic
research ideas will accelerate the progress of molecular
mechanisms study on SARS-CoV-2 cross-species
transmission. Surprisingly, a recent report found that
a patient with advanced cancer miraculously healed
himself after SARS-CoV-2 infection, and almost all
of his tumours disappeared [79]. This clinical discov-
ery seems promising to start a new research journey
that is SARS-CoV-2 infection and cancer, which will
focus on tumour microenvironment, tumour immu-
nity, inflammation, apoptosis, and autophagy. It will
open a new chapter in SARS-CoV-2-host interaction
network and provide new ideas for overcoming can-
cer, which is now a global problem. At present, epi-
demic (COVID-19) prevention and control in some
parts of the world still face enormous challenges of
asymptomatic infection. In view of this situation, we
suggest the research ideas of Ayuko Hoshino et al.
can be referred to explore the host biomarkers in the
early stage of SARS-CoV-2 infection by proteomic
profiling of extracellular vesicles and particles
(EVPs) [80]. In this way, the rapid detection kits for
SARS-CoV-2 can be developed for early diagnosis.
This research is critical for the early identification
and isolation of potential super-spreaders, greatly
relieving the global pressure of epidemic prevention
and control. At the same time, host biomarkers in
COVID-19 patients with various degrees of severity
can also be explored based on the research ideas
above, to take timely and effective measures for
patients with a potentially life-threatening event.
There is no doubt that the virus-host interactions are
an enduring research topic. After experiencing the
joy of overcoming the challenges of infectious disease,
we can not help but wonder where the next pandemic
virus that threatens human public health might hide.
Although IAV already caused four influenza pan-
demics in 1918, 1957, 1968, and 2009, the next pan-
demic is still difficult to predict. Furthermore, global
warming has directly led to an acceleration of glacial
melting in recent years, resulting in the release of

ancient viruses. However, we have no way of knowing
whether these ancient viruses will pose a serious threat
to human health in the future. In addition, we also
need time to conclude whether SARS-CoV-2 will
coexist with humans for a long time like IAV does.
In short, all we can do right now is to constantly
extend our understanding of virus-host interactions,
accumulate valuable experiences throughout fighting
epidemics, always be prepared for long-term struggles
against pandemics, and continue to defend human
public health with knowledge when facing subsequent
pandemic outbreaks.
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Glossary

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
IAV influenza A virus
PRRs pattern recognition receptors
ISGs IFN-stimulated genes
ncRNAs non-coding RNAs
COVID-19 coronavirus disease 2019
ssRNA single-stranded RNA
dsRNA double-stranded RNA
vRNPs viral ribonucleoproteins
vRNAs viral RNAs
TLRs Toll-like receptors
RIG-I retinoic acid-inducible gene-I
MDA5 melanoma differentiation-associated gene 5
MAVS mitochondrial antiviral signaling
NF-κB nuclear factor κappa-light-chain-enhancer of activated B

cells
IRFs interferon regulatory factors
TRIMs tripartite motifs
PACT PKR activator
TRIF Toll/interleukin-1 (IL-1) receptor domain-containing

adaptor inducing IFN-β
MyD88 myeloid differentiation factor 88
TRAFs TNF receptor-associated factors
TAK1 TGF-beta-activated kinase 1
IκBα the alpha inhibitor of NF-κB
TBK1 TANK-binding kinase 1
IKKs IkappaB kinases
NEMO NF-κB essential modulator
JAK1 Janus kinase 1
TYK2 tyrosine kinase 2
STATs signal transducers and activators of transcriptions
ISGF3 IFN-stimulated gene factor 3
ISRE IFN-stimulated response elements
B4GALNT2 beta-1,4-N-acetyl galactosaminyl transferase 2
SPOCK2 SPARC/osteonectin, cwcv, and kazal-like domains

proteoglycan 2
CK2β casein kinase 2β
FGFR1 fibroblast growth factor receptor 1
NCOA7 nuclear receptor coactivator 7
Nrf2 nuclear factor erythroid 2-related factor 2
IFITM3 interferon-induced transmembrane protein 3
BPIFA1 bactericidal/permeability-increasing fold-containing

family member A1
MOV10 Moloney leukaemia virus 10
MxA myxovirus resistance A
PLSCR1 phospholipid scramblase 1
NCL Nucleolin
YBX3 Y-box-binding protein 3
eEF1D eukaryotic translation elongation factor 1 delta
DDXs DEAD-box proteins
SERTAD3 SERTA domain containing 3
HDACs histone deacetylases
hnRNP-F heterogeneous nuclear ribonucleoprotein F
PKP2 plakophilin 2
RTF2 replication termination factor 2
Cyps Cyclophilins
RBL2 RuvB-like protein 2
SOD1 superoxide dismutase1
Mx1 myxovirus resistance 1
hnRNP A2/
B1

heterogeneous nuclear ribonucleoprotein A2/B1

Nups Nucleoporins
Rae1 ribonucleic acid export 1
ZAPS zinc-finger antiviral protein shorter isoform
ZFP36L1 zinc finger protein 36, C3H type-like 1
HDM2 human homologue of mouse double minute 2
Grail gene related to anergy in lymphocytes
USPs ubiquitin-specific proteases
ZAPL zinc-finger antiviral protein longer isoform

ARHGAP21 Rho GTPase activating protein 21
AnxA6 annexin A6
Viperin virus inhibitory protein, endoplasmic reticulum-

associated, interferon-inducible
AGOs Argonautes
Dot1L disruptor of telomeric silencing 1-like
eIF4B eukaryotic translation initiation factor 4B
FBXW7 F-box and WD repeat domain containing 7
FGF2 fibroblast growth factor 2
FKBP5 FK506 binding protein 5
GBP5 guanylate binding protein 5
HERP homocysteine-induced ER protein
MCCC1 methylcrotonoyl-CoA carboxylase 1
MVP major vault protein
NF90 nuclear factor 90
NLRC5 NLR family CARD domain containing 5
NMB neuromedin B
RSK2 ribosomal S6 kinase 2
S1PR1 sphingosine-1-phosphate receptor 1
SLFN14 Schlafen 14
SNW1 SNW domain-containing protein 1
SPL sphingosine 1-phosphate lyase
TIP60 Tat-interactive protein 60 kDa
ZMPSTE24 zinc metallopeptidase STE24
EGFR epidermal growth factor receptor
FAK focal adhesion kinase
FFAR2 free fatty acid receptor 2
GBA glucosylceramidase
LY6E lymphocyte antigen 6E
MCOLN2 mucolipin-2
PLC-γ1 phosphoinositide-specific phospholipase C γ1
PLD2 phospholipase D2
RNASEK ribonuclease kappa
SLC35A1 solute carrier family 35 member A1
ACP2 acid phosphatase 2
CtsW cathepsin W
EPS8 epidermal growth factor receptor pathway substrate 8
GRK2 G protein-coupled receptor kinase 2
PEPD Prolidase
AP2M1 AP-2 complex subunit mu
Hsps heat shock proteins
SH3GLB1 SH3-domain GRB2-like endophilin B2
IREF-2 influenza virus replication factor-2
JNK c-Jun N-terminal kinase
PRPF8 pre-mRNA processing factor 8
CDC25B cell division cycle 25 B
CHD1 chromodomain helicase DNA binding protein 1
CLE C14orf166
CTR1 copper transporter 1
DR1 down-regulator of transcription 1
eIF4A3 eukaryotic translation initiation factor 4A3
GPS1 G protein pathway suppressor 1
HMGB1 high-mobility group box 1
PKC protein kinase C
PPP6C protein phosphatase 6 catalytic subunit
FMRP Fragile X mental retardation protein
LYAR Ly-1 antibody reactive clone
CHD3 chromodomain helicase DNA binding protein 3
Hsc70 heat shock cognate protein 70
KIF18A kinesin family member 18A
MLC myosin light chain
NOX2 NADPH oxidase 2
PRC2 polycomb repressive complex 2
RanBP3 Ran-binding protein 3
SGK1 serum-glucocorticoid regulated kinase 1
SK sphingosine kinase
XPO1 exportin 1
CDKs cyclin-dependent kinases
ERI1 exoribonuclease 1
RRP1B ribosomal RNA processing 1 homologue B
ZC3H11A zinc finger CCCH-type containing 11A
eEF1G eukaryotic elongation factor 1 gamma
AIMP2 aminoacyl-tRNA synthetase-interacting multifunctional

protein 2
CNOT4 ccr4-Not transcription complex subunit 4
CRL4 the CUL4-RING E3 ubiquitin ligase
Cdc42 cell division cycle 42
NUMA1 nuclear mitotic apparatus protein 1
UBR4 ubiquitin protein ligase E3 component N-recognin 4
F1β F1Fo-ATPase
RACK1 receptor for activated C kinase 1
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CUEDC2 CUE domain containing 2
DPF2 double plant homeodomain fingers 2
EZH2 enhancer of zeste homologue 2
FADD Fas-associated death domain
FAT10 human leukocyte antigen F-associated transcript 10
GLDC glycine decarboxylase
IFI44L IFN-induced protein 44-like
KHSRP K-homology splicing regulatory protein
MKs MAP kinase-activated protein kinases
MKP5 MAPK phosphatase 5
NDRG1 N-myc downstream-regulated gene 1
NEDD4 neuronal precursor cell expressed developmentally

downregulated 4
PARP1 poly(ADP-ribose) polymerase 1
PGRN Progranulin
Rubicon RUN domain Beclin-1-interacting cysteine-rich-containing
SOCSs suppressors of cytokine signaling
TAP1 antigen peptide transporter 1
ZBTB25 zinc finger and BTB domain containing 25
NIK NF-κΒ inducing kinase
NFKBIB NF-κB inhibitor beta
ATP6V1A ATPase catalytic subunit A
GALNT3 GalNAc transferase 3
USP3 ubiquitin-specific protease 3
ARCN1 archain 1
NS1ABP non-structural-1A binding protein
PLK4 polo-like kinase 4
VIM Vimentin
OAS2 2’-5’-oligoadenylate synthase 2
COX6C cytochrome c oxidase subunit 6C

LIF leukaemia inhibitory factor
MCPIP1 monocyte chemoattractant protein-induced protein 1
PTP1B protein tyrosine phosphatase 1B
PKR protein kinase R
SM Sphingomyelin
PD1 protectin D1
CORT Corticosterone
FLNA filamin A
MDM2 murine double minute 2
HCV hepatitis C virus
EV Ebola virus
HIV human immunodeficiency virus
DV dengue virus
ASFV African swine fever virus
IBV influenza B virus
ACE2 angiotensin-converting enzyme 2
TMPRSS2 transmembrane protease, serine 2
HMGB1 high mobility group protein B1
mTOR mammalian target of rapamycin
PI3K phosphatidylinositol-3-kinase
Raf rapidly accelerated fibrosarcoma
SRPKs SRSF protein kinases
VPS34 vacuolar protein sorting 34
CH25H cholesterol 25-hydroxylase
LARP1 La-related protein 1
ZAP zinc-finger antiviral protein
AP-1 activator protein 1
CK2 casein kinase II
p38 MAPK p38 mitogen-activated protein kinase
MERS-CoV Middle East respiratory syndrome coronavirus
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