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The 2002 movie Catch Me If You Can is a cat-and-mouse story in which Frank

Abagnale Jr. successfully conned his way into several high-profile jobs while

evading capture by FBI agent Carl Hanratty. Similarly, after entering host cells,

viruses interact with or hijack host cellular machinery to replicate their genetical

materials and assemble themselves for the next round of infection. Analogous to

an FBI agent, host cells have numerous molecular “detectives” that recognize

viral nucleic acids (NAs). These include RIG-I, MDA5, LGP2, TLR3, TLR7, TLR8,

DHX36, DICER1, PKR, OAS1, ZAP, and NLRP1/6 for viral RNA, as well as cGAS,

TLR9, AIM2, IFI16, IFIX, Ku70, MRE11, RNA polymerase III, hnRNPA2B1, LRRFIP1,

DAI, DHX9 and DDX41 for viral DNA. However, much like the brilliant Frank

Abagnale Jr., viruses have developed various strategies to evade host cellular

surveillance—for example, by sequestering or modifying viral NAs and inhibiting

or degrading host sensors. In this review, we will summarize the host sensors

identified so far, discuss the latest understandings of the various strategies

employed by viruses, and highlight the challenges associated with drug

development to target virus or host factors. Considering recent global health

challenges such as the COVID-19 pandemic and undergoing measles outbreak,

understanding virus-host interactions at themolecular and cellular levels remains

essential for the development of novel therapeutic strategies.
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1 Introduction

German philosopher Friedrich Nietzsche said, “That which does not kill us makes us

stronger”. The COVID-19 pandemic not only accelerated the development of mRNA-

based therapeutics but also provided a unique opportunity on a global scale and real-time

to deepen our understanding of viral infection mechanisms. Viral entry begins with the

attachment of the spike (S) protein of SARS-CoV-2 to the angiotensin-converting enzyme 2

(ACE2) receptor on human cells (1). The S protein is cleaved by host cell proteases, such as

transmembrane protease serine 2 (TMPRSS2) (2), facilitating the fusion between the virus
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and the host cell. After fusion, SARS-CoV-2 RNA genome is

released into the cytoplasm, where it hijacks the host cell’s

transcriptional and translational machinery to replicate its genetic

material and synthesize viral proteins. These components are

assembled into new virions, transported to the cell surface in

vesicles, and released through exocytosis to infect other cells.

Simultaneously, host cells deploy a variety of immune strategies

to counter viral replication; however, viruses continually evolve

mechanisms to evade these defenses. This dynamic interaction

between viral evasion and human immune responses constitutes

an evolutionary “arms race”, characterized by ongoing adaptation

on both sides.

Host cells have evolved various defense mechanisms to detect

and eliminate viruses, including physical barriers, immune

responses, and cellular processes like autophagy, which degrades

viral components. Among these defenses, pattern recognition

receptors (PRRs) recognize pathogen-associated molecular

patterns (PAMPs) present on viruses (3). These PAMPs, which

include viral nucleic acids (NAs, RNA or DNA) and proteins, are

recognized by an array of PRRs. For instance, endosomal Toll-like

receptors (TLRs) and cytoplasmic RNA helicases, such as retinoic

acid-inducible gene I (RIG-I) -like receptors (RLRs), initiate

antiviral immunity by inducing the production of type I and III

interferons (IFNs) along with inflammatory cytokines. Specific

PRRs detect distinct viral components; for example, TLR4

recognizes viral envelope proteins, while C-type lectin receptors

identify carbohydrate structures on the surface of pathogens,

including the glycoproteins from human immunodeficiency virus

(HIV), Dengue virus (DENV), and Ebola virus (EBOV). Specialized

PRRs for NA sensing include RIG-I, MDA5, LGP2, TLR3, TLR7,

TLR8, DHX36, DICER1, PKR, OAS1, ZAP, and NLRP1/6 for viral

RNA, whereas cGAS, TLR9, AIM2, IFI16, IFIX, Ku70, MRE11,

RNA polymerase III, hnRNPA2B1, LRRFIP1, DAI, DHX9 and

DDX41 are key sensors for viral DNA (Figure 1A, Table 1).

Collectively, these NA sensors orchestrate a robust antiviral

response that enables host cells to counteract viral infection.

Based on their genetic materials, viruses are broadly classified

into DNA or RNA viruses. DNA viruses can be single-stranded

(ssDNA) or double-stranded (dsDNA); examples of dsDNA viruses

include herpesviruses, adenoviruses, and poxviruses, while ssDNA

viruses include parvoviruses and anelloviruses. Similarly, RNA

viruses are categorized as either single-stranded (ssRNA) or

double-stranded (dsRNA). ssRNA viruses are further divided into

positive-sense (+) ssRNA viruses, such as coronaviruses,

retroviruses, picornaviruses, and flaviviruses, and negative-sense

(–) ssRNA viruses, including orthomyxoviruses and rhabdoviruses.

Examples of dsRNA viruses include sedoreoviruses and

picobirnaviruses. To establish successful infection, viruses have

evolved diverse evasion strategies to escape detection by host cell

sensors. These strategies include sequestration and modification of

viral NAs, inhibition of immune signaling pathways, degradation of

host sensors, and exploitation of immune checkpoints. Collectively,

these mechanisms allow viruses to circumvent the host immune

response and propagate effectively.
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Although several comprehensive reviews have addressed host

nucleic acid sensors and their biological functions (4–6), viral

evasion strategies (7, 8) and individual viruses (9, 10), an updated

and integrative understanding of the dynamic interplay between

viral NAs and human sensors remains elusive. In this review, we

summarize the host sensors identified in humans to date, with

emphasis on the sophisticated strategies employed by viruses to

evade these immune sensors. By focusing on viruses known to infect

humans and the corresponding host sensors, we will provide insight

into how these interactions facilitate viral replication and

propagation within the host.
2 Virus infection

Viruses are highly adept at infi l trating host cells ,

commandeering cellular machinery, and replicating within the

host. This stepwise process enables them to spread and survive by

exploiting the host’s resources. The initial stage of infection involves

the attachment of a virus to the surface of a host cell, mediated by

interactions between viral surface protein(s) and host cell receptor

(s). Once attached, viruses have various ways to enter the host cell.

After entry, the virus releases its genetic material from the outer

layer (capsid) in a process called uncoating, which exposes its

genome within host cells to initiate viral protein production and

genome replication. Positive-sense (+) ssRNA viruses, such as

poliovirus (PV) and SARS-CoV-2, have genomes that function

directly as mRNA for protein synthesis (11, 12). In contrast,

negative-sense (–) ssRNA viruses, such as influenza virus, carry

genomes that are complementary to mRNA and must first be

transcribed into (+) ssRNA (mRNA) by a viral RNA-dependent

RNA polymerase (RdRp) to serve as a template for translation.

dsRNA viruses, such as rotavirus, transcribe mRNA from their

genomes using their RdRp within protective capsids. Retroviruses,

such as HIV, use their reverse transcriptase to convert RNA into

complementary DNA (cDNA) within the capsid. The cDNA is then

released into the nucleus, where it is integrated into the host

genome by the viral integrase and subsequently the integrated

DNA provirus is transcribed into RNA. DNA viruses commonly

transport their genomes from the capsid to the nucleus to utilize the

host cell’s replication machinery during their replication cycle. For

example, the dsDNA genome of adenoviruses is released into the

nucleus, where it serves as a template for replication and

transcription. Similarly, ssDNA viruses, such as parvoviruses,

deliver their genomes to the nucleus, where the ssDNA is first

converted into a dsDNA intermediate by host DNA polymerases,

which then serves as the template for viral transcription and

replication (13).

New viral particles are assembled by packaging replicated

genetic material with newly synthesized viral proteins. These

virions are then released from the host cell through lysis,

membrane budding, or exocytosis. Efficient assembly and release

of virions are critical for viral propagation and transmission to new

host cells.
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FIGURE 1

Alignment and classification of human viral nucleic acid sensors. (A) The alignment of human DNA sensors (above dash line) and RNA sensors (below
dash line). The DNA or RNA binding domains are highlighted in orange, and an individual protein’s functional domain(s) and motif(s) are indicated.
IFI16 contains a pyrin domain and two HIN domains (HINa and HINb) that bind DNA; IFIX has a pyrin domain and a HIN domain that binds DNA;
AIM2 has a pyrin domain and a DNA binding domain HIN-200; DDX41 contains a helicase core domain; DHX9 contains dsRNA binding domain 1 and
2, a helicase core domain, an OB-fold (oligosaccharide-binding) and a RGG (repeated arginine-glycine-glycine) domain; Ku70 has a central DNA-
binding domain and a SAP (SAF-A/B, Acinus, and PIAS) domain; MRE11 has two DNA binding domains (A and B) and a GAR (Glycine-Arginine-Rich)
motif; hnRNPA2B1 contains two quasi-RRM (RNA recognition motif) domains and a RGG; TLR3, 7, 8, 9 have various LRRs (leucine-rich repeats), a
transmembrane domain (TM), and TIR (Toll/Interleukin-1 receptor) domain; LRRFIP1 contains a helix, coiled-coil and a LRR domain; DAI (ZBP1)
contains two Z-DNA binding domains (Za and Zb); cGAS has three DNA binding domains (A, B and C); RIG-I, MDA5 and LGP2 contain two CARD
(Caspase Activation and Recruitment Domain, except LGP2), a helicase core domain, a C-terminal domain (CTD), and a Picer domain; DHX36 has a
DSM (DHX36-specific motif), a helicase core domain, a WH (winged-helix) domain, RL (ratchet-like) domain, a OB fold, and a C-terminal extension;
DICER1 has a helicase core domain, a domain of unknown function (DUF283), PAZ (Piwi-Argonaute-Zwille) domain, two RNase III domains (IIIa and
IIIb), and a double-stranded RNA binding domain (dsRBD); NLRP1 and 6 have a Pyrin domain, NACHT (NAIP, CIITA, HET-E and TP-1) domain, and
LRR, NLRP1 has additional ZU5 (ZO-1 and UNC5), UPA (UNC5, PIDD and Ankyrin domain) and a CARD; PKR has two dsRNA-binding domains and a
kinase domain; OAS1 contains two dsRNA binding domains and a catalytic domain; ZAP has five zinc finger domain and two WWE domains. NLS,
nuclear localization signal; NES, nuclear export signal. (B) Phylogenetic tree of human viral nucleic acid sensors. Protein sequences were retrieved
from UniProt and aligned using the AlignSeqs function from the DECIPHER package in R (15). Positions with >40% gaps were trimmed prior to tree
construction. The best-fitting substitution model (LG+G[4]+I) was identified using the modelTest function in the phangorn package for more
accurate estimation of evolutionary distances, branch lengths, and topology. An initial neighbor-joining tree was constructed from a maximum
likelihood (ML)-based distance matrix and optimized using the optim.pml function under the selected model. Bootstrap support values were
calculated from 1,000 replicates using the bootstrap.pml function with topology optimization enabled. The final tree was midpoint-rooted and
visualized using the ggtree package (16), with bootstrap values displayed on internal nodes using a viridis color scale. Branch lengths were
suppressed to highlight evolutionary relationships and clade structure based on amino acid sequence homology. (C) Correlation heatmap of human
viral nucleic acid sensors. Semantic data for Gene Ontology (GO) Biological Process (BP) terms were obtained from the org.Hs.eg.db annotation
database using the godata function in the GOSemSim package (17). Pairwise semantic similarity scores between genes were computed using the
mgeneSim function, yielding a score from 0 (functionally unrelated) to 1 (identical) for each gene pair. These similarity scores were then converted
into a distance matrix (1 – similarity) and visualized as a clustered heatmap using the ComplexHeatmap package (18). Hierarchical clustering was
performed using average linkage, and the same clustering was applied to both rows and columns. For interpretability, protein names are displayed
along the axes instead of gene symbols. (D) Cluster dendrogram of human viral nucleic acid sensors. The tree was constructed from the same
distance matrix used in the heatmap (C) and visualized using the ggtree package. Six clusters were defined based on cluster stability analysis
performed with the ConsensusClusterPlus package. Branches and tip labels are color-coded by cluster assignment, with protein names displayed at
the tips. The scale bar represents functional distance.
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TABLE 1 Summary of viral nucleic acid sensors identified in humans.

Sensor DNA viruses RNA viruses Location Notes References

TLR3a dsDNA: HSV-1
dsRNA: rotavirus. (+) ssRNA: PV,
SARS-CoV-2

Cytoplasm
(endosome)

(31–34)

TLR7 and TLR8
(+) ssRNA: SARS-CoV-2, CV, EMCV. (–)
ssRNA: IAV, MV, SeV, VSV

Cytoplasm
(endosome)

(55, 56)

TLR9 dsDNA: MCMV, HSV-1 (+) ssRNA: Dengue virus, SARS-CoV-2
Cytoplasm
(endosome)

(43, 58, 63, 64)

RIG-I
(DDX58)

(+) ssRNA: JEV, DENV, EMCV, ZIKV,
SARS-CoV-2. (-) ssRNA: NDV, SeV,
VSV, IAV

Cytoplasm (67, 261–263)

MDA5
(+) ssRNA: SARS-CoV-2, HCV,
picornavirus family (EV-A71, CVB3,
CVA21, EMCV)

Cytoplasm
(67, 199,
264, 265)

ZAP dsDNA: MVA, HBV

(+) ssRNA: SFV, SINV, HTLV-1, JEV,
ZIKV, SINV, CVB3, SARS-CoV-2, EV-
A71, retrovirus HIV-1. (–) ssRNA: IAV,
EBOV, MARV, SeV, NDV

Cytoplasm (87, 266, 267)

LGP2 (DHX58) (+) ssRNA: EMCV. dsRNA: BPEV Cytoplasm (76, 79)

cGAS dsDNA: HSV-1, KSHV (+) ssRNA: SARS-CoV-2, retrovirus HIV-1
Nucleus,
cytoplasm,
membrane

(99, 106,
107, 109)

OAS1 (+) ssRNA: SARS-CoV-2, WNV Cytoplasm (116)

PKR
(+) ssRNA: PV, EMCV, EV70, CVB3,
CVB5, VSV. (–) ssRNA: MV, IAV,
NDV, SeV

Cytoplasm
(119, 121,
122, 125)

IFI16 dsDNA: HSV-1, HCMV
(+) ssRNA: retrovirus HIV-1. (-) ssRNA:
IAV/PR8

Nucleus,
Cytoplasm

Mechanisms for detection of ssRNA
viruses remain unknown

(129, 133,
136, 137)

NLRP1 (+) ssRNA: SFV Cytoplasm (138)

DAI (ZBP1)
dsDNA: VACV, NDV,
HSV-1, MCMV

(-) ssRNA: IAV
Nucleus,
Cytoplasm

(140, 141,
143, 268)

NLRP6 dsRNA: rotavirus. (+) ssRNA: MHV Cytoplasm (139)

AIM2
dsDNA: VACV,
MCMV, HCMV

(+) ssRNA: SARS-CoV-2. (-) ssRNA: IAV Cytoplasm
(144, 147,
154, 155)

DHX36 dsDNA: HSV-1, HBV (-) ssRNA: NDV, IAV
Nucleus,
Cytoplasm

(120, 165, 172)

DHX9 dsDNA: HSV-1, MHV-68 dsRNA: Reovirus. (-) ssRNA: IAV
Nucleus,
Cytoplasm

(165–167)

DICER1
(+) ssRNA: ZIKV, HIV-1, EV-A71
(-) ssRNA: IAV

Cytoplasm (176–178, 180)

Ku70 dsDNA: HSV-1, -2, HBV (+) ssRNA: retrovirus HTLV-1 Cytoplasm

Primarily form Ku70/Ku80
heterodimeric protein in NHEJ, but
can act independently as a sensor
for viral DNA/RNA

(185, 188)

MRE11 dsDNA: HSV-1 Cytoplasm

Primarily as MRE11-RAD50-NBS1
(MRN) complex in DNA repair, but
MRE11 can function alone as a
dsDNA sensor

(189)

IFIX dsDNA: HSV-1, VACV Cytoplasm Signaling cascade remains unknown (195, 196)

LRRFIP1 dsRNA: VSV. (+) ssRNA: SARS-CoV-2 Cytoplasm (197, 199)

hnRNPA2B1 dsDNA: HSV-1 Nucleus (201)

(Continued)
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3 Human defense against viral
infection

Initial barriers against viral entry are physical, such as the skin,

mucosal membranes, and stomach lining, which prevent foreign

pathogens from entering the body. For instance, to lower the risk of

rotavirus infection, intestinal epithelial cells act as a physical barrier

and produce mucus, cytokines, and chemokines (14). Upon viral

infection, host cells activate a variety of defense mechanisms,

including both innate and adaptive immune responses. The innate

immune response acts as the first line of defense, relying on

conserved elements of pathogens to rapidly destroy invaders. The

initial innate immune response is triggered when viral components

such as RNA, DNA, or intermediate products are detected by the

host, inducing the expression of IFNs and other pro-inflammatory

cytokines. PRRs, either constitutively expressed (e.g., TLR9 and RIG-

I) or upregulated (e.g., TLR3 and MDA5), can identify PAMPs,

which are conserved structures found on pathogens. PRR activation

provides immunoprotective advantages by initiating signalling

pathways that connect innate and adaptive immune responses.

Cytokines, chemokines, and IFNs are the main products of these

pathways, with IFNs being especially well-known for their antiviral

qualities. Type I IFNs are crucial in inducing an antiviral state, as

they are secreted by infected host cells in response to virus infection

and can induce the expression of hundreds of interferon-stimulated

genes (ISGs), which have antiviral functions and block viral

replication. Cytokines also enhance the antigen-presenting

function of antigen-presenting cells (APCs), as well as the antiviral

function of adaptive immune cells. Natural killer (NK) cells are

essential in the innate immune response to viral infections. When

triggered, they produce cytotoxic granules that include granzymes

and perforin, which create holes in the target cell membrane and

cause apoptosis. Furthermore, NK cells can elicit apoptosis through

interaction with death receptors such as TRAIL or Fas.

In contrast, the adaptive immune response is activated by the

innate immune system, targeting specific antigens on pathogens

and relies on a coordinated interaction between APCs, T, and B

lymphocytes. This interaction facilitates specific immune responses

against pathogens, forming long-term immunologic memory, and

maintaining immune system balance. T cells play three key roles:

activate other immune cells, detect and destroy infected cells, and

retain a record of the antigen, enabling faster response upon

reinfection. T helper cells activate B cells, in a process called T

cell-dependent humoral immune response to secrete antibodies.

Another mode of activation for B cells is in a T-cell-independent
Frontiers in Immunology 05
manner, without the presence of antigen presentation. Memory B

cells allow for rapid response and neutralizing antibodies in

subsequent infections.

The efficacy and specificity of the immune response require a

multitude of immune modulators such as sensors, inflammatory

cytokines, B cells, T cells, with responses that vary significantly

based on viral entry, replication, and spread. A critical aspect of the

immune response, especially in viral infection, is sensor-mediated

detection. PRRs are key sensors that recognize exogenous NAs from

invading viruses. These receptors are found on both innate and

adaptive immune cells, and include TLRs, RLRs, C-type lectin

receptors, and NOD-like receptors (NLRs), enabling them to

detect and respond to viral infections effectively.
4 Viral nucleic acid sensors in
human cells

A total of 26 host sensors have been identified to detect viral DNA

and RNA (Table 1, Figure 1A). To understand their evolutionary

relationships, we performed a phylogenetic analysis. Using their amino

acid sequences (except RNA polymerase III that contains 17 subunits),

DECIPHER (15) and ggtree (16) R packages, phylogenetic analysis

categorized these 25 sensors into three major clades: TLR, RIG-I and

cGAS (Figure 1B). While the phylogenetic tree reflects evolutionary

relatedness based on sequence similarity, it does not fully capture the

functional similarities of these sensors. Therefore, we assessed their

biological functional similarities based on Gene Ontology (GO)

Biological Process (BP) annotations (17). Pairwise semantic distance

matrix was derived from GO-based semantic similarity scores (ranging

from 0 for functionally unrelated to 1 for identical), and hierarchical

clustering was performed on this matrix. The distance matrix

(Figure 1C) was then visualized using the ComplexHeatmap package

(18) and a corresponding dendrogram (Figure 1D) based on the same

functional distances was generated using the ggtree package (16). This

functional analysis identified six distinct clusters: a large TLR-

associated cluster comprising 16 proteins, a DHX36-associated

cluster with five members, and four unclustered proteins with

limited functional similarity to other groups. We will discuss these

clusters accordingly. Although discussed separately, it is important to

note that host nucleic acid sensors often exhibit crosstalk during viral

infections. For example, RIG-I and cGAS have been shown to act

synergistically in the context of HIV infection (19), while RIG-I and

IFI16 display antagonistic interactions during herpes simplex virus type

1 (HSV-1) infection (20).
TABLE 1 Continued

Sensor DNA viruses RNA viruses Location Notes References

DDX41 dsDNA: HSV-1 (+) ssRNA: retrovirus MLV
Nucleus,
Cytoplasm

(202–204)

RNA
polymerase III

dsDNA: HSV-1, HCMV,
EBV, VZV

(+) ssRNA: SINV
Containing 17 subunits, and DNA-
binding is mediated by the core
subunits RPC1, RPC2 and RPABC1.

(21–24)
a, Please see the details of abbreviations in glossary.
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RNA polymerase III is a key cytosolic sensor of viral nucleic

acids, primarily recognizing DNA viruses such as HSV-1, human

cytomegalovirus (HCMV), Epstein-Barr virus (EBV), and varicella

zoster virus (VZV) (21–24), as well as the RNA virus Sindbis virus

(SINV) (22). However, it is not classified into any specific clade or

cluster, as it comprises 17 subunits and current classification tools

are unable to analyze multi-subunit protein complexes. In addition,

we did not discuss uncommon sensors such as DDX23 (25),

SNRP200 (26), NLRC3 (27) and RPSA (28), or those whose

function is debatable, such as DDX60 (29, 30).
4.1 TLR-associated cluster

TLR-associated cluster can be further divided into four groups:

TLR3, RIG-I, cGAS and NLRP1 (Figure 1D).

4.1.1 TLR3 group
The TLR3 group is composed of TLR3, TLR7, TLR8 and TLR9

(Figure 1D). To date, 10 human TLRs (TLR1-10) have been

identified. These receptors are localized into the cell membrane

and endosomes and are expressed in a wide range of cell types,

including immune cells and non-immune cells. Among the TLRs

found in endosomes, TLR3 recognizes dsRNA, TLR7 and TLR8

recognize ssRNA, and TLR9 recognizes CpG DNA (Figure 2).
Frontiers in Immunology 06
Structurally, TLRs consist of an N-terminal ectodomain with

leucine-rich repeat (LRR) motifs responsible for recognizing

PAMPs/DAMPs (damage-associated molecular patterns), a

transmembrane domain, and a C-terminal cytoplasmic Toll/IL-1R

(TIR) domain (Figure 1A).

TLR3 primarily senses dsRNA viruses (31–34). Studies have

found that 40–50 bp dsRNA can bind TLR3 and induce its

dimerization, leading to basal activation (35), whereas a robust

immune response requires longer dsRNA of at least 90 bp (36–39).

Upon binding to dsRNA, TLR3 dimerizes and signals through the

adapter protein TRIF (TIR-domain-containing adapter-inducing

IFN-b, also called TICAM1). This TLR3-TRIF-mediated signaling

predominantly activates IRF3/7 to induce the production of type I

IFN, particularly IFN-b; while also, to a lesser extent, activates NF-

kB and AP-1 to promote the production of cytokines (e.g., IL-6, IL-

12, IL-1a, and CSF-3) (40). TLR3 also recognizes (+) ssRNA

viruses, such as West Nile virus (WNV) (41), DENV (42), PV

(32), SARS-CoV-2 (34), and dsDNA viruses, including murine

cytomegalovirus (MCMV) (43) and HSV-1 (31, 44). The precise

mechanisms by which TLR3 recognizes ssRNA or dsDNA viruses

remain unclear, but it is likely that dsRNA structures, including

secondary stem-loop formations in ssRNA viral genomes and

dsRNA intermediates generated during viral replication (45, 46)

activate TLR3. Similarly, many DNA viruses produce dsRNA

intermediates during transcription, possibly arising from the
FIGURE 2

Summary of the interplay between viruses and human viral nucleic acid sensors. For simplicity, only DNA and RNA viruses were shown as examples.
Focusing was mainly on different forms of viral nucleic acids and their sensors, downstream pathways were simplified. In addition, many of these
sensors can recognize various forms of nucleic acids and are involved in different signalling pathways. Images were created by BioRender.
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bidirectional transcription within their genomes (46). Notably,

TLR3 has been shown to recognize the stem-loop structures of

PV (32) and the non-coding RNA transcripts EBERs from EBV,

which are transcribed by RNA polymerase III (24). TLR3 activation

is influenced by the topology, secondary, and tertiary structures of

dsRNA regions (32). Therefore, it is plausible that TLR3 recognizes

dsRNA structures derived from ssRNA or dsDNA viruses, initiating

immune responses.

The TLR7 subfamily consists of TLR7, TLR8, and TLR9, which

share highly homologous structures and activate similar antiviral

mechanisms upon detecting single-stranded nucleic acids. These

receptors contain a Z-loop located between LRR14 and LRR15 in

the extracellular domains, which must be cleaved for activation. All

three sensors utilize the adaptor MyD88 to relay signaling, leading to

the activation of NF-kB, AP-1, and IRF3/5/7 (47). TLR7, TLR8, and

TLR9 possess two binding sites that contribute to subtle differences in

ligand recognition. TLR7 has one site for guanosine and its

derivatives (e.g., 2',3'-cGMP) and uridine-containing ssRNA at

another (48, 49). TLR8 recognizes uridine at one site and short

ssRNA at another (50). Recent evidence demonstrated that

endonuclease RNase T2 is important for TLR7 and TLR8 ligands

(51, 52). Specifically, RNase T2 generates guanosine 2′,3′-cyclic
monophosphate-terminated RNA fragments, and PLD exonuclease

further releases the terminal 2′,3′-cyclic guanosine monophosphate

(2′,3′-cGMP), which becomes the ligand for TLR7 (52). RNase T2

preferentially cleaves ssRNA between purine and uridine residues,

which generates catabolic uridine as a TLR8 ligand (51). TLR9 binds

two types of DNA: one site recognizes CpG DNA, while another

recognizes 5′-xCx DNA (cytosine at the second position from the 5′
end) (53, 54). TLR7 and TLR8 recognize a wide variety of ssRNA

viruses, including Coxsackie virus (CV), Encephalomyocarditis virus

(EMCV), influenza A virus (IAV), measles virus (MV), Sendai virus

(SeV), vesicular stomatitis virus (VSV), and SARS-CoV-2 (55, 56),

activating antiviral immune responses.

The discovery that TLR9 recognizes unmethylated CpG

bacterial DNA and initiates immune responses was first reported

by Dr. Shizuo Akira’s group (57). For viral infections, TLR9 is not

only limited to recognizing CpG ssDNA but also detects dsDNA

viruses with unmethylated CpG motifs in their genomes, such as

MCMV, adenovirus, and HSV-1/2 (43, 58–60). Prior to viral

infection, TLR9 is expressed in the endoplasmic reticulum, upon

infection, it is translocated into endosomes, where it binds CpG-

containing viral DNA and signals through MyD88 to activate

antiviral inflammatory pathways (59, 61). Moreover, BAD-LAMP

regulates the trafficking of TLR9 to LAMP1+ late endosomes in

human plasmacytoid dendritic cells, promoting NF-kB activation

and the production of pro-inflammatory cytokines. In contrast,

TLR9 can also signal from a distinct VAMP3+/LAMP2+/LAMP1-

endolysosomal compartment, which primarily enhances type I

interferon production (62). In addition, two independent studies

demonstrated that during viral infections, such as DENV or SARS-

CoV-2, TLR9 recognizes mitochondrial (mt) DNA that is released

into the cytosol, leading to NF-kB activation and an antiviral

immune response (63, 64). Notably, the study on TLR9-mediated
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responses in DENV infection confirmed the colocalization of TLR9

and DNA in DENV-infected dendritic cells (DCs) (63).

4.1.2 RIG-I group
The RIG-I group comprises RIG-I, MDA5, ZAP and LGP2

(Figure 1D). The RLR subfamily of PRRs includes retinoic acid-

inducible gene I (RIG-I, also known as DDX58), melanoma

differentiation-associated protein 5 (MDA5), and laboratory of

genetics and physiology 2 (LGP2, also known as DHX58). These

cytoplasmic RNA sensors share a central DExD/H-box helicase core

domain, which contains a DECH motif, and a carboxy-terminal

domain (CTD) responsible for foreign RNA substrate recognition.

Both RIG-I and MDA5 feature two amino-terminal caspase

activation and recruitment domains (CARDs) that mediate signal

transduction to downstream effectors. In contrast, LGP2 lacks these

CARDs but still binds RNA with high affinity, with a preference for

blunt-ended dsRNAs over internal dsRNA regions or RNA

overhangs (65) and acts as a regulator of RLR signaling (66).

Despite structural homology (Figure 1), the RLRs exhibit slight

differences in their RNA recognition preferences.

The CTD of RIG-I detects viral RNA bearing 5′ triphosphate or
5′ diphosphate specifically (66), playing a crucial role in the antiviral
response against RNA viruses, such as paramyxoviruses, influenza

virus, and Japanese encephalitis virus (67). Upon infection, viral

RNA interacts with RIG-I through the CTD, triggering a

conformational change that exposes the N-terminal CARD,

allowing RIG-I oligomerization and interaction with the adaptor

protein mitochondrial anti-viral-signaling protein (MAVS).

CARD-dependent interaction with MAVS activates transcription

factors IRF3 and NF-kB, promoting the expression of type I IFNs

and ISGs. The spatiotemporal regulation of RIG-I involves

coordinated control of its activation, localization, and signaling

dynamics. In the absence of infection, RIG-I resides in the

cytoplasm in an auto-repressed conformation. Upon activation by

viral RNA, RIG-I translocates to mitochondrial-associated

membranes, where it interacts with the adaptor protein MAVS.

This signaling is amplified through K63-linked ubiquitination by E3

ligases such as TRIM25 or Riplet, which stabilizes RIG-I’s

association with MAVS (68). To prevent excessive inflammation,

RIG-I activity is negatively regulated by several mechanisms,

including deubiquitinating enzymes such as CYLD and USP21

(69, 70), autophagic degradation (71), and suppression by SOCS

proteins (72). RIG-I recognizes short dsRNA (10–300 bp) with 5′-
triphosphate or 5′-diphosphate ends. In contrast, MDA5

preferentially binds dsRNA longer than 1 kb without end

specificity. Like RIG-I, MDA5 binds viral dsRNA through its

CTD, oligomerizes to form filaments along the viral dsRNA, and

then activates MAVS through its CARDs (73).

Initially, LGP2 was thought to act as a negative regulator,

interfering with RIG-I and MDA5 RNA recognition (74).

However, recent studies indicate that LGP2 serves as a positive

regulator, enhancing viral RNA recognition and MDA5 activation

(75, 76), while negatively regulating RIG-I (77, 78).The exact

mechanisms behind this remain under investigation, but LGP2’s
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ATPase activity facilitate binding to diverse dsRNA species and

works synergistically with MDA5 to improve antiviral efficiency

(65, 76, 79). Further studies show that LGP2 is recruited to MDA5-

dsRNA filaments, promoting filament formation along the dsRNA

and stabilizing MDA5’s interaction with dsRNA during (+) ssRNA

EMCV and dsRNA Bell Pepper Endornavirus (BPEV) infections in

HEK293T cells (76). Additionally, LGP2 induces a conformational

change in MDA5, exposing its CARDs completely, which activates

MAVS and leads to the activation of immune response genes,

including type I IFNs. Like RIG-I, MDA5 is a cytoplasmic sensor

that interacts with MAVS on the outer mitochondrial membrane

upon recognition of viral dsRNA. However, unlike RIG-I, MDA5

typically responds during the later stages of infection and is

negatively regulated by factors such as LGP2 (80).

Zinc-finger antiviral protein (ZAP), also known as zinc-finger

CCCH-type antiviral protein 1 (ZC3HAV1) or poly (ADP-ribose)

polymerase family member 13 (PARP13), functions as a sensor for a

variety of RNA and DNA viruses. Its N-terminus contains an RNA-

binding domain (RBD) with four zinc finger domains (ZnF1-4),

while the middle of the protein contains the fifth zinc finger (ZnF5)

and two tandem WWE modules (WWE1 and WWE2) at the C-

terminus (Figure 1A). The RBD is responsible for binding ssRNA,

and the WWE2 pocket specifically binds poly (ADP-ribose) (PAR).

ZAP was originally identified as an antiviral factor restricting MLV

via a cDNA expression library screening in 2002 (81). Recent CLIP-

seq and ZAP’s structure with RNA showed that ZAP interacts with

CpG dinucleotides in RNA (82, 83). Consistent with its structure,

ZAP is a sensor for a variety of RNA viruses, such as hepatitis E virus

(HEV) (84), Ebola virus, chikungunya virus, and hepatitis B virus

(HBV) (85, 86). However, DNA viruses, such as HBV (85), HCMV

(87), and vaccinia virus (VACV) (88), have been reported as targets of

ZAP as well. Similar to other sensors, ZAP exist in four isoforms: S,

M, L, and XL, which have distinct antiviral roles (85, 89).

4.1.3 cGAS group
The cGAS group is made up of cGAS, OAS1, PKR and IFI16

(Figure 1D). Compared with other groups, four members of this

group have longer functional distances, indicating their divergent

functions. Human cyclic GMP-AMP synthase (cGAS) was

discovered by Dr. Zhijian Chen’s lab a decade ago (90). It consists

of 522 amino acids, with a long unstructured, positively charged N-

terminal and a catalytic C-terminal (Figure 1A). The C-terminus

contains two key domains: the nucleotidyltransferase (NTase) core

domain, which is essential or cGAS enzymatic function, catalyzing

GTP and ATP into cGAMP, and the Mab21 domain, which features

a Zn ribbon motif [H(X5)CC(X6)C] that mediates DNA binding

and ensures specificity for B-form dsDNA (91–93). The C-terminus

has three DNA binding sites (A, B, and C) composed of positively

charged amino acid residues that interact with negatively charged

DNA backbone (92–95). Collectively, both the positively charged C-

and N-termini of cGAS form multivalent interactions with the

negatively charged DNA in a sequence-independent manner,

promoting the formation of liquid-like droplets containing

activated cGAS (96). As a DNA sensor, cGAS detects viral
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dsDNA from HSV-1 (97, 98) and KSHV (99) and produces

cGAMP. Then, cGAMP activates the STING-TBK1-IRF3- and

-NF-kB-mediated inflammatory pathways to induce the

expression of type I IFNs and proinflammatory cytokines (97–100).

Initial, studies reported that cGAS is localized in the cytoplasm,

where it detects viral dsDNA (98, 99). More recent findings have

identified additional localizations, including the plasma membrane

(101) and nucleus (97, 102–104). At the plasma membrane, cGAS is

anchored to the inner leaflet via phosphatidylinositol 4,5-

bisphosphate, keeping it in an inactive state (101). In the nucleus,

cGAS is tethered to chromatin, also maintained in an inactive state

(97, 102–105). Notably, this sequestration prevents the

indiscriminate activation of cGAS by endogenous DNA while

positioning it to optimally detect viral DNA (97, 101). Upon viral

infection, cGAS is released, allowing it to recognize viral DNA and

trigger initiate immune signaling (97, 101, 104).

cGAS also plays a critical role in RNA virus infections. In SARS-

CoV-2 infection, cGAS binds to genomic dsDNA released from the

nucleus or mtDNA due to infection-induced cellular stress,

activating the STING-mediated pathway to trigger an antiviral

response (106). In HIV-1 infection, cGAS detects primary reverse

transcribed cDNA, antisense ssDNA with stem-loop structures,

during early infection. This activates STING-mediated signaling,

triggering an innate immune response (107–110).

Oligoadenylate synthetases (OASs) play key roles in the innate

immune defense against viral dsRNA in the cytosol of vertebrates.

In humans, there are four members in this family: OAS1, OAS2,

OAS3, and OASL. Each of them contains a polymerase beta (pol-b)-
like nucleotidyl transferase domain (also known as OAS domain),

varies in the number of this domain. OAS1 has one pol-b domain

(OAS domain I, DI), OAS2 has two pol-b domains (DI and DII),

and OAS3 has three pol-b domains (DI, DII, and DIII). While

OAS1–3 have one enzymatical active OAS domain, additional OAS

domains in OAS2–3 remain inactive (DI in OAS2, DI and DII in

OAS3). In contrast, OASL contains a single pol-b domain at its N-

terminus and two consecutive ubiquitin-like domains in its C-

terminus but lacks enzymatic activity entirely. Interestingly, OAS

proteins do not contain a canonical dsRNA-binding domain or

motif; however, dsRNA binding is achieved through electrostatic

interactions and hydrogen bonds between the dsRNA and positively

charged residues in a groove located on the surface of OAS proteins

(111–114). OAS1 has a bilobular structure composed of N-terminal

and C-terminal lobes, with a positively charged groove between

them responsible for binding two minor grooves of dsRNA ≥18 bp,

leading to a conformational change and activation of the protein

(111, 112, 115). In contrast, the presence of additional inactive

domains in the N-terminal region of OAS2 and OAS3 requires

longer dsRNA for activation, with OAS2 (two OAS domains)

binding to four minor grooves of dsRNA and requiring > 35 bp

(114), while OAS3 (three OAS domains) requires dsRNA > 50 bp

for activation (113, 115). Higher activation of OAS proteins is

observed with longer dsRNA, OAS3 showing greater activation

than OAS1 in response to equal amounts of dsRNA > 60 bp,

highlighting the importance of dsRNA length in distinguishing the
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self from non-self target (114, 115). During viral infection, OAS1

recognizes viral dsRNA and catalyzes the production of 2′-5′-
oligoadenylate, a secondary messenger that activates RNase L, an

enzyme responsible for ssRNA cleavage (Figure 2). Studies have

shown that OAS1 binds dsRNA structures (stem-loops) in the 5′-
UTR of SARS-CoV-2, effectively blocking viral replication (116,

117). Whereas an isoform of OAS1, p46, confers strong antiviral

activity against picornaviruses, flaviviruses, and SARS-CoV-2 (118).

Protein kinase R (PKR) is a cytosolic dsRNA sensor that

contains an N-terminal dsRNA binding domain with two

dsRNA-binding motifs (dsRBM1 and dsRBM2) and a C-terminal

kinase domain (Figure 1A). PKR detects viral dsRNA, including

those from IAV, newcastle disease virus (NDV), enteroviruses (PV,

EV70, CVB3, CVB5), SeV and MV (119–122), as well as

endogenous dsRNA (i.e., non-coding (nc) RNAs, mtRNA

transcripts) released into the cytoplasm (122, 123). Upon binding

to dsRNA, PKR undergoes dimerization and phosphorylation,

which in turn phosphorylates eIF2a, blocking the translation of

viral mRNA and inhibiting viral replication (124). Previous studies

have demonstrated PKR’s critical role in activating RLRs, such as

RIG-I and MDA5, within stress granules (SGs), thereby facilitating

antiviral responses during infections with IAV, NDV, PV, and SeV

(119–121, 125). Based on these findings, SGs were considered

essential for PKR and RLR activation, as their impairment or

absence significantly reduced the activation of these viral sensors

and subsequent antiviral responses. However, recent studies suggest

that PKR and RLR activation and localization are independent of

SGs (122, 126, 127). One study revealed that rather than serving as

sites for viral RNA sensing and PKR/RLR activation, SGs regulate

antiviral responses by preventing excessive activation of RIG-I, PKR

and OAS signaling, as well as apoptosis, while also intrinsically

restrict viral replication and spread in a RLR/PKR-independent

manner (127). Moreover, other studies have indicated that PKR

does not localize to SGs or processing bodies (P-bodies) but forms

distinct autonomous clusters in response to dsRNA stress and

interacts with dsRNA-binding proteins (122, 126). Notably,

dsRNA stress induces the formation of dsRNA-induced foci

(dRIF), which contain dsRNA, PKR, and various dsRNA-binding

proteins, including ADAR1, Stau1, DHX9, NLRP1, and protein

activator of PKR, with the timing and localization of dRIF

formation strongly correlating with PKR activation (126). To

prevent aberrant PKR activation, a recent CRISPR screening

revealed that PACT cooperates with ADAR1 to suppress PKR

activation from self-dsRNAs in uninfected cells (128).

IFI16 (Interferon Gamma Inducible Protein 16) contains an N-

terminal PYD domain and two DNA-binding HIN domains,

known as HINa and HINb (Figure 1A). It is located in the

nucleus and serves as a DNA sensor to detect viral DNA (129–

133). Upon binding viral DNA through its HIN domains, IFI16

activates the STING-mediated inflammatory pathway, leading to

the induction of type I IFNs and proinflammatory cytokines (133–

135). In addition to inducing IFN signaling, IFI16 plays a role in

epigenetic regulation. Studies highlight that IFI16 binds to HSV-1

gene promoter regions, promoting the formation of repressive

heterochromatin (marked by H3K9me3), thereby suppressing
Frontiers in Immunology 09
HSV-1 gene transcription and replication (129–131, 135).

Moreover, IFI16 binds to these promoters and inhibits the

recruitment of RNA Pol II and transcription factors, such as TBP

and Oct1, further suppressing HSV-1 gene transcription (130).

Besides its role in sensing DNA viruses, IFI16 is implicated in

recognizing RNA virus, such as IAV (136) and HIV-1 (137). A

recent study demonstrated that IFI16 directly binds IAV (A Puerto

Rico/8/1934 H1N1, PR8) via its HINa domain, leading to enhanced

RIG-I transcription and interaction with RIG-I through its PYD

domain, creating a synergistic antiviral response (136).

4.1.4 NLRP1 group
The NLRP1 group consists of NLRP1, DAI, NLRP6, and AIM2

(Figure 1D). NLRP1 and NLRP6 share similar structural

organization, including a central nucleotide-binding and

oligomerization (NACHT) domain flanked by an N-terminal

pyrin (PYD) domain and C-terminal LRRs. Both proteins

function as viral sensors, though they recognize different viral

components. NLRP1 detects pathogen-derived enzymes, such as

proteases, and senses dsRNA. In contrast, NLRP6 primarily detects

viral dsRNA.

NLRP1 senses the viral RNA of Semliki Forest virus.

Mechanistically, it binds dsRNA through its LRR domain, leading

to a conformational rearrangement that facilitates immune

activation (138). NLRP6 interacts with dsRNA directly and

undergoes liquid liquid phase separation both in vitro and in

cells. This phase separation is crucial for activation of the NLRP6

inflammasome, a process further supported by investigation in

mouse models infected with mouse hepatitis virus or rotavirus

(139). Notably, the human genome encodes 14 distinct NLRP

family members (NLRP1–14), many of which play key roles in

inflammasome activation.

DNA-dependent activator of interferon-regulatory factors

(DAI), also known as ZBP1 or DLM-1, is a critical nucleic acid

sensor in the innate immune system. Originally identified as a

cytosolic DNA sensor, DAI detects foreign DNA and activates type

I IFN production, along with other innate immune responses (140).

Mechanistically, DAI binds dsDNA through its Z-DNA binding

domains, facilitating the recruitment of IRF3 and TBK1 to enhance

immune signaling. Interestingly, recent studies have highlighted

DAI’s role as an RNA virus sensor. It was found to recognize IAV

genomic RNA (Z-RNA), binding to RIPK3 and recruiting MLKL

and RIPK1, ultimately activating cell death pathways (141). In

addition, DAI can interact with RNA transcripts derived from

DNA viruses like murine cytomegalovirus (MCMV) and VACV.

This interaction triggers necroptosis through the RIPK3 pathway

(142, 143).

AIM2 (Absent in melanoma 2) consists of a single PYD domain

and a single HIN domain (Figure 1A). As a cytosolic innate immune

receptor, it recognizes both microbial and self-dsDNA in the

cytoplasm. AIM2 can recognize a variety of dsDNA viruses, such

as VACV (144, 145), MCMV (144), EBV (146), and human

cytomegalovirus (HCMV) (147). During viral infection, the

positively charged HIN domain of AIM2 interacts with the

negatively charged dsDNA (≥ 80 bp in length) in a sequence-
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independent manner, through hydrogen bonds at both the major

and minor grooves, leading to the formation of AIM2-ASC-

caspase-1 inflammasomes (148). This assembled inflammasome

cleaves pro-caspase-1 into active caspase-1, which matures

proinflammatory cytokines IL-1b and IL-18 and cleaves

gasdermin D (GSDMD), forming pores in the cell membrane that

induce pyroptosis (149, 150). As a result, pyroptotic cell death

releases cytosolic contents, including IL-1b and IL18 into the

extracellular space, amplifying the inflammatory response (149,

151, 152). Notably, AIM2 is also implicated in antiviral responses

against RNA viruses, such as enterovirus (EV-A71) (153), IAV

(PR8) (154) and SARS-CoV-2 (155).The precise mechanism of how

AIM2 recognizes RNA viruses remain unclear, However,

researchers propose that mtDNA release or the uptake of self-

DNA from dead cells may contribute to AIM2 activation (154, 155).
4.2 DHX36-assocaited cluster

DHX36-associated cluster can be further divided into two

groups: DHX36 and Ku70 (Figure 1D).

4.2.1 DHX36 group
The DHX36 group have DHX9, DHX36 and Dicer1

(Figure 1D), which all contain a helicase domain (Figure 1A).

DHX9 (also known as RHA) and DHX36 (RHAU or G4R1) are

DExD/H-box helicases characterized by the conserved DExD/H

motif, specifically the DEIH motif for both. They are localized in

both the nucleus and the cytoplasm (156, 157), where they regulate

mRNA translation by unwinding G-quadruplex (G4) RNA

structures in the 5' UTR of mRNA (158, 159). In addition to G4-

RNA, both helicases unwind G4-DNA and other non-canonical

nucleic acid structures, such as R-loops and D-loops (160–162).

Structurally, DHX9 and DHX36 share a common core helicase

domain of two RecA-like domains (RecA1 and RecA2) and an

oligonucleotide/oligosaccharide-binding (OB)-like fold in the C-

terminus (Figure 1A). However, there are slight differences in their

N- and C-terminal regions and binding preferences. DHX9 has two

dsRNA-binding domains (dsRBD1 and dsRBD2) in its N-terminus,

while its C-terminus features a HA2 domain and glycine rich (G-

patch) region, which enhances RNA duplex unwinding (163, 164).

In contrast, DHX36 possesses a glycine-rich element followed by

the DHX36-specific motif (DSM) in its N-terminus, which is critical

for high affinity binding to G4 structures in DNA and RNA, as well

as RNA duplexes (161, 162). Functionally, DHX9 preferentially

binds and unwinds G4-RNA, R-loops, G4-DNA, D-loops, and RNA

forks in descending efficiency, favoring RNA-containing duplexes

with 3’ overhang tails (164); whereas DHX36 exhibits a broader

preference for G4-RNA, G4-DNA, and RNA duplexes (161, 162).

Besides their roles in nucleic acid metabolism, DHX9 and

DHX36 function as cytosolic viral sensors. They recognize a

range of viral nucleic acids, including single-stranded CpG ODNs

and dsDNA viruses such as HSV-1 and MHV (Murine Hepatitis

Virus)-68 (165, 166). They also detect dsRNA viruses (e.g., reovirus)
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and ssRNA viruses (e.g., NDV, IAV) (120, 167), leading to the

induction of type I IFNs and proinflammatory cytokines. The

mechanisms underlying DHX9 and DHX36 viral recognition are

well elucidated. The helicase core of DHX9 (RecA domains, HA

domain, and OB-like fold) binds ssRNA (163, 164) and interacts

with CpG ODNs via its OB-like fold (165). Its N-terminal RBDs

recognize dsRNA structures in RNA viruses, further amplifying

immune signaling (163, 164, 167). Similarly, DHX36 binds ssDNA/

ssRNA through its helicase core and C-terminal domains (161),

with CpG ODNs interacting with its DEAH motif (165). The

conserved 5’-b-hairpin region within the helicase core and the

OB-like fold in the C-terminus facilitate recognition of RNA

duplexes and G4 structures (162). Additionally, the DSM motif in

the N-terminus and the OB-like fold of DHX36 enhances binding to

G4 structures, RNA duplexes (161, 162), and dsRNA forms of

ssRNA viruses (120). Multiple studies have reported the presence of

G4 structures in the viral genomes and mRNA transcripts (168–

172). This raises the possibility that viral G4 structures may activate

DHX9 and DHX36 during infection. Though further studies are

needed to elucidate the mechanisms of G4-mediated immune

responses by these helicases.

Human Dicer1 is a large protein (~219 kDa), mainly known as

an endoribonuclease, not a helicase though containing a helicase

domain. It is found in both the nucleus and cytoplasm. During viral

infection, Dicer1 processes viral dsRNA or viral pre-microRNAs

(pre-miRNAs) into small interfering RNAs (siRNAs) or miRNA

(173, 174), which then bind to target viral mRNA or viral RNA

genomes, promoting RNA interference (RNAi) (175). Dicer1 is

crucial for processing dsRNA substrates into small RNAs to

promote RISC-mediated RNAi and this process has been well

established in numerous studies. Studies have shown that Dicer1

is responsible for the biogenesis of miRNAs and siRNAs derived

from viral dsRNA, including those from HIV-1 (176), IAV/delNS1

(177), and EV-A71 with defective 3A protein (178), as well as

dsRNA hybrid duplexes of HIV-1 genome and human tRNA (179).

These small RNAs, incorporated into the RISC complex, bind viral

mRNA or the sense strand of viral RNA genomes, to suppress viral

gene expression and inhibit replication. Recently, the Reis e Sousa

group identified a naturally occurring, alternatively spliced isoform

of human Dicer1, named antiviral Dicer (aviD), which lacks the

Hel2i domain due to the absence of exons 7 and 8 (180). Previous

studies from other groups revealed that while the N-terminal

helicase domain of Dicer negatively regulates its ability to process

dsRNAs, its absence in mutant forms significantly enhances the

processing of dsRNA substrates (181, 182). Consistent with these

findings, the study demonstrated that aviD significantly enhances

the processing of dsRNA substrates from SARS-CoV-2 and Zika

viruses (ZIKV), generating higher levels of compared to canonical

Dicer1 while retaining comparable miRNA production (180). This

ultimately leads to improved RNAi in human and mouse stem cells.

Not all small RNAs suppress viral replication through RNAi, but

they can impede antiviral responses in humans. For instance,

during SARS-CoV-2 infection, Dicer1 processes the stem‐loop

structure of ORF7a to produce two miRNAs, CoV2-miR-07a.1
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and CoV-2-miR-07a.2, in infected human cells (183). However,

these miRNAs suppress host innate immune responses by binding

to the 3′ UTR of ISGs and facilitating RISC-mediated degradation

of these genes in infected cells.

4.2.2 Ku70 group
The Ku70 group has Ku70 and MRE11 (Figure 1D), two well-

known proteins involved in DNA double-stranded breaks (DSB)

repair. Human Ku70 is a 609 amino acid nuclear protein consisting of

three domains: an N-terminal von Willebrand factor domain, a b-
barrel DNA-binding domain in the core, and a C-terminal SAP

domain (Figure 1A). It exists as a heterodimer with Ku80, a complex

that is essential for the stability of both proteins. Together, the Ku70/

Ku80 heterodimer associates with DNA-dependent protein kinase

catalytic subunit (DNA-PKcs) to form the holoenzyme DNA-PK. As

a key component of DNA-PK, the Ku70/80 dimer plays a critical role

in repairing DSB through non-homologous end joining (NHEJ). In

addition to its role in DNA repair, Ku70 also functions as a cytosolic

viral DNA sensor, activating innate immune responses against DNA

viruses. Upon viral DNA infection, such as HSV-1 (184), HSV-2

(185), and HBV (186), Ku70 translocates from the nucleus to the

cytoplasm, where it activates the STING-mediated signaling pathway.

This leads to the activation of IRF1, IRF3, and IRF7, promoting the

production of type I (IFN-a/b) and type III (IFN-l1) IFNs (184–
187). Further investigation revealed that acetylation in Ku70’s NLS

domain promotes cytoplasmic translocation, enhancing the

production of IFN-l1 and inhibiting viral replication (184). Ku70

is also involved in the recognition of RNA viruses. One study revealed

that Ku70 recognizes (+) ssRNA retrovirus human T-cell

lymphotropic virus 1 (HTLV-1), leading to STING activation and

the phosphorylation of NF-kB and IRF3, subsequently inducing an

antiviral response (188).

MRE11 is best known for its role in DNA repair as part of the

MRE11-RAD50-NBS1 (MRN) complex, which detects and initiates

DSB repair. However, it also functions as a cytosolic exogenous

dsDNA sensor by recognizing sequences such as HSV-1 and IFN

stimulatory DNA, and stimulates type I interferon by regulating

STING trafficking (189). More recently, it was reported that MRE11

is essential for cGAS-STING activation (190). Mechanically, cGAS

is constitutively inhibited by high-affinity binding to the nuclear

chromatin histone H2A-H2B acidic patch (AP) region on the

nucleosome disk face that prevents its oligomerization and

activation in response to dsDNA (91, 102, 105, 191–194), now

MRN complex releases cGAS from nucleosomal AP surfaces and

enables cGAS mobilization, cytoplasmic relocalization and

activation by dsDNA, either from pathogens or host itself.
4.3 Unclustered

Our biological functional analysis showed that IFIX, LRRFIP1,

hnRNPA2B1 and DDX41 exist as an individual cluster, suggesting

their distinct functions. To simplify the description, we grouped

them together and called it unclustered (Figure 1D).
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4.3.1 IFIX
IFIX, another PYHIN family member, contains an N-terminal

PYD domain and a single DNA-binding HIN domain. Though

similar to IFI16 structurally, IFIX has different biological functions

and is often associated with promyelocytic leukemia (PML) nuclear

bodies. It is primarily localized in the nucleus but can translocate to

the cytoplasm under specific conditions, such as during viral

infection or in response to specific cellular signals (195, 196). This

translocation is regulated by the acetylation of its NLS motifs, with

acetylation at K138 in the NLS2 motif promoting shuffling from the

nucleus to the cytosol during viral infection (196). Like other

PYHIN/ALR family members, IFIX recognizes DNA viruses such

as HSV-1 and VACV, binding dsDNA through its HIN domain

(195), eliciting an antiviral response (195, 196). Proteomic studies

using AP-MS revealed that IFIX interacts with components of PML

bodies and DNA damage response effectors, displaying its role in

antiviral defense (195). Additionally, nuclear and cytoplasmic

proteomic analysis during HSV-1 and VACV infections suggest

that IFIX upregulates proteins involved in immune signaling and

responses (196).
4.3.2 LRRFIP1
Leucine-Rich Repeat Flightless-Interacting Protein 1 (LRRFIP1),

also known as GC-binding factor 2 (GCF2), is a multifunctional

protein involved in transcriptional repression, cytoskeletal

organization, signal transduction, and immune responses. It

consists of three domains: an N-terminal helix domain, a central

coiled-coil domain and a C-terminal nucleic acid binding domain

(Figure 1A). LRRFIP1 functions as a nucleic acid sensor, recognizing

dsRNA from vesicular stomatitis virus and dsDNA from Listeria

monocytogenes (197). All three domains are believed to contribute to

its nucleic acid-binding ability (198). A recent study has shown that

reduced LRRFIP1 protein level correlates with the severity of SARS-

CoV-2 infection and LRRFIP1 suppresses SARS-CoV-2 infection in a

type I IFN-independent manner (199). Another study found that

patients with severe COVID-19 exhibit increased alternative splicing

of the LRRFIP1 transcript, resulting in reduced levels of functional

protein and increased levels of truncated isoforms, suggesting a

correlation between perturbed LRRFIP1 splicing and the severity of

SARS-COV-2 infection (200). However, the precise mechanisms by

which LRRFIP1 suppresses SARS-CoV-2 infection remain unknown.
4.3.3 hnRNPA2B1
Human hnRNPA2B1 is a small yet significant protein. It

consists of 353 amino acids and belongs to the A/B subfamily of

ubiquitously expressed heterogeneous nuclear ribonucleoproteins

(hnRNPs), a family well known for its roles in RNA processing.

Structurally, hnRNPA2B1 contains two RNA recognition motifs

(RRM1 and RRM2) in its N-terminus, along with an RGG box and a

NLS at its C-terminus (Figure 1A). Dr. Xuetao Cao’s group used

biotinylated genomic DNA of HSV-1, coupled with 2D SDS–PAGE

and mass spectrometry, and identified hnRNPA2B1 as a sensor for

HSV-1 DNA (201). Further analysis revealed that two RRM
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1632283
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jung et al. 10.3389/fimmu.2025.1632283
domains are responsible for binding HSV-1 DNA. This discovery

suggests a broader role for hnRNPA2B1 in nucleic acid sensing and

immune signaling.

4.3.4 DDX41
DDX41 is a member of the DEAD-box family helicases within

Superfamily 2 (SF2) and contains the conserved DEAD (Asp-Glu-

Ala-Asp) sequence in motif II. Different from DEIH-box helicase

DHX9 and DHX36, DDX41 exists as a separate cluster.

Predominantly located in the nucleus, DDX41 plays versatile roles

in RNA metabolism and the innate immune response. Notably,

DDX41 serves as a PRR, detecting the dsDNA from HSV-1 (202,

203) and RNA: DNA hybrids derived from the retrovirus murine

leukemia virus (MLV) (204).

The molecular mechanisms underlying DDX41’s recognition of

viral DNA and its initiation of antiviral responses have been

extensively studied. Research by Liu’s group demonstrated that

motifs I (Walker A) and II (Walker B, containing the DEAD

sequence) in DDX41 are essential for viral DNA recognition and

for its interaction with STING, initiating type I IFN production

(202). Following the binding of pathogenic dsDNA or RNA: DNA

hybrids, DDX41 translocates from the nucleus to the cytosol, where

it colocalizes with STING and activates the STING-TBK1-IRF3 and

NF-kB pathways, leading to the induction of type I IFNs and

proinflammatory cytokines (202–205). Recent findings from our

group have confirmed that DDX41 acts as a viral sensor upstream of

cGAS, triggering cGAS-STING-TBK1 to induce type I IFN

production in response to dsDNA viruses, such as HSV-1 (203).

Though these findings highlight the importance of DDX41 in

antiviral signaling, the exact location(s) of viral DNA recognition

by DDX41 remains unclear.
5 Viral strategies to evade human
immune sensors

The interaction between humans and viruses represents a

dynamic, ongoing evolutionary arms race. Both the human host

and the virus continuously adapt to each other’s strategies, driving co-

evolution. As humans develop more effective immune defenses,

viruses evolve increasingly sophisticated evasion mechanisms.

Below are some general strategies employed by intracellular viruses

to evade detection and interfere with host cell signalling cascades.
5.1 Sequestration of viral nucleic acids

From entry to exit, viral NAs are released into the cytoplasm or

nucleus, where they undergo transcription, translation, and

replication; steps that expose them to host NA sensors. To evade

this immune surveillance, many viruses sequester their NAs within

viral replication compartments or vesicles. For example, the

nucleocapsid (N) protein of SARS-CoV-2 binds to the viral RNA,

forming ribonucleoprotein (RNP) complexes (206, 207). This
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binding helps shield the viral RNA from being detected by host

sensors like RIG-I and MDA5. Moreover, coronaviruses such as

SARS-CoV-2 replicate and transcribe their RNA within double-

membrane vesicles (DMVs), a process facilitated by a pore complex

formed by NSP3 and NSP4 (208, 209). This complex enables the

newly synthesized viral RNA to exit the DMV into the cytoplasm

while preserving vesicle integrity, thereby minimizing the exposure

of viral RNA to immune sensors. HIV-1 carries out reverse

transcription and replication of its genome inside its capsid,

which contains selective pores to allow entry of nucleotides from

the host cell, while shields the viral DNA from recognition by cGAS

(210). WNV and ZIKV also form replication complexes within

membrane-bound compartments. These structures help sequester

viral RNA, preventing recognition by PRRs. Picornaviruses,

including PV, hijack intracellular membranes to create replication

organelles. These organelles provide a protected environment for

viral RNA synthesis. Kaposi’s sarcoma-associated herpesvirus

(KSHV) ORF52 protein oligomerizes and binds to dsDNA,

thereby inhibiting the association between DNA and cGAS (211).

HSV can enter a latent state within neural ganglia, where its genome

is maintained as an episome in the host cell nucleus (212). During

latency, viral gene expression is minimized, aiding immune evasion

by cGAS and IFI16 present in neurons.
5.2 Modification of viral nucleic acids

Viruses can modify their NAs to evade detection by host

sensors. These include capping, methylation, RNA editing, RNA

cleaving, and RNA decay:

5.2.1 Capping
The 5’ cap is a modified guanosine, with a methyl group added

to the 7-position (7-methylguanosine, m7G) at the 5’ end of RNA.

The 5’ cap is a key feature found in eukaryotic mRNAs that

enhances their stability and translation efficiency. Many viruses

adopt this 5’ cap for their RNAs to mimic host mRNA, thereby

evading detection by host PRRs like RIG-I. Notable examples

include SARS-CoV-2 (213), influenza virus (214), and flaviviruses

like DENV (215) and WNV (216).

5.2.2 Methylation
Some viruses methylate their RNA to prevent recognition by

host sensors. For example, SARS-CoV-2 uses its nsp16 protein to

methylate the 2′-O position of the ribose in the first nucleotide of its

RNA, thereby helping the virus evade the host immune response

(217). Similarly, the N6-methyladenosine (m6A) modification in

HBV and hepatitis C virus (HCV) transcripts prevents recognition

by RIG-I (218).

5.2.3 RNA editing
Viruses can change their RNA sequences through processes like

adenosine-to-inosine (A-to-I) editing. This editing can alter the

viral RNA in a way that reduces its recognition by host sensors.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1632283
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jung et al. 10.3389/fimmu.2025.1632283
Many viruses, including Hepatitis Delta virus (HDV) and Measles

virus (219), employ this strategy.

5.2.4 RNA cleaving
The NSP15 protein of SARS-CoV-2 cleaves viral RNA at

specific sites, particularly at uridine residues, thereby preventing

dsRNAs accumulation, which otherwise be recognized by sensors

like MDA5, OAS, and PKR (220).

5.2.5 RNA decay
ZIKV and DENV form RNase L-induced bodies that promote

the degradation of viral RNA (221).

Notably, DNA viruses do not typically use DNA editing

mechanisms in the same way that RNA viruses do.
5.3 Integration of viral nucleic acids into
human genome

Viruses can integrate their NAs into the host genome to evade

host cell sensors and establish persistent infections. The best

example of this strategy is retroviruses, such as HIV. Upon

entering CD4+ T cells, HIV uses its reverse transcriptase to

convert its ssRNA into dsDNA within the capsid as it travels

through the cytoplasm towards the nucleus. The newly

synthesized viral DNA, along with associated viral proteins

(including integrase), forms a complex known as the pre-

integration complex, which is transported into the host cell

nucleus. The viral enzyme integrase catalyzes the integration of

the viral DNA into the host cell genome through a “cut-and-paste”

process, resulting in the formation of the provirus (222). This

integration allows HIV to establish latency and evade immune

detection. Other retroviruses, such as HTLV, utilize the

same strategy.

DNA viruses, including human papillomavirus (HPV), HBV,

and human herpesvirus 6 (HHV-6), can also integrate their DNA

into the host genome. HPV does so particularly in the case of high-

risk strains associated with cervical cancer, where integration

disrupts normal cellular functions and can lead to oncogenesis

(223). HBV can integrate segments of its DNA into the host

genome, promoting chronic infection and increasing the risk of

liver cancer (224). HHV-6 can integrate its DNA into the telomeres

of human chromosomes (225), enabling the virus to persist in a

latent state and evade immune detection.

These integration events promote long-term persistence within

the host—often lasting a lifetime—and allow the virus to remain

latent and reactivate under certain conditions.
5.4 Inhibition and degradation of human
sensors

Viruses have evolved various strategies to inhibit or degrade

host sensors and evade immune surveillance. These strategies target
Frontiers in Immunology 13
multiple levels of host defense, including DNA, RNA, transcription,

translation, protein stability and function, as well as post-

translational modifications (PTMs).

Some viruses produce specific proteins that directly suppress

host sensors. For example, influenza A virus produces the NS1

protein, whose E96/E97 residues mediate interaction with the

co i l ed-co i l domain of TRIM25 , inh ib i t ing TRIM25

multimerization and the ubiquitination of RIG-I CARD domain,

ultimately suppressing RIG-I signal transduction (226). The VP35

protein of Ebola virus inhibits RIG-I activation by sequestering viral

RNA to prevent the induction of an IFN response (227). The V

protein of paramyxoviruses interacts with the helicase domain of

MDA5, disrupting its proper folding and preventing the formation

of filament structures required for activation (228). The US11

protein of HSV-1 binds and inhibits PKR activation (229), while

also binding dsRNA, sequestering it from OAS, and inhibiting OAS

activation (230).

Moreover, some viruses can degrade host sensors at the mRNA

or protein level. At the RNA level, EBV encodes the miRNA BART6-

3p, which targets the 3′UTR of RIG-I mRNA, leading to its

degradation, suppressing downstream RIG-I signaling and reducing

the induction of type I IFN and ISGs (231). SARS-CoV nsp1

promotes the degradation of host mRNAs (232). Ribonuclease L

(RNase L) degrades host mRNAs during DENV or SARS-CoV-2

infection (233). Notably, RNase L degrades both viral RNA and host

mRNA, with its activity being context-dependent and tightly

regulated. At the protein level, HSV-1 encodes the E3 ubiquitin

ligase ICP0, which targets and degrades IFI16 (234). EMCV uses its

VP2 protein to degrade IFI16 through a caspase-dependent apoptosis

pathway (235). Moreover, some viruses can inhibit the translation of

host genes. For instance, HIV-1 produces its accessory protein Vpr,

which affects the phosphorylation/activity of the translation initiation

factor 4E (eIF4E), thus inhibiting the translation of host

mRNAs (236).
6 Antiviral drug and vaccine
development targeting nucleic acid
sensing

Approximately 40 million HIV-1 patients are currently

receiving antiretroviral therapies (ART) to sustain their health

and prolong survival (237). COVID-19 vaccines have been

credited with saving 14.4 million lives across 185 countries and

territories during the pandemic in 2020 and 2021 (238). However,

new viral strains continue to emerge due to genetic mutations,

recombination, and environmental changes, as demonstrated by

recent human cases of H5N1 avian influenza. As of June 2025, both

Canada and the United States are experiencing significant measles

outbreaks. Therefore, it is crucial to be prepared for future viral

threats. Various strategies have been employed in drug discovery

and development to target virus or host cellular factors, focusing on

viral nucleic acids and host sensors especially.
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6.1 Targeting viral nucleic acids

Targeting viral nucleic acids has emerged as a powerful strategy

for antiviral drug development, particularly with advances in

nucleic acid–based technologies. Various approaches are

employed to combat viral diseases, including nucleoside analogs,

antisense oligonucleotides (ASOs), aptamers, siRNA, and CRISPR-

based systems.

Nucleoside analogs have long been utilized as antiviral drugs. By

competing with natural nucleotides, they are incorporated into the

growing viral DNA or RNA strand, disrupting viral replication. For

SARS-CoV-2, remdesivir (239, 240), an adenosine analog, and

molnupiravir (241, 242), a cytidine analog, have demonstrated

effective inhibition of viral replication. Both drugs received U.S.

FDA approval in 2020 and 2021, respectively, as standard

treatments for COVID-19. For HIV, zidovudine (243), a

thymidine analog, was the first drug approved in 1987. It is

metabolized to its active form, zidovudine triphosphate (ZDV-

TP), which, upon incorporation into viral DNA by reverse

transcriptase, terminates DNA chain elongation and halts viral

replication. Due to toxicity concerns, zidovudine is now rarely

used. Several newer nucleoside analogs have since been developed

and are currently in use, including lamivudine and emtricitabine

(both cytidine analogs), abacavir (a deoxyguanosine triphosphate

mimic), and tenofovir disoproxil fumarate and tenofovir

alafenamide (both adenosine monophosphate mimics) (244).

Nucleoside analogs are also widely applied to other viral

infections, such as acyclovir (a guanosine analog) for HSV, HBV,

and ribavirin (a guanosine analog) and sofosbuvir (a uridine

analog) for HCV.

Antisense oligonucleotide (ASO) techniques utilize single-

stranded DNA or RNA molecules that bind specifically to viral

mRNA, resulting in its degradation or inhibition of translation.

Fomivirsen, developed by Isis Pharmaceuticals and approved by the

FDA in 1998, is a 21-base phosphorothioate oligonucleotide that

targets the immediate-early gene mRNA of human cytomegalovirus

(HCMV), thereby inhibiting viral replication by preventing the

synthesis of essential viral proteins (245). Aptamers are structured

nucleic acids that bind to viral proteins or RNA, blocking viral entry

or replication. Although no aptamer-based drugs for viral diseases

have yet received FDA approval, several candidates have

demonstrated strong potential in preclinical and early clinical

studies, such as anti-gp120 aptamers targeting HIV (246). siRNA

approaches, based on RNA interference (RNAi) mechanisms,

involve synthetic double-stranded RNA molecules designed to

target and degrade viral RNA (247). These strategies have been

explored for viruses including HBV, SARS-CoV-2, HIV, and

influenza viruses. CRISPR-based antiviral methods employ RNA-

guided nucleases, such as Cas9 for double-stranded DNA and Cas13

for single-stranded RNA, to selectively degrade viral genetic

material. This approach has been investigated for viruses such as

HSV, HIV, SARS-CoV-2, and HBV (248). While siRNA and

CRISPR-based antiviral therapies hold considerable promise, they

face significant challenges including off-target effects, delivery

efficiency, and potential immune responses.
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6.2 Targeting host nucleic acid sensors

Due to the continuous mutation of viruses, host-targeting drugs

offer advantages over virus-targeting therapies by maintaining

efficacy through action on conserved cellular factors. Multi-omics

studies combined with computational analyses have identified host

dependency factors, including host nucleic acid sensors, and

assessed their druggability and therapeutic potential. Therapeutic

strategies focus either on enhancing antiviral immunity (e.g., in

chronic infections) or suppressing excessive inflammation (e.g., in

viral sepsis or cytokine storms).

To stimulate antiviral immunity, agonists targeting TLR7 and

RIG-I have been developed. Vesatolimod (GS-9620), a synthetic

small molecule developed by Gilead Sciences, functions as a TLR7

agonist that enhances innate immunity by inducing type I

interferons and other cytokines. Vesatolimod is currently in Phase

2a clinical trials, with previous studies demonstrating its ability to

reduce latent viral reservoirs in HIV (249) and hepatitis B infections

(250). To mimic viral RNA, synthetic double-stranded RNA

molecules with 5′-triphosphate ends have been designed to

activate RIG-I. RGT100 (MK-4621) (251), developed by Rigontec

(acquired by Merck in 2017), is in Phase I/II trials for advanced

solid tumors and lymphomas (NCT03065023, NCT03739138).

RIG-101, developed by RIGImmune, is in preclinical development

for respiratory viruses such as influenza, RSV, and rhinovirus (252).

TTX-RIGA, by TransCode Therapeutics, is in preclinical trials

a imed at s t imula t ing immune responses wi th in the

tumor microenvironment.

Conversely, excessive immune activation can cause severe tissue

damage, chronic inflammation, and mortality. Accordingly,

antagonists or inhibitors targeting host sensors have been

developed to suppress hyperinflammation. VENT-03, a cGAS

antagonist developed by Ventus Therapeutics, has shown efficacy

in reducing inflammation and autoimmune responses in diseases

such as lupus, dermatomyositis, and systemic sclerosis (253) and is

currently in Phase 2 trials. Pharmacological inhibitors targeting the

NLRP1 inflammasome, including Curcumin (254), Propofol (255),

and HY−021068 (256), have demonstrated beneficial effects in

animal models. Inhibitors of DDX41 have also been identified

(257), though no clinical trials have been reported to date. It is

important to note that host nucleic acid sensors have diverse

functions beyond viral detection and are implicated in various

diseases and cancers. Continued molecular and cellular

mechanistic studies integrating biochemical, multi-omic, and

computational approaches will advance our understanding of host

factor-mediated processes and facilitate the development of

improved therapeutic options for viral and other diseases.
6.3 Vaccine development

Based on the RNA sequence of SARS-CoV-2, mRNA vaccines

were rapidly developed by Pfizer-BioNTech and Moderna during

the pandemic (258). These vaccines contain synthetic mRNA

encoding the SARS-CoV-2 spike protein, encapsulated within
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lipid nanoparticles to protect the mRNA and facilitate its delivery

into human cells. Upon vaccination, host cells express the spike

protein, which elicits adaptive immune responses from both B and

T cells, resulting in the formation of memory cells that confer long-

lasting immunity and protection against future infections. These

vaccines not only represent the first widespread use of mRNA

technology in humans but also demonstrate its effectiveness, safety,

and scalability on a global scale. mRNA vaccines are currently

under development for other viral diseases, including HBV, RSV,

ZIKV, Ebola, HPV, and DENV.

Although DNA vaccines are more stable and easier to

manufacture than mRNA vaccines, they carry a higher risk of

integration into the host genome, which may lead to

tumorigenesis. ZyCoV-D, approved in India in 2021, is the first

DNA vaccine authorized for human use against COVID-19 (259). It

consists of a circular plasmid DNA encoding the SARS-CoV-2 spike

protein along with an IgE signal peptide. While ZyCoV-D remains

the only DNA vaccine approved for human use to date, several

others are in development or undergoing clinical trials targeting

HIV, ZIKV, Ebola, influenza, and HPV. Challenges such as low

immunogenicity in humans and the difficulty of delivering plasmid

DNA into the host cell nucleus continue to hinder DNA vaccine

development, highlighting the need for further research.

Viral vector-based vaccines have been developed due to their

higher delivery efficiency and immunogenicity. ChAdOx1 nCoV-

19, also known as AZD1222, is a COVID-19 vaccine developed by

AstraZeneca (260). It employs a replication-deficient chimpanzee

adenovirus vector (ChAdOx1) to express the SARS-CoV-2 spike (S)

protein. For Ebola virus, the rVSV-ZEBOV vaccine (Ervebo),

developed by Merck, utilizes VSV to express the glycoprotein of

Zaire ebolavirus, replacing its own envelope protein. Viral vector-

based vaccines are also under development for HIV and ZIKV.
7 Concluding remarks and future
perspective

As depicted at the conclusion of the film Catch Me If You Can,

Frank Abagnale was arrested in France, extradited to the United

States, and sentenced to 12 years in prison. Notably, due to his

exceptional talents and skills, he later collaborated with the FBI and

became a leading expert in bank fraud. His work with the FBI

significantly contributed to strengthening security systems,

ultimately fostering a safer financial environment for society.

Similarly, host cells employ a variety of strategies to detect viral

invasion and suppress viral replication. In response, viruses

continuously evolve mechanisms to evade detection, inhibit

cellular antiviral responses, and hijack host cellular machinery for

their replication. This ongoing co-evolutionary arms race results in

constant adaptation between viruses and their hosts. So far we know

host nucleic acid sensors for virus:
Fron
• To date, research has identified a total of 26 human sensors

for viral nucleic acids, exhibiting remarkable diversity.
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These sensors possess distinct domains for viral nucleic acid

binding and are distributed across various cellular

compartments, including the cytoplasm, nucleus, and

endosomes. Some sensors specifically bind DNA, others RNA,

while several recognize both nucleic acid types.

• Viruses employ multiple strategies to evade these

immune sensors.

• Dysregulation of viral nucleic acid sensing pathways can lead to

autoimmunity, autoinflammation, and various diseases,

including cancers.

• Drugs and vaccines have been developed targeting human viral

nucleic acid sensing pathways. Following the successful

deployment of COVID-19 mRNA vaccines, vaccines based on

mRNA and DNA platforms for RSV, influenza, HIV, HPV,

HCV, and other viral diseases are either already in use or under

development. Both agonists and antagonists targeting host

immune s en so r s a r e a c t i v e l y be ing exp lo r ed a s

therapeutic strategies.

To enhance our ability to prevent and combat viral infections

and thereby sustain human and animal health, it is essential to

deepen our understanding of viral molecules and host factors. In

advancing antiviral drug discovery and development, researchers

have increasingly emphasized the application of multi-omics

approaches to elucidate the molecular mechanisms governing the

complex interactions between viruses and their hosts. Key future

areas of focus in antiviral treatment development include:
• High-throughput screening technologies: Advanced high-

throughput methods, such as CRISPR-based screens,

generate large datasets that improve our understanding of

virus-host interactions. These technologies facilitate the

identification of potential therapeutic targets and provide

insights into the molecular mechanisms underlying

viral infections.

• Artificial intelligence (AI): AI is poised to revolutionize

antiviral drug discovery by accelerating and optimizing

multiple stages, including data analysis and mining, drug

design and virtual screening, natural language processing,

drug repurposing, predictive modeling, and clinical

trial optimization.

• Host-pathogen interaction networks: Researchers are

developing systematic frameworks to map the complex

networks of interactions between hosts and pathogens.

This includes identifying critical host factors exploited by

viruses and understanding how these interactions affect

disease progression and outcomes.

• Understanding viral evolution: Investigating viral evolution

and adaptation to host defenses is crucial for predicting and

preventing future pandemics. Such insights promote public

health strategies and enhance global preparedness against

emerging viral threats.

• Improved diagnostic tools: A more comprehensive

knowledge of viral replication and host factors enables the

development of more accurate and rapid diagnostic tests.
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Early detection facilitates timely interventions and helps

limit viral transmission.

• Personalized medicine: Enhanced understanding of host-

virus interactions allows for treatments tailored to

individual patients based on genetic profiles and immune

responses, including PRRs and PAMPs. This personalized

approach can improve therapeutic efficacy and reduce

adverse drug effects.
Author contributions

YJ: Conceptualization, Formal analysis, Writing – original draft,

Writing – review & editing. HG: Conceptualization, Investigation,

Writing – original draft, Writing – review & editing. SY:

Conceptualization, Writing – original draft, Writing – review &

editing. SM: Conceptualization, Investigation, Writing – original

draft, Writing – review & editing. KEL: Supervision, Writing –

original draft, Writing – review & editing. KC: Conceptualization,

Supervision,Writing – original draft,Writing – review& editing. YW:

Conceptualization, Funding acquisition, Investigation, Project

administration, Supervision, Writing – original draft, Writing –

review & editing.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was supported
tiers in Immunology 16
by grants from the Natural Sciences and Engineering Research

Council of Canada (NSERC) (RGPIN-2019–05487 and 2025-

06787) the Leukemia & Lymphoma Society of Canada (LLSC-

358222), and Cancer Research Society (CRS-24139) to YW.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Generative AI statement

Generative AI was used to check some known knowledge and

smooth the language. The author(s) declare that Generative AI was

used in the creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, et al. Cryo-
EM structure of the 2019-nCoV spike in the prefusion conformation. Science. (2020)
367:1260–3. doi: 10.1126/science.abb2507

2. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, et al.
SARS-coV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically
proven protease inhibitor. Cell. (2020) 181:271–280 e278. doi: 10.1016/j.cell.2020.02.052

3. Li D, Wu M. Pattern recognition receptors in health and diseases. Signal
Transduct Target Ther. (2021) 6:291. doi: 10.1038/s41392-021-00687-0

4. Cadena C, Hur S. Filament-like assemblies of intracellular nucleic acid sensors:
commonalities and differences. Mol Cell. (2019) 76:243–54. doi: 10.1016/
j.molcel.2019.09.023

5. Slavik KM, Kranzusch PJ. CBASS to cGAS-STING: the origins and mechanisms
of nucleotide second messenger immune signaling. Annu Rev Virol. (2023) 10:423–53.
doi: 10.1146/annurev-virology-111821-115636

6. Unterholzner L, Almine JF. Camouflage and interception: how pathogens evade
detection by intracellular nucleic acid sensors. Immunology. (2019) 156:217–27.
doi: 10.1111/imm.13030

7. Zhu J, Chiang C, Gack MU. Viral evasion of the interferon response at a glance. J
Cell Sci. (2023) 136. doi: 10.1242/jcs.260682

8. Garcia-Sastre A. Ten strategies of interferon evasion by viruses. Cell Host Microbe.
(2017) 22:176–84. doi: 10.1016/j.chom.2017.07.012

9. Sun H, Chan JF, Yuan S. Cellular sensors and viral countermeasures: A molecular
arms race between host and SARS-coV-2. Viruses. (2023) 15. doi: 10.3390/v15020352

10. Minkoff JM, tenOever B. Innate immune evasion strategies of SARS-CoV-2. Nat
Rev Microbiol. (2023) 21:178–94. doi: 10.1038/s41579-022-00839-1
11. Herold J, Andino R. Poliovirus RNA replication requires genome circularization
through a protein-protein bridge. Mol Cell. (2001) 7:581–91. doi: 10.1016/S1097-2765
(01)00205-2

12. Ricardo-Lax I, Luna JM, Thao TTN, Le Pen J, Yu Y, Hoffmann HH, et al.
Replication and single-cycle delivery of SARS-CoV-2 replicons. Science. (2021)
374:1099–106. doi: 10.1126/science.abj8430

13. Zou W, Wang Z, Xiong M, Chen AY, Xu P, Ganaie SS, et al. Human parvovirus
B19 utilizes cellular DNA replication machinery for viral DNA replication. J Virol.
(2018) 92. doi: 10.1128/JVI.01881-17

14. Okumura R, Takeda K. Roles of intestinal epithelial cells in the maintenance of
gut homeostasis. Exp Mol Med. (2017) 49:e338. doi: 10.1038/emm.2017.20

15. Wright ES. DECIPHER: harnessing local sequence context to improve protein
multiple sequence alignment. BMC Bioinf. (2015) 16:322. doi: 10.1186/s12859-015-
0749-z

16. Yu G. Using ggtree to visualize data on tree-like structures. Curr Protoc Bioinf.
(2020) 69:e96. doi: 10.1002/cpbi.96

17. Yu G. Gene ontology semantic similarity analysis using GOSemSim. Methods
Mol Biol. (2020) 2117:207–15. doi: 10.1007/978-1-0716-0301-7_11

18. Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in
multidimensional genomic data. Bioinformatics. (2016) 32:2847–9. doi: 10.1093/
bioinformatics/btw313

19. Martin-Gayo E, Gao C, Calvet-Mirabent M, Ouyang Z, Lichterfeld M, Yu XG.
Cooperation between cGAS and RIG-I sensing pathways enables improved innate
recognition of HIV-1 by myeloid dendritic cells in elite controllers. Front Immunol.
(2022) 13:1017164. doi: 10.3389/fimmu.2022.1017164
frontiersin.org

https://doi.org/10.1126/science.abb2507
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1016/j.molcel.2019.09.023
https://doi.org/10.1016/j.molcel.2019.09.023
https://doi.org/10.1146/annurev-virology-111821-115636
https://doi.org/10.1111/imm.13030
https://doi.org/10.1242/jcs.260682
https://doi.org/10.1016/j.chom.2017.07.012
https://doi.org/10.3390/v15020352
https://doi.org/10.1038/s41579-022-00839-1
https://doi.org/10.1016/S1097-2765(01)00205-2
https://doi.org/10.1016/S1097-2765(01)00205-2
https://doi.org/10.1126/science.abj8430
https://doi.org/10.1128/JVI.01881-17
https://doi.org/10.1038/emm.2017.20
https://doi.org/10.1186/s12859-015-0749-z
https://doi.org/10.1186/s12859-015-0749-z
https://doi.org/10.1002/cpbi.96
https://doi.org/10.1007/978-1-0716-0301-7_11
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.3389/fimmu.2022.1017164
https://doi.org/10.3389/fimmu.2025.1632283
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jung et al. 10.3389/fimmu.2025.1632283
20. Sui H, ZhouM, Chen Q, Lane HC, Imamichi T. siRNA enhances DNA-mediated
interferon lambda-1 response through crosstalk between RIG-I and IFI16 signalling
pathway. Nucleic Acids Res. (2014) 42:583–98. doi: 10.1093/nar/gkt844

21. Chiu YH, Macmillan JB, Chen ZJ. RNA polymerase III detects cytosolic DNA
and induces type I interferons through the RIG-I pathway. Cell. (2009) 138:576–91.
doi: 10.1016/j.cell.2009.06.015

22. Ramanathan A, Weintraub M, Orlovetskie N, Serruya R, Mani D, Marcu O, et al.
A mutation in POLR3E impairs antiviral immune response and RNA polymerase III. .
Proc Natl Acad Sci United States America. (2020) 117:22113–21. doi: 10.1073/
pnas.2009947117

23. Ogunjimi B, Zhang SY, Sorensen KB, Skipper KA, Carter-Timofte M, Kerner G,
et al. Inborn errors in RNA polymerase III underlie severe varicella zoster virus
infections. J Clin Invest. (2017) 127:3543–56. doi: 10.1172/JCI92280

24. Baglio SR, van Eijndhoven MA, Koppers-Lalic D, Berenguer J, Lougheed SM,
Gibbs S, et al. Sensing of latent EBV infection through exosomal transfer of 5’pppRNA.
Proc Natl Acad Sci United States America. (2016) 113:E587–596. doi: 10.1073/
pnas.1518130113

25. Ruan J, Cao Y, Ling T, Li P, Wu S, Peng D, et al. DDX23, an evolutionary
conserved dsRNA sensor, participates in innate antiviral responses by pairing with
TRIF or MAVS. Front Immunol. (2019) 10:2202. doi: 10.3389/fimmu.2019.02202

26. Tremblay N, Baril M, Chatel-Chaix L, Es-Saad S, Park AY, Koenekoop RK, et al.
Spliceosome SNRNP200 promotes viral RNA sensing and IRF3 activation of antiviral
response. PloS Pathog. (2016) 12:e1005772. doi: 10.1371/journal.ppat.1005772

27. Uchimura T, Oyama Y, Deng M, Guo H, Wilson JE, Rampanelli E, et al. The
innate immune sensor NLRC3 acts as a rheostat that fine-tunes T cell responses in
infection and autoimmunity. Immunity. (2018) 49:1049–1061. e1046. doi: 10.1016/
j.immuni.2018.10.008

28. Jiang Y, Sun S, Quan Y, Wang X, You Y, Zhang X, et al. Nuclear RPSA senses
viral nucleic acids to promote the innate inflammatory response. Nat Commun. (2023)
14:8455. doi: 10.1038/s41467-023-43784-0

29. Miyashita M, Oshiumi H, Matsumoto M, Seya T. DDX60, a DEXD/H box
helicase, is a novel antiviral factor promoting RIG-I-like receptor-mediated signaling.
Mol Cell Biol. (2011) 31:3802–19. doi: 10.1128/MCB.01368-10

30. Goubau D, van der Veen AG, Chakravarty P, Lin R, Rogers N, Rehwinkel J, et al.
Mouse superkiller-2-like helicase DDX60 is dispensable for type I IFN induction and
immunity to multiple viruses. Eur J Immunol. (2015) 45:3386–403. doi: 10.1002/
eji.201545794

31. Lafaille FG, Pessach IM, Zhang SY, Ciancanelli MJ, Herman M, Abhyankar A,
et al. Impaired intrinsic immunity to HSV-1 in human iPSC-derived TLR3-deficient
CNS cells. Nature. (2012) 491:769–73. doi: 10.1038/nature11583

32. Tatematsu M, Nishikawa F, Seya T, Matsumoto M. Toll-like receptor 3
recognizes incomplete stem structures in single-stranded viral RNA. Nat Commun.
(2013) 4:1833. doi: 10.1038/ncomms2857

33. Zhang RR, Yang XY, Yang YL, Guo TK, Huang JS, Yang YS, et al. TLR3/TRIF
and MAVS signaling is essential in regulating mucosal T cell responses during rotavirus
infection. J Immunol. (2024) 213:1008–22. doi: 10.4049/jimmunol.2300867

34. Bortolotti D, Gentili V, Rizzo S, Schiuma G, Beltrami S, Strazzabosco G, et al.
TLR3 and TLR7 RNA sensor activation during SARS-coV-2 infection.Microorganisms.
(2021) 9. doi: 10.3390/microorganisms9091820

35. Liu L, Botos I, Wang Y, Leonard JN, Shiloach J, Segal DM, et al. Structural basis
of toll-like receptor 3 signaling with double-stranded RNA. Science. (2008) 320:379–81.
doi: 10.1126/science.1155406

36. Leonard JN, Ghirlando R, Askins J, Bell JK, Margulies DH, Davies DR, et al. The
TLR3 signaling complex forms by cooperative receptor dimerization. Proc Natl Acad
Sci United States America. (2008) 105:258–63. doi: 10.1073/pnas.0710779105

37. Jelinek I, Leonard JN, Price GE, Brown KN, Meyer-Manlapat A, Goldsmith PK,
et al. TLR3-specific double-stranded RNA oligonucleotide adjuvants induce dendritic
cell cross-presentation, CTL responses, and antiviral protection. J Immunol. (2011)
186:2422–9. doi: 10.4049/jimmunol.1002845

38. Sakaniwa K, Fujimura A, Shibata T, Shigematsu H, Ekimoto T, Yamamoto M,
et al. TLR3 forms a laterally aligned multimeric complex along double-stranded RNA
for efficient signal transduction. Nat Commun. (2023) 14:164. doi: 10.1038/s41467-023-
35844-2

39. Lim CS, Jang YH, Lee GY, Han GM, Jeong HJ, Kim JW, et al. TLR3 forms a
highly organized cluster when bound to a poly(I:C) RNA ligand. Nat Commun. (2022)
13:6876. doi: 10.1038/s41467-022-34602-0

40. Liu B, Liu Q, Yang L, Palaniappan SK, Bahar I, Thiagarajan PS, et al. Innate
immune memory and homeostasis may be conferred through crosstalk between the
TLR3 and TLR7 pathways. Sci Signal. (2016) 9:, ra70. doi: 10.1126/scisignal.aac9340

41. Wang T, Town T, Alexopoulou L, Anderson JF, Fikrig E, Flavell RA. Toll-like
receptor 3 mediates West Nile virus entry into the brain causing lethal encephalitis. Nat
Med. (2004) 10:1366–73. doi: 10.1038/nm1140

42. Tsai YT, Chang SY, Lee CN, Kao CL. Human TLR3 recognizes dengue virus and
modulates viral replication in vitro. Cell Microbiol. (2009) 11:604–15. doi: 10.1111/
j.1462-5822.2008.01277.x

43. Tabeta K, Georgel P, Janssen E, Du X, Hoebe K, Crozat K, et al. Toll-like
receptors 9 and 3 as essential components of innate immune defense against mouse
Frontiers in Immunology 17
cytomegalovirus infection. Proc Natl Acad Sci United States America. (2004) 101:3516–
21. doi: 10.1073/pnas.0400525101

44. Zhang SY, Jouanguy E, Ugolini S, Smahi A, Elain G, Romero P, et al. TLR3
deficiency in patients with herpes simplex encephalitis. Science. (2007) 317:1522–7.
doi: 10.1126/science.1139522

45. Weber F, Wagner V, Rasmussen SB, Hartmann R, Paludan SR. Double-stranded
RNA is produced by positive-strand RNA viruses and DNA viruses but not in detecta
ble amounts by negative-strand RNA viruses. J Virol. (2006) 80:5059–64. doi: 10.1128/
JVI.80.10.5059-5064.2006

46. Son KN, Liang Z, Lipton HL. Double-stranded RNA is detected by
immunofluorescence analysis in RNA and DNA virus infections, including those by
negative-stranded RNA viruses. J Virol. (2015) 89:9383–92. doi: 10.1128/JVI.01299-15

47. Sartorius R, Trovato M, Manco R, D’Apice L, De Berardinis P. Exploiting viral
sensing mediated by Toll-like receptors to design innovative vaccines. NPJ Vaccines.
(2021) 6:127. doi: 10.1038/s41541-021-00391-8

48. Zhang Z, Ohto U, Shibata T, Krayukhina E, Taoka M, Yamauchi Y, et al.
Structural analysis reveals that toll-like receptor 7 is a dual receptor for guanosine and
single-stranded RNA. Immunity. (2016) 45:737–48. doi: 10.1016/j.immuni.2016.09.011

49. Zhang Z, Ohto U, Shibata T, Taoka M, Yamauchi Y, Sato R, et al. Structural
analyses of toll-like receptor 7 reveal detailed RNA sequence specificity and recognition
mechanism of agonistic ligands. Cell Rep. (2018) 25:3371–3381.e3375. doi: 10.1016/
j.celrep.2018.11.081

50. Tanji H, Ohto U, Shibata T, Taoka M, Yamauchi Y, Isobe T, et al. Toll-like
receptor 8 senses degradation products of single-stranded RNA. Nat Struct Mol Biol.
(2015) 22:109–15. doi: 10.1038/nsmb.2943

51. Greulich W, Wagner M, Gaidt MM, Stafford C, Cheng Y, Linder A, et al. TLR8 is
a sensor of RNase T2 degradation products. Cell. (2019) 179:1264–1275.e1213.
doi: 10.1016/j.cell.2019.11.001

52. Berouti M, Lammens K, Heiss M, Hansbauer L, Bauernfried S, Stockl J, et al.
Lysosomal endonuclease RNase T2 and PLD exonucleases cooperatively generate RNA
ligands for TLR7 activation. Immunity. (2024) 57:1482–1496. e1488. doi: 10.1016/
j.immuni.2024.04.010

53. Ohto U, Shibata T, Tanji H, Ishida H, Krayukhina E, Uchiyama S, et al.
Structural basis of CpG and inhibitory DNA recognition by Toll-like receptor 9.
Nature. (2015) 520:702–5. doi: 10.1038/nature14138

54. Ohto U, Ishida H, Shibata T, Sato R, Miyake K, Shimizu T. Toll-like receptor 9
contains two DNA binding sites that function cooperatively to promote receptor
dimerization and activation. Immunity. (2018) 48:649–658 e644. doi: 10.1016/
j.immuni.2018.03.013

55. Salvi V, Nguyen HO, Sozio F, Schioppa T, Gaudenzi C, Laffranchi M, et al.
SARS-CoV-2-associated ssRNAs activate inflammation and immunity via TLR7/8. JCI
Insight. (2021) 6. doi: 10.1172/jci.insight.150542

56. van der Sluis RM, Cham LB, Gris-Oliver A, Gammelgaard KR, Pedersen JG,
Idorn M, et al. TLR2 and TLR7 mediate distinct immunopathological and antiviral
plasmacytoid dendritic cell responses to SARS-CoV-2 infection. EMBO J. (2022) 41:
e109622. doi: 10.15252/embj.2021109622

57. Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, et al. A Toll-like
receptor recognizes bacterial DNA. Nature. (2000) 408:740–5. doi: 10.1038/35047123

58. Krug A, Luker GD, Barchet W, Leib DA, Akira S, Colonna M. Herpes simplex
virus type 1 activates murine natural interferon-producing cells through toll-like
receptor 9. Blood. (2004) 103:1433–7. doi: 10.1182/blood-2003-08-2674

59. Sato A, Linehan MM, Iwasaki A. Dual recognition of herpes simplex viruses by
TLR2 and TLR9 in dendritic cells. Proc Natl Acad Sci United States America. (2006)
103:17343–8. doi: 10.1073/pnas.0605102103

60. Cerullo V, Seiler MP, Mane V, Brunetti-Pierri N, Clarke C, Bertin TK, et al. Toll-
like receptor 9 triggers an innate immune response to helper-dependent adenoviral
vectors. Mol Ther. (2007) 15:378–85. doi: 10.1038/sj.mt.6300031

61. Latz E, Schoenemeyer A, Visintin A, Fitzgerald KA, Monks BG, Knetter CF, et al.
TLR9 signals after translocating from the ER to CpG DNA in the lysosome. Nat
Immunol. (2004) 5:190–8. doi: 10.1038/ni1028

62. Combes A, Camosseto V, N’Guessan P, Arguello RJ, Mussard J, Caux C, et al.
BAD-LAMP controls TLR9 trafficking and signalling in human plasmacytoid dendritic
cells. Nat Commun. (2017) 8:913. doi: 10.1038/s41467-017-00695-1

63. Lai JH, Wang MY, Huang CY, Wu CH, Hung LF, Yang CY, et al. Infection with
the dengue RNA virus activates TLR9 signaling in human dendritic cells. EMBO Rep.
(2018) 19. doi: 10.15252/embr.201846182

64. Costa TJ, Potje SR, Fraga-Silva TFC, da Silva-Neto JA, Barros PR, Rodrigues D, et al.
Mitochondrial DNA and TLR9 activation contribute to SARS-CoV-2-induced endothelial
cell damage. Vascul Pharmacol. (2022) 142:106946. doi: 10.1016/j.vph.2021.106946

65. Lee KY, Craig C, Patel SS. Unraveling blunt-end RNA binding and ATPase-
driven translocation activities of the RIG-I family helicase LGP2. Nucleic Acids Res.
(2024) 52:355–69. doi: 10.1093/nar/gkad1106

66. Rehwinkel J, Gack MU. RIG-I-like receptors: their regulation and roles in RNA
sensing. Nat Rev Immunol. (2020) 20:537–51. doi: 10.1038/s41577-020-0288-3

67. Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K, et al.
Differential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses.
Nature. (2006) 441:101–5. doi: 10.1038/nature04734
frontiersin.org

https://doi.org/10.1093/nar/gkt844
https://doi.org/10.1016/j.cell.2009.06.015
https://doi.org/10.1073/pnas.2009947117
https://doi.org/10.1073/pnas.2009947117
https://doi.org/10.1172/JCI92280
https://doi.org/10.1073/pnas.1518130113
https://doi.org/10.1073/pnas.1518130113
https://doi.org/10.3389/fimmu.2019.02202
https://doi.org/10.1371/journal.ppat.1005772
https://doi.org/10.1016/j.immuni.2018.10.008
https://doi.org/10.1016/j.immuni.2018.10.008
https://doi.org/10.1038/s41467-023-43784-0
https://doi.org/10.1128/MCB.01368-10
https://doi.org/10.1002/eji.201545794
https://doi.org/10.1002/eji.201545794
https://doi.org/10.1038/nature11583
https://doi.org/10.1038/ncomms2857
https://doi.org/10.4049/jimmunol.2300867
https://doi.org/10.3390/microorganisms9091820
https://doi.org/10.1126/science.1155406
https://doi.org/10.1073/pnas.0710779105
https://doi.org/10.4049/jimmunol.1002845
https://doi.org/10.1038/s41467-023-35844-2
https://doi.org/10.1038/s41467-023-35844-2
https://doi.org/10.1038/s41467-022-34602-0
https://doi.org/10.1126/scisignal.aac9340
https://doi.org/10.1038/nm1140
https://doi.org/10.1111/j.1462-5822.2008.01277.x
https://doi.org/10.1111/j.1462-5822.2008.01277.x
https://doi.org/10.1073/pnas.0400525101
https://doi.org/10.1126/science.1139522
https://doi.org/10.1128/JVI.80.10.5059-5064.2006
https://doi.org/10.1128/JVI.80.10.5059-5064.2006
https://doi.org/10.1128/JVI.01299-15
https://doi.org/10.1038/s41541-021-00391-8
https://doi.org/10.1016/j.immuni.2016.09.011
https://doi.org/10.1016/j.celrep.2018.11.081
https://doi.org/10.1016/j.celrep.2018.11.081
https://doi.org/10.1038/nsmb.2943
https://doi.org/10.1016/j.cell.2019.11.001
https://doi.org/10.1016/j.immuni.2024.04.010
https://doi.org/10.1016/j.immuni.2024.04.010
https://doi.org/10.1038/nature14138
https://doi.org/10.1016/j.immuni.2018.03.013
https://doi.org/10.1016/j.immuni.2018.03.013
https://doi.org/10.1172/jci.insight.150542
https://doi.org/10.15252/embj.2021109622
https://doi.org/10.1038/35047123
https://doi.org/10.1182/blood-2003-08-2674
https://doi.org/10.1073/pnas.0605102103
https://doi.org/10.1038/sj.mt.6300031
https://doi.org/10.1038/ni1028
https://doi.org/10.1038/s41467-017-00695-1
https://doi.org/10.15252/embr.201846182
https://doi.org/10.1016/j.vph.2021.106946
https://doi.org/10.1093/nar/gkad1106
https://doi.org/10.1038/s41577-020-0288-3
https://doi.org/10.1038/nature04734
https://doi.org/10.3389/fimmu.2025.1632283
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jung et al. 10.3389/fimmu.2025.1632283
68. Oshiumi H, Miyashita M, Matsumoto M, Seya T. A distinct role of Riplet-
mediated K63-Linked polyubiquitination of the RIG-I repressor domain in human
antiviral innate immune responses. PloS Pathog. (2013) 9:e1003533. doi: 10.1371/
journal.ppat.1003533

69. Friedman CS, O’Donnell MA, Legarda-Addison D, Ng A, Cardenas WB, Yount
JS, et al. The tumour suppressor CYLD is a negative regulator of RIG-I-mediated
antiviral response. EMBO Rep. (2008) 9:930–6. doi: 10.1038/embor.2008.136

70. Fan Y, Mao R, Yu Y, Liu S, Shi Z, Cheng J, et al. USP21 negatively regulates
antiviral response by acting as a RIG-I deubiquitinase. J Exp Med. (2014) 211:313–28.
doi: 10.1084/jem.20122844

71. Hou P, Yang K, Jia P, Liu L, Lin Y, Li Z, et al. A novel selective autophagy
receptor, CCDC50, delivers K63 polyubiquitination-activated RIG-I/MDA5 for
degradation during viral infection. Cell Res. (2021) 31:62–79. doi: 10.1038/s41422-
020-0362-1

72. Jiang M, ZhangWW, Liu P, YuW, Liu T, Yu J. Dysregulation of SOCS-mediated
negative feedback of cytokine signaling in carcinogenesis and its significance in cancer
treatment. Front Immunol. (2017) 8:70. doi: 10.3389/fimmu.2017.00070

73. Wu B, Peisley A, Richards C, Yao H, Zeng X, Lin C, et al. Structural basis for
dsRNA recognition, filament formation, and antiviral signal activation by MDA5. Cell.
(2013) 152:276–89. doi: 10.1016/j.cell.2012.11.048

74. Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi M, Taira K,
et al. Shared and unique functions of the DExD/H-box helicases RIG-I, MDA5, and
LGP2 in antiviral innate immunity. J Immunol. (2005) 175:2851–8. doi: 10.4049/
jimmunol.175.5.2851

75. Satoh T, Kato H, Kumagai Y, Yoneyama M, Sato S, Matsushita K, et al. LGP2 is a
positive regulator of RIG-I- and MDA5-mediated antiviral responses. Proc Natl Acad
Sci U.S.A. (2010) 107:1512–7. doi: 10.1073/pnas.0912986107

76. Duic I, Tadakuma H, Harada Y, Yamaue R, Deguchi K, Suzuki Y, et al. Viral
RNA recognition by LGP2 andMDA5, and activation of signaling through step-by-step
conformational changes. Nucleic Acids Res. (2020) 48:11664–74. doi: 10.1093/nar/
gkaa935

77. Sanchez David RY, Combredet C, Najburg V, Millot GA, Beauclair G,
Schwikowski B, et al. LGP2 binds to PACT to regulate RIG-I- and MDA5-mediated
antiviral responses. Sci Signaling. (2019) 12. doi: 10.1126/scisignal.aar3993

78. Pippig DA, Hellmuth JC, Cui S, Kirchhofer A, Lammens K, Lammens A, et al.
The regulatory domain of the RIG-I family ATPase LGP2 senses double-stranded RNA.
. Nucleic Acids Res. (2009) 37:2014–25. doi: 10.1093/nar/gkp059

79. Bruns AM, Pollpeter D, Hadizadeh N, Myong S, Marko JF, Horvath CM. ATP
hydrolysis enhances RNA recognition and antiviral signal transduction by the innate
immune sensor, laboratory of genetics and physiology 2 (LGP2). J Biol Chem. (2013)
288:938–46. doi: 10.1074/jbc.M112.424416

80. Komuro A, Horvath CM. RNA- and virus-independent inhibition of antiviral
signaling by RNA helicase LGP2. J Virol. (2006) 80:12332–42. doi: 10.1128/JVI.01325-
06

81. Gao G, Guo X, Goff SP. Inhibition of retroviral RNA production by ZAP, a
CCCH-type zinc finger protein. Science. (2002) 297:1703–6. doi: 10.1126/
science.1074276

82. Meagher JL, Takata M, Goncalves-Carneiro D, Keane SC, Rebendenne A, Ong
H, et al. Structure of the zinc-finger antiviral protein in complex with RNA reveals a
mechanism for selective targeting of CG-rich viral sequences. Proc Natl Acad Sci U.S.A.
(2019) 116:24303–9. doi: 10.1073/pnas.1913232116

83. Takata MA, Goncalves-Carneiro D, Zang TM, Soll SJ, York A, Blanco-Melo D,
et al. CG dinucleotide suppression enables antiviral defence targeting non-self RNA.
Nature. (2017) 550:124–7. doi: 10.1038/nature24039

84. Yu W, Ji H, Long F, Chen S, He Q, Xia Y, et al. Inhibition of hepatitis E virus
replication by zinc-finger antiviral Protein synergizes with IFN-beta. J Viral Hepat.
(2021) 28:1219–29. doi: 10.1111/jvh.13522

85. Li MMH, Aguilar EG, Michailidis E, Pabon J, Park P, Wu X, et al.
Characterization of novel splice variants of zinc finger antiviral protein (ZAP). J
Virol. (2019) 93. doi: 10.1128/JVI.00715-19

86. Nguyen LP, Aldana KS, Yang E, Yao Z, Li MMH. Alphavirus evasion of zinc
finger antiviral protein (ZAP) correlates with cpG suppression in a specific viral nsP2
gene sequence. Viruses. (2023) 15. doi: 10.3390/v15040830

87. Lista MJ, Witney AA, Nichols J, Davison AJ, Wilson H, Latham KA, et al. Strain-
dependent restriction of human cytomegalovirus by zinc finger antiviral proteins. J
Virol. (2023) 97:e0184622. doi: 10.1128/jvi.01846-22

88. Peng C, Wyatt LS, Glushakow-Smith SG, Lal-Nag M, Weisberg AS, Moss B.
Zinc-finger antiviral protein (ZAP) is a restriction factor for replication of modified
vaccinia virus Ankara (MVA) in human cells. PloS Pathog. (2020) 16:e1008845.
doi: 10.1371/journal.ppat.1008845

89. Schwerk J, Soveg FW, Ryan AP, Thomas KR, Hatfield LD, Ozarkar S, et al. RNA-
binding protein isoforms ZAP-S and ZAP-L have distinct antiviral and immune
resolution functions. Nat Immunol. (2019) 20:1610–20. doi: 10.1038/s41590-019-0527-6

90. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic
DNA sensor that activates the type I interferon pathway. Science. (2013) 339:786–91.
doi: 10.1126/science.1232458
Frontiers in Immunology 18
91. Boyer JA, Spangler CJ, Strauss JD, Cesmat AP, Liu P, McGinty RK, et al.
Structural basis of nucleosome-dependent cGAS inhibition. Science. (2020) 370:450–4.
doi: 10.1126/science.abd0609

92. Civril F, Deimling T, de Oliveira Mann CC, Ablasser A, Moldt M, Witte G, et al.
Structural mechanism of cytosolic DNA sensing by cGAS. Nature. (2013) 498:332–7.
doi: 10.1038/nature12305

93. Kranzusch PJ, Lee AS, Berger JM, Doudna JA. Structure of human cGAS reveals
a conserved family of second-messenger enzymes in innate immunity. Cell Rep. (2013)
3:1362–8. doi: 10.1016/j.celrep.2013.05.008

94. Xie W, Lama L, Adura C, Tomita D, Glickman JF, Tuschl T, et al. Human cGAS
catalytic domain has an additional DNA-binding interface that enhances enzymatic
activity and liquid-phase condensation. Proc Natl Acad Sci U.S.A. (2019) 116:11946–55.
doi: 10.1073/pnas.1905013116

95. Li X, Shu C, Yi G, Chaton CT, Shelton CL, Diao J, et al. Cyclic GMP-AMP
synthase is activated by double-stranded DNA-induced oligomerization. Immunity.
(2013) 39:1019–31. doi: 10.1016/j.immuni.2013.10.019

96. Du M, Chen ZJ. DNA-induced liquid phase condensation of cGAS activates
innate immune signaling. Science. (2018) 361:704–9. doi: 10.1126/science.aat1022

97. Wu Y, Song K, Hao W, Li J, Wang L, Li S. Nuclear soluble cGAS senses double-
stranded DNA virus infection. Commun Biol. (2022) 5:433. doi: 10.1038/s42003-022-
03400-1

98. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic
DNA sensor that activates the type I interferon pathway. Science. (2013) 339:786–91.
doi: 10.1126/science.1232458

99. Ma Z, Jacobs SR, West JA, Stopford C, Zhang Z, Davis Z, et al. Modulation of the
cGAS-STING DNA sensing pathway by gammaherpesviruses. Proc Natl Acad Sci
United States America. (2015) 112:E4306–4315. doi: 10.1073/pnas.1503831112

100. Balka KR, Louis C, Saunders TL, Smith AM, Calleja DJ, D’Silva DB, et al. TBK1
and IKKepsilon act redundantly to mediate STING-induced NF-kappaB responses in
myeloid cells. Cell Rep. (2020) 31:107492. doi: 10.1016/j.celrep.2020.03.056

101. Barnett KC, Coronas-Serna JM, Zhou W, Ernandes MJ, Cao A, Kranzusch PJ,
et al. Phosphoinositide Interactions Position cGAS at the Plasma Membrane to Ensure
Efficient Distinction between Self- and Viral DNA. Cell. (2019) 176:1432–1446 e1411.
doi: 10.1016/j.cell.2019.01.049

102. Michalski S, de Oliveira Mann CC, Stafford CA, Witte G, Bartho J, Lammens K,
et al. Structural basis for sequestration and autoinhibition of cGAS by chromatin.
Nature. (2020) 587:678–82. doi: 10.1038/s41586-020-2748-0

103. Volkman HE, Cambier S, Gray EE, Stetson DB. Tight nuclear tethering of cGAS
is essential for preventing autoreactivity. Elife. (2019) 8. doi: 10.7554/eLife.47491

104. Gentili M, Lahaye X, Nadalin F, Nader GPF, Puig Lombardi E, Herve S, et al.
The N-terminal domain of cGAS determines preferential association with centromeric
DNA and innate immune activation in the nucleus. Cell Rep. (2019) 26:2377–
2393.e2313. doi: 10.1016/j.celrep.2019.01.105

105. Pathare GR, Decout A, Gluck S, Cavadini S, Makasheva K, Hovius R, et al.
Structural mechanism of cGAS inhibition by the nucleosome. Nature. (2020) 587:668–
72. doi: 10.1038/s41586-020-2750-6

106. Neufeldt CJ, Cerikan B, Cortese M, Frankish J, Lee JY, Plociennikowska A, et al.
SARS-CoV-2 infection induces a pro-inflammatory cytokine response through cGAS-
STING and NF-kappaB. Commun Biol. (2022) 5:45. doi: 10.1038/s42003-021-02983-5

107. Herzner AM, Hagmann CA, Goldeck M,Wolter S, Kubler K, Wittmann S, et al.
Sequence-specific activation of the DNA sensor cGAS by Y-form DNA structures as
found in primary HIV-1 cDNA.Nat Immunol. (2015) 16:1025–33. doi: 10.1038/ni.3267

108. Gao D, Wu J, Wu YT, Du F, Aroh C, Yan N, et al. Cyclic GMP-AMP synthase is
an innate immune sensor of HIV and other retroviruses. Science. (2013) 341:903–6.
doi: 10.1126/science.1240933

109. Sumner RP, Harrison L, Touizer E, Peacock TP, Spencer M, Zuliani-Alvarez L,
et al. Disrupting HIV-1 capsid formation causes cGAS sensing of viral DNA. EMBO J.
(2020) 39:e103958. doi: 10.15252/embj.2019103958

110. Lahaye X, Satoh T, Gentili M, Cerboni S, Conrad C, Hurbain I, et al. The
capsids of HIV-1 and HIV-2 determine immune detection of the viral cDNA by the
innate sensor cGAS in dendritic cells. Immunity. (2013) 39:1132–42. doi: 10.1016/
j.immuni.2013.11.002

111. Hartmann R, Justesen J, Sarkar SN, Sen GC, Yee VC. Crystal structure of the 2’-
specific and double-stranded RNA-activated interferon-induced antiviral protein 2’-5’-
oligoadenylate synthetase. Mol Cell. (2003) 12:1173–85. doi: 10.1016/S1097-2765(03)
00433-7

112. Donovan J, Dufner M, Korennykh A. Structural basis for cytosolic double-
stranded RNA surveillance by human oligoadenylate synthetase 1. Proc Natl Acad Sci
United States America. (2013) 110:1652–7. doi: 10.1073/pnas.1218528110

113. Donovan J, Whitney G, Rath S, Korennykh A. Structural mechanism of sensing
long dsRNA via a noncatalytic domain in human oligoadenylate synthetase 3. Proc Natl
Acad Sci United States America. (2015) 112:3949–54. doi: 10.1073/pnas.1419409112

114. Koul A, Deo S, Booy EP, Orriss GL, Genung M, McKenna SA. Impact of
double-stranded RNA characteristics on the activation of human 2’-5’-oligoadenylate
synthetase 2 (OAS2). Biochem Cell Biol. (2020) 98:70–82. doi: 10.1139/bcb-2019-0060
frontiersin.org

https://doi.org/10.1371/journal.ppat.1003533
https://doi.org/10.1371/journal.ppat.1003533
https://doi.org/10.1038/embor.2008.136
https://doi.org/10.1084/jem.20122844
https://doi.org/10.1038/s41422-020-0362-1
https://doi.org/10.1038/s41422-020-0362-1
https://doi.org/10.3389/fimmu.2017.00070
https://doi.org/10.1016/j.cell.2012.11.048
https://doi.org/10.4049/jimmunol.175.5.2851
https://doi.org/10.4049/jimmunol.175.5.2851
https://doi.org/10.1073/pnas.0912986107
https://doi.org/10.1093/nar/gkaa935
https://doi.org/10.1093/nar/gkaa935
https://doi.org/10.1126/scisignal.aar3993
https://doi.org/10.1093/nar/gkp059
https://doi.org/10.1074/jbc.M112.424416
https://doi.org/10.1128/JVI.01325-06
https://doi.org/10.1128/JVI.01325-06
https://doi.org/10.1126/science.1074276
https://doi.org/10.1126/science.1074276
https://doi.org/10.1073/pnas.1913232116
https://doi.org/10.1038/nature24039
https://doi.org/10.1111/jvh.13522
https://doi.org/10.1128/JVI.00715-19
https://doi.org/10.3390/v15040830
https://doi.org/10.1128/jvi.01846-22
https://doi.org/10.1371/journal.ppat.1008845
https://doi.org/10.1038/s41590-019-0527-6
https://doi.org/10.1126/science.1232458
https://doi.org/10.1126/science.abd0609
https://doi.org/10.1038/nature12305
https://doi.org/10.1016/j.celrep.2013.05.008
https://doi.org/10.1073/pnas.1905013116
https://doi.org/10.1016/j.immuni.2013.10.019
https://doi.org/10.1126/science.aat1022
https://doi.org/10.1038/s42003-022-03400-1
https://doi.org/10.1038/s42003-022-03400-1
https://doi.org/10.1126/science.1232458
https://doi.org/10.1073/pnas.1503831112
https://doi.org/10.1016/j.celrep.2020.03.056
https://doi.org/10.1016/j.cell.2019.01.049
https://doi.org/10.1038/s41586-020-2748-0
https://doi.org/10.7554/eLife.47491
https://doi.org/10.1016/j.celrep.2019.01.105
https://doi.org/10.1038/s41586-020-2750-6
https://doi.org/10.1038/s42003-021-02983-5
https://doi.org/10.1038/ni.3267
https://doi.org/10.1126/science.1240933
https://doi.org/10.15252/embj.2019103958
https://doi.org/10.1016/j.immuni.2013.11.002
https://doi.org/10.1016/j.immuni.2013.11.002
https://doi.org/10.1016/S1097-2765(03)00433-7
https://doi.org/10.1016/S1097-2765(03)00433-7
https://doi.org/10.1073/pnas.1218528110
https://doi.org/10.1073/pnas.1419409112
https://doi.org/10.1139/bcb-2019-0060
https://doi.org/10.3389/fimmu.2025.1632283
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jung et al. 10.3389/fimmu.2025.1632283
115. Wang Y, Holleufer A, Gad HH, Hartmann R. Length dependent activation of
OAS proteins by dsRNA. Cytokine. (2020) 126:154867. doi: 10.1016/j.cyto.2019.154867

116. Bignon E, Miclot T, Terenzi A, Barone G, Monari A. Structure of the 5’
untranslated region in SARS-CoV-2 genome and its specific recognition by innate
immune system via the human oligoadenylate synthase 1. Chem Commun (Camb).
(2022) 58:2176–9. doi: 10.1039/D1CC07006A

117. Wickenhagen A, Sugrue E, Lytras S, Kuchi S, Noerenberg M, Turnbull ML,
et al. A prenylated dsRNA sensor protects against severe COVID-19. Science. (2021)
374:eabj3624. doi: 10.1126/science.abj3624

118. Soveg FW, Schwerk J, Gokhale NS, Cerosaletti K, Smith JR, Pairo-Castineira E,
et al. Endomembrane targeting of human OAS1 p46 augments antiviral activity. Elife.
(2021) 10. doi: 10.7554/eLife.71047.sa2

119. Reineke LC, Lloyd RE. The stress granule protein G3BP1 recruits protein kinase
R to promote multiple innate immune antiviral responses. J Virol. (2015) 89:2575–89.
doi: 10.1128/JVI.02791-14

120. Yoo JS, Takahasi K, Ng CS, Ouda R, Onomoto K, Yoneyama M, et al. DHX36
enhances RIG-I signaling by facilitating PKR-mediated antiviral stress granule
formation. PloS Pathog. (2014) 10. doi: 10.1371/journal.ppat.1004012

121. Manivannan P, Siddiqui MA, Malathi K. RNase L amplifies interferon signaling
by inducing protein kinase R-mediated antiviral stress granules. J Virol. (2020) 94.
doi: 10.1128/JVI.00205-20

122. Zappa F, Muniozguren NL, Wilson MZ, Costello MS, Ponce-Rojas JC, Acosta-
Alvear D. Signaling by the integrated stress response kinase PKR is fine-tuned by
dynamic clustering. J Cell Biol. (2022) 221. doi: 10.1083/jcb.202111100

123. Kim Y, Park J, Kim S, KimM, Kang MG, Kwak C, et al. PKR senses nuclear and
mitochondrial signals by interacting with endogenous double-stranded RNAs. Mol
Cell. (2018) 71:1051–1063 e1056. doi: 10.1016/j.molcel.2018.07.029

124. Cole JL. Activation of PKR: an open and shut case? Trends Biochem Sci. (2007)
32:57–62. doi: 10.1016/j.tibs.2006.12.003

125. Onomoto K, Jogi M, Yoo JS, Narita R, Morimoto S, Takemura A, et al. Critical
role of an antiviral stress granule containing RIG-I and PKR in viral detection and
innate immunity. PloS One. (2012) 7:e43031. doi: 10.1371/journal.pone.0043031

126. Corbet GA, Burke JM, Bublitz GR, Tay JW, Parker R. dsRNA-induced
condensation of antiviral proteins modulates PKR activity. Proc Natl Acad Sci United
States America. (2022) 119:e2204235119. doi: 10.1073/pnas.2204235119

127. Paget M, Cadena C, Ahmad S, Wang HT, Jordan TX, Kim E, et al. Stress
granules are shock absorbers that prevent excessive innate immune responses to
dsRNA. Mol Cell. (2023) 83:1180–1196.e1188. doi: 10.1016/j.molcel.2023.03.010

128. Manjunath L, Santiago G, Ortega P, Sanchez A, Oh S, Garcia A, et al. Cooperative
role of PACT and ADAR1 in preventing aberrant PKR activation by self-derived double-
stranded RNA. Nat Commun. (2025) 16:3246. doi: 10.1038/s41467-025-58412-2

129. Sodroski CN, Knipe DM. Nuclear interferon-stimulated gene product
maintains heterochromatin on the herpes simplex viral genome to limit lytic
infection. Proc Natl Acad Sci United States America. (2023) 120:e2310996120.
doi: 10.1073/pnas.2310996120

130. Johnson KE, Bottero V, Flaherty S, Dutta S, Singh VV, Chandran B. IFI16
restricts HSV-1 replication by accumulating on the hsv-1 genome, repressing HSV-1
gene expression, and directly or indirectly modulating histone modifications. PloS
Pathog. (2014) 10:e1004503. doi: 10.1371/journal.ppat.1004503

131. Howard TR, Lum KK, Kennedy MA, Cristea IM. The nuclear DNA sensor
IFI16 indiscriminately binds to and diminishes accessibility of the HSV-1 genome to
suppress infection. mSystems. (2022) 7:e0019822. doi: 10.1128/msystems.00198-22

132. Dell’Oste V, Gatti D, Gugliesi F, De Andrea M, Bawadekar M, Lo Cigno I, et al.
Innate nuclear sensor IFI16 translocates into the cytoplasm during the early stage of in
vitro human cytomegalovirus infection and is entrapped in the egressing virions during
the late stage. J Virol. (2014) 88:6970–82. doi: 10.1128/JVI.00384-14

133. Unterholzner L, Keating SE, Baran M, Horan KA, Jensen SB, Sharma S, et al.
IFI16 is an innate immune sensor for intracellular DNA. Nat Immunol. (2010) 11:997–
1004. doi: 10.1038/ni.1932

134. Orzalli MH, DeLuca NA, Knipe DM. Nuclear IFI16 induction of IRF-3 signaling
during herpesviral infection and degradation of IFI16 by the viral ICP0 protein. Proc Natl
Acad Sci United States America. (2012) 109:E3008–3017. doi: 10.1073/pnas.1211302109

135. Orzalli MH, Conwell SE, Berrios C, DeCaprio JA, Knipe DM. Nuclear
interferon-inducible protein 16 promotes silencing of herpesviral and transfected
DNA. Proc Natl Acad Sci United States America. (2013) 110:E4492–4501.
doi: 10.1073/pnas.1316194110

136. Jiang Z, Wei F, Zhang Y, Wang T, Gao W, Yu S, et al. IFI16 directly senses viral
RNA and enhances RIG-I transcription and activation to restrict influenza virus
infection. Nat Microbiol. (2021) 6:932–45. doi: 10.1038/s41564-021-00907-x

137. Bosso M, Prelli Bozzo C, Hotter D, Volcic M, Sturzel CM, Rammelt A, et al.
Nuclear PYHIN proteins target the host transcription factor Sp1 thereby restricting
HIV-1 in human macrophages and CD4+ T cells. PloS Pathog. (2020) 16:e1008752.
doi: 10.1371/journal.ppat.1008752

138. Bauernfried S, Scherr MJ, Pichlmair A, Duderstadt KE, Hornung V. Human
NLRP1 is a sensor for double-stranded RNA. Science. (2021) 371. doi: 10.1126/
science.abd0811
Frontiers in Immunology 19
139. Shen C, Li R, Negro R, Cheng J, Vora SM, Fu TM, et al. Phase separation drives
RNA virus-induced activation of the NLRP6 inflammasome. Cell. (2021) 184:5759–
5774.e5720. doi: 10.1016/j.cell.2021.09.032

140. Takaoka A, Wang Z, Choi MK, Yanai H, Negishi H, Ban T, et al. DAI (DLM-1/
ZBP1) is a cytosolic DNA sensor and an activator of innate immune response. Nature.
(2007) 448:501–5. doi: 10.1038/nature06013

141. Thapa RJ, Ingram JP, Ragan KB, Nogusa S, Boyd DF, Benitez AA, et al. DAI
senses influenza A virus genomic RNA and activates RIPK3-dependent cell death. Cell
Host Microbe. (2016) 20:674–81. doi: 10.1016/j.chom.2016.09.014

142. Maelfait J, Liverpool L, Bridgeman A, Ragan KB, Upton JW, Rehwinkel J.
Sensing of viral and endogenous RNA by ZBP1/DAI induces necroptosis. EMBO J.
(2017) 36:2529–43. doi: 10.15252/embj.201796476

143. Koehler H, Cotsmire S, Zhang T, Balachandran S, Upton JW, Langland J, et al.
Vaccinia virus E3 prevents sensing of Z-RNA to block ZBP1-dependent necroptosis.
Cell Host Microbe. (2021) 29:1266–1276.e1265. doi: 10.1016/j.chom.2021.05.009

144. Rathinam VA, Jiang Z, Waggoner SN, Sharma S, Cole LE, Waggoner L, et al.
The AIM2 inflammasome is essential for host defense against cytosolic bacteria and
DNA viruses. Nat Immunol. (2010) 11:395–402. doi: 10.1038/ni.1864

145. Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey
DR, et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating
inflammasome with ASC. Nature. (2009) 458:514–8. doi: 10.1038/nature07725

146. Torii Y, Kawada JI, Murata T, Yoshiyama H, Kimura H, Ito Y. Epstein-Barr
virus infection-induced inflammasome activation in human monocytes. PloS One.
(2017) 12:e0175053. doi: 10.1371/journal.pone.0175053

147. Botto S, Abraham J, Mizuno N, Pryke K, Gall B, Landais I, et al. Human
cytomegalovirus immediate early 86-kDa protein blocks transcription and induces
degradation of the immature interleukin-1beta protein during virion-mediated
activation of the AIM2 inflammasome. mBio. (2019) 10. doi: 10.1128/mBio.02510-18

148. Jin T, Perry A, Jiang J, Smith P, Curry JA, Unterholzner L, et al. Structures of
the HIN domain:DNA complexes reveal ligand binding and activation mechanisms of
the AIM2 inflammasome and IFI16 receptor. Immunity. (2012) 36:561–71.
doi: 10.1016/j.immuni.2012.02.014

149. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death. Nature. (2015) 526:660–5.
doi: 10.1038/nature15514

150. Lee S, Karki R, Wang Y, Nguyen LN, Kalathur RC, Kanneganti TD. AIM2
forms a complex with pyrin and ZBP1 to drive PANoptosis and host defence. Nature.
(2021) 597:415–9. doi: 10.1038/s41586-021-03875-8

151. Zheng D, Liwinski T, Elinav E. Inflammasome activation and regulation:
toward a better understanding of complex mechanisms. Cell Discov. (2020) 6:36.
doi: 10.1038/s41421-020-0167-x

152. Kumari P, Russo AJ, Shivcharan S, Rathinam VA. AIM2 in health and disease:
Inflammasome and beyond. Immunol Rev. (2020) 297:83–95. doi: 10.1111/imr.12903

153. Yogarajah T, Ong KC, Perera D, Wong KT. AIM2 inflammasome-mediated
pyroptosis in enterovirus A71-infected neuronal cells restricts viral replication. Sci Rep.
(2017) 7:5845. doi: 10.1038/s41598-017-05589-2

154. Zhang H, Luo J, Alcorn JF, Chen K, Fan S, Pilewski J, et al. AIM2
inflammasome is critical for influenza-induced lung injury and mortality. J Immunol.
(2017) 198:4383–93. doi: 10.4049/jimmunol.1600714

155. Junqueira C, Crespo A, Ranjbar S, de Lacerda LB, Lewandrowski M, Ingber J,
et al. FcgammaR-mediated SARS-CoV-2 infection of monocytes activates
inflammation. Nature. (2022) 606:576–84. doi: 10.1038/s41586-022-04702-4

156. Sauer M, Juranek SA, Marks J, De Magis A, Kazemier HG, Hilbig D, et al.
DHX36 prevents the accumulation of translationally inactive mRNAs with G4-
structures in untranslated regions. Nat Commun. (2019) 10:2421. doi: 10.1038/
s41467-019-10432-5

157. Mizumoto A, Yokoyama Y, Miyoshi T, Takikawa M, Ishikawa F, Sadaie M.
DHX36 maintains genomic integrity by unwinding G-quadruplexes. Genes Cells.
(2023) 28:694–708. doi: 10.1111/gtc.13061

158. Murat P, Marsico G, Herdy B, Ghanbarian AT, Portella G, Balasubramanian S.
RNA G-quadruplexes at upstream open reading frames cause DHX36- and DHX9-
dependent translation of human mRNAs. Genome Biol. (2018) 19:229. doi: 10.1186/
s13059-018-1602-2

159. Lee CY, Joshi M, Wang A, Myong S. 5’UTR G-quadruplex structure enhances
translation in size dependent manner. Nat Commun. (2024) 15:3963. doi: 10.1038/
s41467-024-48247-8

160. Lattmann S, Giri B, Vaughn JP, Akman SA, Nagamine Y. Role of the amino
terminal RHAU-specific motif in the recognition and resolution of guanine
quadruplex-RNA by the DEAH-box RNA helicase RHAU. Nucleic Acids Res. (2010)
38:6219–33. doi: 10.1093/nar/gkq372

161. ChenMC, Tippana R, Demeshkina NA, Murat P, Balasubramanian S, Myong S,
et al. Structural basis of G-quadruplex unfolding by the DEAH/RHA helicase DHX36.
Nature. (2018) 558:465–9. doi: 10.1038/s41586-018-0209-9

162. Srinivasan S, Liu Z, Chuenchor W, Xiao TS, Jankowsky E. Function of auxiliary
domains of the DEAH/RHA helicase DHX36 in RNA remodeling. J Mol Biol. (2020)
432:2217–31. doi: 10.1016/j.jmb.2020.02.005
frontiersin.org

https://doi.org/10.1016/j.cyto.2019.154867
https://doi.org/10.1039/D1CC07006A
https://doi.org/10.1126/science.abj3624
https://doi.org/10.7554/eLife.71047.sa2
https://doi.org/10.1128/JVI.02791-14
https://doi.org/10.1371/journal.ppat.1004012
https://doi.org/10.1128/JVI.00205-20
https://doi.org/10.1083/jcb.202111100
https://doi.org/10.1016/j.molcel.2018.07.029
https://doi.org/10.1016/j.tibs.2006.12.003
https://doi.org/10.1371/journal.pone.0043031
https://doi.org/10.1073/pnas.2204235119
https://doi.org/10.1016/j.molcel.2023.03.010
https://doi.org/10.1038/s41467-025-58412-2
https://doi.org/10.1073/pnas.2310996120
https://doi.org/10.1371/journal.ppat.1004503
https://doi.org/10.1128/msystems.00198-22
https://doi.org/10.1128/JVI.00384-14
https://doi.org/10.1038/ni.1932
https://doi.org/10.1073/pnas.1211302109
https://doi.org/10.1073/pnas.1316194110
https://doi.org/10.1038/s41564-021-00907-x
https://doi.org/10.1371/journal.ppat.1008752
https://doi.org/10.1126/science.abd0811
https://doi.org/10.1126/science.abd0811
https://doi.org/10.1016/j.cell.2021.09.032
https://doi.org/10.1038/nature06013
https://doi.org/10.1016/j.chom.2016.09.014
https://doi.org/10.15252/embj.201796476
https://doi.org/10.1016/j.chom.2021.05.009
https://doi.org/10.1038/ni.1864
https://doi.org/10.1038/nature07725
https://doi.org/10.1371/journal.pone.0175053
https://doi.org/10.1128/mBio.02510-18
https://doi.org/10.1016/j.immuni.2012.02.014
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/s41586-021-03875-8
https://doi.org/10.1038/s41421-020-0167-x
https://doi.org/10.1111/imr.12903
https://doi.org/10.1038/s41598-017-05589-2
https://doi.org/10.4049/jimmunol.1600714
https://doi.org/10.1038/s41586-022-04702-4
https://doi.org/10.1038/s41467-019-10432-5
https://doi.org/10.1038/s41467-019-10432-5
https://doi.org/10.1111/gtc.13061
https://doi.org/10.1186/s13059-018-1602-2
https://doi.org/10.1186/s13059-018-1602-2
https://doi.org/10.1038/s41467-024-48247-8
https://doi.org/10.1038/s41467-024-48247-8
https://doi.org/10.1093/nar/gkq372
https://doi.org/10.1038/s41586-018-0209-9
https://doi.org/10.1016/j.jmb.2020.02.005
https://doi.org/10.3389/fimmu.2025.1632283
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jung et al. 10.3389/fimmu.2025.1632283
163. Jagtap PKA, Muller M, Kiss AE, Thomae AW, Lapouge K, Beck M, et al.
Structural basis of RNA-induced autoregulation of the DExH-type RNA helicase
maleless. Mol Cell. (2023) 83:4318–4333.e4310. doi: 10.1016/j.molcel.2023.10.026

164. Lee T, Pelletier J. The biology of DHX9 and its potential as a therapeutic target.
Oncotarget. (2016) 7:42716–39. doi: 10.18632/oncotarget.8446

165. Kim T, Pazhoor S, Bao M, Zhang Z, Hanabuchi S, Facchinetti V, et al.
Aspartate-glutamate-alanine-histidine box motif (DEAH)/RNA helicase A helicases
sense microbial DNA in human plasmacytoid dendritic cells. Proc Natl Acad Sci U.S.A.
(2010) 107:15181–6. doi: 10.1073/pnas.1006539107

166. Ng YC, Chung WC, Kang HR, Cho HJ, Park EB, Kang SJ, et al. A DNA-
sensing-independent role of a nuclear RNA helicase, DHX9, in stimulation of NF-
kappaB-mediated innate immunity against DNA virus infection. Nucleic Acids Res.
(2018) 46:9011–26. doi: 10.1093/nar/gky742

167. Zhang Z, Yuan B, Lu N, Facchinetti V, Liu YJ. DHX9 pairs with IPS-1 to sense
double-stranded RNA in myeloid dendritic cells. J Immunol. (2011) 187:4501–8.
doi: 10.4049/jimmunol.1101307

168. Lv L, Zhang L. Characterization of G-quadruplexes in enterovirus A71 genome
and their interaction with G-quadruplex ligands.Microbiol Spectr. (2022) 10:e0046022.
doi: 10.1128/spectrum.00460-22

169. Cui H, Zhang L. G-quadruplexes are present in human coronaviruses including
SARS-coV-2. Front Microbiol. (2020) 11:567317. doi: 10.3389/fmicb.2020.567317

170. Park D, Chung WC, Gong S, Ravichandran S, Lee GM, Han M, et al. G-
quadruplex as an essential structural element in cytomegalovirus replication origin. Nat
Commun. (2024) 15:7353. doi: 10.1038/s41467-024-51797-6

171. Terrell JR, Le TT, Paul A, BrintonMA,WilsonWD, Poon GMK, et al. Structure
of an RNA G-quadruplex from the West Nile virus genome. Nat Commun. (2024)
15:5428. doi: 10.1038/s41467-024-49761-5

172. Meier-Stephenson V, Badmalia MD, Mrozowich T, Lau KCK, Schultz SK,
Gemmill DL, et al. Identification and characterization of a G-quadruplex structure in
the pre-core promoter region of hepatitis B virus covalently closed circular DNA. J Biol
Chem. (2021) 296:100589. doi: 10.1016/j.jbc.2021.100589

173. Bernstein E, Caudy AA, Hammond SM, Hannon GJ. Role for a bidentate
ribonuclease in the initiation step of RNA interference. Nature. (2001) 409:363–6.
doi: 10.1038/35053110

174. Macrae IJ, Zhou K, Li F, Repic A, Brooks AN, Cande WZ, et al. Structural basis
for double-stranded RNA processing by Dicer. Science. (2006) 311:195–8. doi: 10.1126/
science.1121638

175. Martinez J, Patkaniowska A, Urlaub H, Luhrmann R, Tuschl T. Single-stranded
antisense siRNAs guide target RNA cleavage in RNAi. Cell. (2002) 110:563–74.
doi: 10.1016/S0092-8674(02)00908-X

176. Triboulet R, Mari B, Lin YL, Chable-Bessia C, Bennasser Y, Lebrigand K, et al.
Suppression of microRNA-silencing pathway by HIV-1 during virus replication.
Science. (2007) 315:1579–82. doi: 10.1126/science.1136319

177. Li Y, Basavappa M, Lu J, Dong S, Cronkite DA, Prior JT, et al. Induction and
suppression of antiviral RNA interference by influenza A virus in mammalian cells. Nat
Microbiol. (2016) 2:16250. doi: 10.1038/nmicrobiol.2016.250

178. Qiu Y, Xu Y, Zhang Y, Zhou H, Deng YQ, Li XF, et al. Human virus-derived
small RNAs can confer antiviral immunity in mammals. Immunity. (2017) 46:992–
1004. e1005. doi: 10.1016/j.immuni.2017.05.006

179. Yeung ML, Bennasser Y, Watashi K, Le SY, Houzet L, Jeang KT.
Pyrosequencing of small non-coding RNAs in HIV-1 infected cells: evidence for the
processing of a viral-cellular double-stranded RNA hybrid. Nucleic Acids Res. (2009)
37:6575–86. doi: 10.1093/nar/gkp707

180. Poirier EZ, Buck MD, Chakravarty P, Carvalho J, Frederico B, Cardoso A, et al.
An isoform of Dicer protects mammalian stem cells against multiple RNA viruses.
Science. (2021) 373:231–6. doi: 10.1126/science.abg2264

181. Kennedy EM, Whisnant AW, Kornepati AV, Marshall JB, Bogerd HP, Cullen
BR. Production of functional small interfering RNAs by an amino-terminal deletion
mutant of human Dicer. Proc Natl Acad Sci United States America. (2015) 112:E6945–
6954. doi: 10.1073/pnas.1513421112

182. Flemr M, Malik R, Franke V, Nejepinska J, Sedlacek R, Vlahovicek K, et al. A
retrotransposon-driven dicer isoform directs endogenous small interfering RNA
production in mouse oocytes. Cell. (2013) 155:807–16. doi: 10.1016/j.cell.2013.10.001

183. Singh M, Chazal M, Quarato P, Bourdon L, Malabat C, Vallet T, et al. A virus-
derived microRNA targets immune response genes during SARS-CoV-2 infection.
EMBO Rep. (2022) 23:e54341. doi: 10.15252/embr.202154341

184. Sui H, Chen Q, Imamichi T. Cytoplasmic-translocated Ku70 senses
intracellular DNA and mediates interferon-lambda1 induction. Immunology. (2021)
163:323–37. doi: 10.1111/imm.13318

185. Sui H, Zhou M, Imamichi H, Jiao X, Sherman BT, Lane HC, et al. STING is an
essential mediator of the Ku70-mediated production of IFN-lambda1 in response to
exogenous DNA. Sci Signal. (2017) 10. doi: 10.1126/scisignal.aah5054

186. Li Y, Wu Y, Zheng X, Cong J, Liu Y, Li J, et al. Cytoplasm-translocated ku70/80
complex sensing of HBV DNA induces hepatitis-associated chemokine secretion. Front
Immunol. (2016) 7:569. doi: 10.3389/fimmu.2016.00569
Frontiers in Immunology 20
187. Zhang X, Brann TW, Zhou M, Yang J, Oguariri RM, Lidie KB, et al. Cutting
edge: Ku70 is a novel cytosolic DNA sensor that induces type III rather than type I IFN.
J Immunol. (2011) 186:4541–5. doi: 10.4049/jimmunol.1003389

188. Wang J, Kang L, Song D, Liu L, Yang S, Ma L, et al. Ku70 senses HTLV-1 DNA
and modulates HTLV-1 replication. J Immunol. (2017) 199:2475–82. doi: 10.4049/
jimmunol.1700111

189. Kondo T, Kobayashi J, Saitoh T, Maruyama K, Ishii KJ, Barber GN, et al. DNA
damage sensor MRE11 recognizes cytosolic double-stranded DNA and induces type I
interferon by regulating STING trafficking. Proc Natl Acad Sci U.S.A. (2013) 110:2969–
74. doi: 10.1073/pnas.1222694110

190. Cho MG, Kumar RJ, Lin CC, Boyer JA, Shahir JA, Fagan-Solis K, et al. MRE11
liberates cGAS from nucleosome sequestration during tumorigenesis. Nature. (2024)
625:585–92. doi: 10.1038/s41586-023-06889-6

191. Li T, Huang T, Du M, Chen X, Du F, Ren J, et al. Phosphorylation and
chromatin tethering prevent cGAS activation during mitosis. Science. (2021) 371.
doi: 10.1126/science.abc5386

192. Cao D, Han X, Fan X, Xu RM, Zhang X. Structural basis for nucleosome-
mediated inhibition of cGAS activity. Cell Res. (2020) 30:1088–97. doi: 10.1038/s41422-
020-00422-4

193. Kujirai T, Zierhut C, Takizawa Y, Kim R, Negishi L, Uruma N, et al. Structural
basis for the inhibition of cGAS by nucleosomes. Science. (2020) 370:455–8.
doi: 10.1126/science.abd0237

194. Zhao B, Xu P, Rowlett CM, Jing T, Shinde O, Lei Y, et al. The molecular basis of
tight nuclear tethering and inactivation of cGAS. Nature. (2020) 587:673–7.
doi: 10.1038/s41586-020-2749-z

195. Diner BA, Li T, Greco TM, Crow MS, Fuesler JA, Wang J, et al. The functional
interactome of PYHIN immune regulators reveals IFIX is a sensor of viral DNA. Mol
Syst Biol. (2015) 11:787. doi: 10.15252/msb.20145808

196. Howard TR, Crow MS, Greco TM, Lum KK, Li T, Cristea IM. The DNA sensor
IFIX drives proteome alterations to mobilize nuclear and cytoplasmic antiviral
responses, with its acetylation acting as a localization toggle. mSystems. (2021) 6:
e0039721. doi: 10.1128/mSystems.00397-21

197. Yang P, An H, Liu X, Wen M, Zheng Y, Rui Y, et al. The cytosolic nucleic acid
sensor LRRFIP1 mediates the production of type I interferon via a beta-catenin-
dependent pathway. Nat Immunol. (2010) 11:487–94. doi: 10.1038/ni.1876

198. Nguyen JB, Modis Y. Crystal structure of the dimeric coiled-coil domain of the
cytosolic nucleic acid sensor LRRFIP1. J Struct Biol. (2013) 181:82–8. doi: 10.1016/
j.jsb.2012.10.006

199. Yin X, Riva L, Pu Y, Martin-Sancho L, Kanamune J, Yamamoto Y, et al. MDA5
governs the innate immune response to SARS-coV-2 in lung epithelial cells. Cell Rep.
(2021) 34:108628. doi: 10.1016/j.celrep.2020.108628

200. Wang C, Chen L, Chen Y, Jia W, Cai X, Liu Y, et al. Abnormal global alternative
RNA splicing in COVID-19 patients. PloS Genet. (2022) 18:e1010137. doi: 10.1371/
journal.pgen.1010137

201. Wang L, Wen M, Cao X. Nuclear hnRNPA2B1 initiates and amplifies the
innate immune response to DNA viruses. Science. (2019) 365. doi: 10.1126/
science.aav0758

202. Zhang Z, Yuan B, Bao M, Lu N, Kim T, Liu YJ. The helicase DDX41 senses
intracellular DNA mediated by the adaptor STING in dendritic cells. Nat Immunol.
(2011) 12:959–65. doi: 10.1038/ni.2091

203. Singh RS, Vidhyasagar V, Yang S, Arna AB, Yadav M, Aggarwal A, et al.
DDX41 is required for cGAS-STING activation against DNA virus infection. Cell Rep.
(2022) 39:110856. doi: 10.1016/j.celrep.2022.110856

204. Stavrou S, Aguilera AN, Blouch K, Ross SR. DDX41 recognizes RNA/DNA
retroviral reverse transcripts and is critical for in vivo control of murine leukemia virus
infection. MBio. (2018) 9. doi: 10.1128/mBio.00923-18

205. Ma JX, Li JY, Fan DD, FengW, Lin AF, Xiang LX, et al. Identification of DEAD-
box RNA helicase DDX41 as a trafficking protein that involves in multiple innate
immune signaling pathways in a zebrafish model. Front Immunol. (2018) 9:1327.
doi: 10.3389/fimmu.2018.01327

206. Jack A, Ferro LS, Trnka MJ, Wehri E, Nadgir A, Nguyenla X, et al. SARS-CoV-2
nucleocapsid protein forms condensates with viral genomic RNA. PloS Biol. (2021) 19:
e3001425. doi: 10.1371/journal.pbio.3001425

207. Zhao H, Wu D, Nguyen A, Li Y, Adao RC, Valkov E, et al. Energetic and
structural features of SARS-CoV-2 N-protein co-assemblies with nucleic acids. iScience.
(2021) 24:102523. doi: 10.1016/j.isci.2021.102523

208. Chen A, Lupan AM, Quek RT, Stanciu SG, Asaftei M, Stanciu GA, et al. A
coronaviral pore-replicase complex links RNA synthesis and export from double-
membrane vesicles. Sci Adv. (2024) 10:eadq9580. doi: 10.1126/sciadv.adq9580

209. Huang Y, Wang T, Zhong L, Zhang W, Zhang Y, Yu X, et al. Molecular
architecture of coronavirus double-membrane vesicle pore complex. Nature. (2024)
633:224–31. doi: 10.1038/s41586-024-07817-y

210. Jacques DA, McEwan WA, Hilditch L, Price AJ, Towers GJ, James LC. HIV-1
uses dynamic capsid pores to import nucleotides and fuel encapsidated DNA synthesis.
Nature. (2016) 536:349–53. doi: 10.1038/nature19098
frontiersin.org

https://doi.org/10.1016/j.molcel.2023.10.026
https://doi.org/10.18632/oncotarget.8446
https://doi.org/10.1073/pnas.1006539107
https://doi.org/10.1093/nar/gky742
https://doi.org/10.4049/jimmunol.1101307
https://doi.org/10.1128/spectrum.00460-22
https://doi.org/10.3389/fmicb.2020.567317
https://doi.org/10.1038/s41467-024-51797-6
https://doi.org/10.1038/s41467-024-49761-5
https://doi.org/10.1016/j.jbc.2021.100589
https://doi.org/10.1038/35053110
https://doi.org/10.1126/science.1121638
https://doi.org/10.1126/science.1121638
https://doi.org/10.1016/S0092-8674(02)00908-X
https://doi.org/10.1126/science.1136319
https://doi.org/10.1038/nmicrobiol.2016.250
https://doi.org/10.1016/j.immuni.2017.05.006
https://doi.org/10.1093/nar/gkp707
https://doi.org/10.1126/science.abg2264
https://doi.org/10.1073/pnas.1513421112
https://doi.org/10.1016/j.cell.2013.10.001
https://doi.org/10.15252/embr.202154341
https://doi.org/10.1111/imm.13318
https://doi.org/10.1126/scisignal.aah5054
https://doi.org/10.3389/fimmu.2016.00569
https://doi.org/10.4049/jimmunol.1003389
https://doi.org/10.4049/jimmunol.1700111
https://doi.org/10.4049/jimmunol.1700111
https://doi.org/10.1073/pnas.1222694110
https://doi.org/10.1038/s41586-023-06889-6
https://doi.org/10.1126/science.abc5386
https://doi.org/10.1038/s41422-020-00422-4
https://doi.org/10.1038/s41422-020-00422-4
https://doi.org/10.1126/science.abd0237
https://doi.org/10.1038/s41586-020-2749-z
https://doi.org/10.15252/msb.20145808
https://doi.org/10.1128/mSystems.00397-21
https://doi.org/10.1038/ni.1876
https://doi.org/10.1016/j.jsb.2012.10.006
https://doi.org/10.1016/j.jsb.2012.10.006
https://doi.org/10.1016/j.celrep.2020.108628
https://doi.org/10.1371/journal.pgen.1010137
https://doi.org/10.1371/journal.pgen.1010137
https://doi.org/10.1126/science.aav0758
https://doi.org/10.1126/science.aav0758
https://doi.org/10.1038/ni.2091
https://doi.org/10.1016/j.celrep.2022.110856
https://doi.org/10.1128/mBio.00923-18
https://doi.org/10.3389/fimmu.2018.01327
https://doi.org/10.1371/journal.pbio.3001425
https://doi.org/10.1016/j.isci.2021.102523
https://doi.org/10.1126/sciadv.adq9580
https://doi.org/10.1038/s41586-024-07817-y
https://doi.org/10.1038/nature19098
https://doi.org/10.3389/fimmu.2025.1632283
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jung et al. 10.3389/fimmu.2025.1632283
211. Wu JJ, Li W, Shao Y, Avey D, Fu B, Gillen J, et al. Inhibition of cGAS DNA
sensing by a herpesvirus virion protein. Cell Host Microbe. (2015) 18:333–44.
doi: 10.1016/j.chom.2015.07.015

212. Maroui MA, Calle A, Cohen C, Streichenberger N, Texier P, Takissian J, et al.
Latency entry of herpes simplex virus 1 is determined by the interaction of its genome
with the nuclear environment. PloS Pathog. (2016) 12:e1005834. doi: 10.1371/
journal.ppat.1005834

213. Pan R, Kindler E, Cao L, Zhou Y, Zhang Z, Liu Q, et al. N7-methylation of the
coronavirus RNA cap is required for maximal virulence by preventing innate immune
recognition. mBio. (2022) 13:e0366221. doi: 10.1128/mbio.03662-21

214. Tsukamoto Y, Hiono T, Yamada S, Matsuno K, Faist A, Claff T, et al. Inhibition
of cellular RNA methyltransferase abrogates influenza virus capping and replication.
Science. (2023) 379:586–91. doi: 10.1126/science.add0875

215. Egloff MP, Decroly E, Malet H, Selisko B, Benarroch D, Ferron F, et al.
Structural and functional analysis of methylation and 5’-RNA sequence requirements
of short capped RNAs by the methyltransferase domain of dengue virus NS5. J Mol
Biol. (2007) 372:723–36. doi: 10.1016/j.jmb.2007.07.005

216. Daffis S, Szretter KJ, Schriewer J, Li J, Youn S, Errett J, et al. 2’-O methylation of
the viral mRNA cap evades host restriction by IFIT family members. Nature. (2010)
468:452–6. doi: 10.1038/nature09489

217. Chen Y, Su C, Ke M, Jin X, Xu L, Zhang Z, et al. Biochemical and structural
insights into the mechanisms of SARS coronavirus RNA ribose 2’-O-methylation by
nsp16/nsp10 protein complex. PloS Pathog. (2011) 7:e1002294. doi: 10.1371/
journal.ppat.1002294

218. Kim GW, Imam H, Khan M, Siddiqui A. N(6)-Methyladenosine modification
of hepatitis B and C viral RNAs attenuates host innate immunity via RIG-I signaling. J
Biol Chem. (2020) 295:13123–33. doi: 10.1074/jbc.RA120.014260

219. Pfaller CK, Donohue RC, Nersisyan S, Brodsky L, Cattaneo R. Extensive editing
of cellular and viral double-stranded RNA structures accounts for innate immunity
suppression and the proviral activity of ADAR1p150. PloS Biol. (2018) 16:e2006577.
doi: 10.1371/journal.pbio.2006577

220. Otter CJ, Bracci N, Parenti NA, Ye C, Asthana A, Blomqvist EK, et al. SARS-
CoV-2 nsp15 endoribonuclease antagonizes dsRNA-induced antiviral signaling. Proc
Natl Acad Sci U.S.A. (2024) 121:e2320194121. doi: 10.1073/pnas.2320194121

221. Watkins JM, Burke JM. RNase L-induced bodies sequester subgenomic
flavivirus RNAs to promote viral RNA decay. Cell Rep. (2024) 43:114694.
doi: 10.1016/j.celrep.2024.114694

222. Jang S, Engelman AN. Capsid-host interactions for HIV-1 ingress. Microbiol
Mol Biol Rev. (2023) 87:e0004822. doi: 10.1128/mmbr.00048-22

223. Nelson CW, Mirabello L. Human papillomavirus genomics: Understanding
carcinogenicity. Tumour Virus Res. (2023) 15:200258. doi: 10.1016/j.tvr.2023.200258

224. Zoulim F, Chen PJ, Dandri M, Kennedy PT, Seeger C. Hepatitis B virus DNA
integration: Implications for diagnostics, therapy, and outcome. J Hepatol. (2024)
81:1087–99. doi: 10.1016/j.jhep.2024.06.037

225. Aimola G, Beythien G, Aswad A, Kaufer BB. Current understanding of human
herpesvirus 6 (HHV-6) chromosomal integration. Antiviral Res. (2020) 176:104720.
doi: 10.1016/j.antiviral.2020.104720

226. Gack MU, Albrecht RA, Urano T, Inn KS, Huang IC, Carnero E, et al. Influenza
A virus NS1 targets the ubiquitin ligase TRIM25 to evade recognition by the host viral
RNA sensor RIG-I. Cell Host Microbe . (2009) 5:439–49. doi: 10.1016/
j.chom.2009.04.006

227. Dilley KA, Voorhies AA, Luthra P, Puri V, Stockwell TB, Lorenzi H, et al. The
Ebola virus VP35 protein binds viral immunostimulatory and host RNAs identified
through deep sequencing. PloS One . (2017) 12:e0178717. doi: 10.1371/
journal.pone.0178717

228. Motz C, Schuhmann KM, Kirchhofer A, Moldt M, Witte G, Conzelmann KK,
et al. Paramyxovirus V proteins disrupt the fold of the RNA sensor MDA5 to inhibit
antiviral signaling. Science. (2013) 339:690–3. doi: 10.1126/science.1230949

229. Lussignol M, Queval C, Bernet-Camard MF, Cotte-Laffitte J, Beau I, Codogno
P, et al. The herpes simplex virus 1 Us11 protein inhibits autophagy through its
interaction with the protein kinase PKR. J Virol. (2013) 87:859–71. doi: 10.1128/
JVI.01158-12

230. Sanchez R, Mohr I. Inhibition of cellular 2’-5’ oligoadenylate synthetase by the
herpes simplex virus type 1 Us11 protein. J Virol. (2007) 81:3455–64. doi: 10.1128/
JVI.02520-06

231. Lu Y, Qin Z, Wang J, Zheng X, Lu J, Zhang X, et al. Epstein-barr virus miR-
BART6-3p inhibits the RIG-I pathway. J Innate Immun. (2017) 9:574–86. doi: 10.1159/
000479749

232. Kamitani W, Narayanan K, Huang C, Lokugamage K, Ikegami T, Ito N, et al.
Severe acute respiratory syndrome coronavirus nsp1 protein suppresses host gene
expression by promoting host mRNA degradation. Proc Natl Acad Sci U.S.A. (2006)
103:12885–90. doi: 10.1073/pnas.0603144103

233. Burke JM, Ripin N, Ferretti MB, St Clair LA, Worden-Sapper ER, Salgado F,
et al. RNase L activation in the cytoplasm induces aberrant processing of mRNAs in the
nucleus. PloS Pathog. (2022) 18:e1010930. doi: 10.1371/journal.ppat.1010930
Frontiers in Immunology 21
234. Lanfranca MP, Mostafa HH, Davido DJ. HSV-1 ICP0: an E3 ubiquitin ligase
that counteracts host intrinsic and innate immunity. Cells. (2014) 3:438–54.
doi: 10.3390/cells3020438

235. Feng R, Li D, Yan Z, Li X, Xie J. EMCV VP2 degrades IFI16 through Caspase-
dependent apoptosis to evade IFI16-STING pathway. Virol J. (2024) 21:296.
doi: 10.1186/s12985-024-02568-8

236. Sharma A, Yilmaz A, Marsh K, Cochrane A, Boris-Lawrie K. Thriving under
stress: selective translation of HIV-1 structural protein mRNA during Vpr-mediated
impairment of eIF4E translation activity. PloS Pathog. (2012) 8:e1002612. doi: 10.1371/
journal.ppat.1002612

237. Bekker LG, Beyrer C, Mgodi N, Lewin SR, Delany-Moretlwe S, Taiwo B, et al.
HIV infection. Nat Rev Dis Primers. (2023) 9:42. doi: 10.1038/s41572-023-00452-3

238. Watson OJ, Barnsley G, Toor J, Hogan AB, Winskill P, Ghani AC. Global
impact of the first year of COVID-19 vaccination: a mathematical modelling study.
Lancet Infect Dis. (2022) 22:1293–302. doi: 10.1016/S1473-3099(22)00320-6

239. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, et al.
Remdesivir for the treatment of covid-19 - final report. N Engl J Med. (2020) 383:1813–
26. doi: 10.1056/NEJMoa2007764

240. Yin W, Mao C, Luan X, Shen DD, Shen Q, Su H, et al. Structural basis for
inhibition of the RNA-dependent RNA polymerase from SARS-CoV-2 by remdesivir.
Science. (2020) 368:1499–504. doi: 10.1126/science.abc1560

241. Jayk Bernal A, Gomes da Silva MM, Musungaie DB, Kovalchuk E, Gonzalez A,
Delos Reyes V, et al. Molnupiravir for oral treatment of covid-19 in nonhospitalized
patients. N Engl J Med. (2022) 386:509–20. doi: 10.1056/NEJMoa2116044

242. Kabinger F, Stiller C, Schmitzová J, Dienemann C, Kokic G, Hillen HS, et al.
Mechanism of molnupiravir-induced SARS-CoV-2 mutagenesis. Nat Struct Mol Biol.
(2021) 28:740–6. doi: 10.1038/s41594-021-00651-0

243. National Library of Medicine (US). Drugs and lactation database (LactMed(R)).
Bethesda (MD: National Institute of Child Health and Human Development (2006).
Available at: https://www.ncbi.nlm.nih.gov/books/NBK501922/.

244. Yoshida Y, Honma M, Kimura Y, Abe H. Structure, synthesis and inhibition
mechanism of nucleoside analogues as HIV-1 reverse transcriptase inhibitors (NRTIs).
ChemMedChem. (2021) 16:743–66. doi: 10.1002/cmdc.202000695

245. Mulamba GB, Hu A, Azad RF, Anderson KP, Coen DM. Human
cytomegalovirus mutant with sequence-dependent res is tance to the
phosphorothioate oligonucleotide fomivirsen (ISIS 2922). Antimicrob Agents
Chemother. (1998) 42:971–3. doi: 10.1128/AAC.42.4.971

246. Zou X, Wu J, Gu J, Shen L, Mao L. Application of aptamers in virus detection
and antiviral therapy. Front Microbiol. (2019) 10:1462. doi: 10.3389/fmicb.2019.01462

247. Kang H, Ga YJ, Kim SH, Cho YH, Kim JW, Kim C, et al. (siRNA)-based
therapeutic applications against viruses: principles, potential, and challenges. J BioMed
Sci. (2023) 30:88. doi: 10.1186/s12929-023-00981-9

248. Binnie A, Fernandes E, Almeida-Lousada H, de Mello RA, Castelo-Branco P.
CRISPR-based strategies in infectious disease diagnosis and therapy. Infection. (2021)
49:377–85. doi: 10.1007/s15010-020-01554-w

249. Bailon L, Molto J, Curran A, Cadinanos J, Lopez C, Bernaldo de Quiros J, et al.
Safety, immunogenicity and effect on viral rebound of HTI vaccines combined with a
TLR7 agonist in early-treated HIV-1 infection: a randomized, placebo-controlled phase
2a trial. Nat Commun. (2025) 16:2146. doi: 10.1038/s41467-025-57284-w

250. Janssen HLA, BrunettoMR, KimYJ, Ferrari C,Massetto B, Nguyen AH, et al. Safety,
efficacy and pharmacodynamics of vesatolimod (GS-9620) in virally suppressed patients with
chronic hepatitis B. J Hepatol. (2018) 68:431–40. doi: 10.1016/j.jhep.2017.10.027

251. Moreno V, Calvo E, Middleton MR, Barlesi F, Gaudy-Marqueste C, Italiano A,
et al. Treatment with a retinoic acid-inducible gene I (RIG-I) agonist as monotherapy
and in combination with pembrolizumab in patients with advanced solid tumors:
results from two phase 1 studies. Cancer Immunol Immunother. (2022) 71:2985–98.
doi: 10.1007/s00262-022-03191-8

252. Daly L, Moen A, Ombredane H, Knowles I, Shur J, Rapeport G, et al. Pan-
antiviral effects of RIG-I agonist (RIG-101) against respiratory syncytial virus and
human rhinovirus in nasal epithelium in vitro and mice in vivo. Eur Respir J. (2024) 64.
doi: 10.1183/13993003.congress-2024.OA1966

253. Valencia X, Pike K, Warner L, Winters C, Stewart J, Bronson M, et al. Safety,
tolerability, pharmacokinetics and pharmacodynamics in healthy volunteers of vent-03,
A novel cgas inhibitor for the treatment of systemic lupus erythematosus. J Rheumatol.
(2025) 52:121–1. doi: 10.3899/jrheum.2025-0390.PV073

254. Huang L, Li X, Liu Y, Liang X, Ye H, Yang C, et al. Curcumin alleviates cerebral
ischemia-reperfusion injury by inhibiting NLRP1-dependent neuronal pyroptosis. Curr
Neurovasc Res. (2021) 18:189–96. doi: 10.2174/1567202618666210607150140

255. Ma Z, Li K, Chen P, Pan J, Li X, Zhao G. Propofol attenuates inflammatory
damage via inhibiting NLRP1-casp1-casp6 signaling in ischemic brain injury. Biol
Pharm Bull. (2020) 43:1481–9. doi: 10.1248/bpb.b20-00050

256. Huang Y, Han M, Shi Q, Li X, Mo J, Liu Y, et al. Li, P HY-021068 alleviates
cerebral ischemia-reperfusion injury by inhibiting NLRP1 inflammasome and restoring
autophagy function in mice. Exp Neurol. (2024) 371:114583. doi: 10.1016/
j.expneurol.2023.114583
frontiersin.org

https://doi.org/10.1016/j.chom.2015.07.015
https://doi.org/10.1371/journal.ppat.1005834
https://doi.org/10.1371/journal.ppat.1005834
https://doi.org/10.1128/mbio.03662-21
https://doi.org/10.1126/science.add0875
https://doi.org/10.1016/j.jmb.2007.07.005
https://doi.org/10.1038/nature09489
https://doi.org/10.1371/journal.ppat.1002294
https://doi.org/10.1371/journal.ppat.1002294
https://doi.org/10.1074/jbc.RA120.014260
https://doi.org/10.1371/journal.pbio.2006577
https://doi.org/10.1073/pnas.2320194121
https://doi.org/10.1016/j.celrep.2024.114694
https://doi.org/10.1128/mmbr.00048-22
https://doi.org/10.1016/j.tvr.2023.200258
https://doi.org/10.1016/j.jhep.2024.06.037
https://doi.org/10.1016/j.antiviral.2020.104720
https://doi.org/10.1016/j.chom.2009.04.006
https://doi.org/10.1016/j.chom.2009.04.006
https://doi.org/10.1371/journal.pone.0178717
https://doi.org/10.1371/journal.pone.0178717
https://doi.org/10.1126/science.1230949
https://doi.org/10.1128/JVI.01158-12
https://doi.org/10.1128/JVI.01158-12
https://doi.org/10.1128/JVI.02520-06
https://doi.org/10.1128/JVI.02520-06
https://doi.org/10.1159/000479749
https://doi.org/10.1159/000479749
https://doi.org/10.1073/pnas.0603144103
https://doi.org/10.1371/journal.ppat.1010930
https://doi.org/10.3390/cells3020438
https://doi.org/10.1186/s12985-024-02568-8
https://doi.org/10.1371/journal.ppat.1002612
https://doi.org/10.1371/journal.ppat.1002612
https://doi.org/10.1038/s41572-023-00452-3
https://doi.org/10.1016/S1473-3099(22)00320-6
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1126/science.abc1560
https://doi.org/10.1056/NEJMoa2116044
https://doi.org/10.1038/s41594-021-00651-0
https://www.ncbi.nlm.nih.gov/books/NBK501922/
https://doi.org/10.1002/cmdc.202000695
https://doi.org/10.1128/AAC.42.4.971
https://doi.org/10.3389/fmicb.2019.01462
https://doi.org/10.1186/s12929-023-00981-9
https://doi.org/10.1007/s15010-020-01554-w
https://doi.org/10.1038/s41467-025-57284-w
https://doi.org/10.1016/j.jhep.2017.10.027
https://doi.org/10.1007/s00262-022-03191-8
https://doi.org/10.1183/13993003.congress-2024.OA1966
https://doi.org/10.3899/jrheum.2025-0390.PV073
https://doi.org/10.2174/1567202618666210607150140
https://doi.org/10.1248/bpb.b20-00050
https://doi.org/10.1016/j.expneurol.2023.114583
https://doi.org/10.1016/j.expneurol.2023.114583
https://doi.org/10.3389/fimmu.2025.1632283
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jung et al. 10.3389/fimmu.2025.1632283
257. Yoneyama-Hirozane M, Kondo M, Matsumoto SI, Morikawa-Oki A,
Morishita D, Nakanishi A, et al. High-throughput screening to identify inhibitors
of DEAD box helicase DDX41. SLAS Discov. (2017) 22:1084–92. doi: 10.1177/
2472555217705952

258. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and efficacy of the BNT162b2 mRNA covid-19 vaccine. N Engl J Med. (2020)
383:2603–15. doi: 10.1056/NEJMoa2034577

259. Khobragade A, Bhate S, Ramaiah V, Deshpande S, Giri K, Phophle H, et al.
Efficacy, safety, and immunogenicity of the DNA SARS-CoV-2 vaccine (ZyCoV-D):
the interim efficacy results of a phase 3, randomised, double-blind, placebo-
controlled study in India. Lancet. (2022) 399:1313–21. doi: 10.1016/S0140-6736
(22)00151-9

260. Falsey AR, Sobieszczyk ME, Hirsch I, Sproule S, Robb ML, Corey L, et al. Phase
3 safety and efficacy of AZD1222 (ChAdOx1 nCoV-19) covid-19 vaccine. N Engl J Med.
(2021) 385:2348–60. doi: 10.1056/NEJMoa2105290

261. Yoneyama M, Kikuchi M, Natsukawa T, Shinobu N, Imaizumi T, Miyagishi M,
et al. The RNA helicase RIG-I has an essential function in double-stranded RNA-
induced innate antiviral responses. Nat Immunol. (2004) 5:730–7. doi: 10.1038/ni1087

262. Rehwinkel J, Tan CP, Goubau D, Schulz O, Pichlmair A, Bier K, et al. RIG-I
detects viral genomic RNA during negative-strand RNA virus infection. Cell. (2010)
140:397–408. doi: 10.1016/j.cell.2010.01.020
Frontiers in Immunology 22
263. Kouwaki T, Nishimura T, Wang G, Oshiumi H. RIG-I-like receptor-mediated
recognition of viral genomic RNA of severe acute respiratory syndrome coronavirus-2
and viral escape from the host innate immune responses. Front Immunol. (2021)
12:700926. doi: 10.3389/fimmu.2021.700926

264. Feng Q, Hato SV, Langereis MA, Zoll J, Virgen-Slane R, Peisley A, et al. R.P. and
van Kuppeveld, F.J. MDA5 detects the double-stranded RNA replicative form in
picornavirus-infected cells. Cell Rep. (2012) 2:1187–96. doi: 10.1016/j.jhep.2014.11.007

265. Cao X, Ding Q, Lu J, Tao W, Huang B, Zhao Y, et al. MDA5 plays a critical role
in interferon response during hepatitis C virus infection. J Hepatol. (2015) 62:771–8.
doi: 10.1016/j.jhep.2014.11.007

266. Yeoh ZC, Meagher JL, Kang CY, Bieniasz PD, Smith JL, Ohi MD. A minimal
complex of KHNYN and zinc-finger antiviral protein binds and degrades single-
stranded RNA. Proc Natl Acad Sci U.S.A. (2024) 121:e2415048121. doi: 10.1073/
pnas.2415048121

267. Huang S, Girdner J, Nguyen LP, Sandoval C, Fregoso OI, Enard D, et al.
Positive selection analyses identify a single WWE domain residue that shapes ZAP into
a more potent restriction factor against alphaviruses. PloS Pathog. (2024) 20:e1011836.
doi: 10.1371/journal.ppat.1011836

268. Jiao H, Wachsmuth L, Kumari S, Schwarzer R, Lin J, Eren RO, et al. Z-nucleic-
acid sensing triggers ZBP1-dependent necroptosis and inflammation. Nature. (2020)
580:391–5. doi: 10.1038/s41586-020-2129-8
frontiersin.org

https://doi.org/10.1177/2472555217705952
https://doi.org/10.1177/2472555217705952
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1016/S0140-6736(22)00151-9
https://doi.org/10.1016/S0140-6736(22)00151-9
https://doi.org/10.1056/NEJMoa2105290
https://doi.org/10.1038/ni1087
https://doi.org/10.1016/j.cell.2010.01.020
https://doi.org/10.3389/fimmu.2021.700926
https://doi.org/10.1016/j.jhep.2014.11.007
https://doi.org/10.1016/j.jhep.2014.11.007
https://doi.org/10.1073/pnas.2415048121
https://doi.org/10.1073/pnas.2415048121
https://doi.org/10.1371/journal.ppat.1011836
https://doi.org/10.1038/s41586-020-2129-8
https://doi.org/10.3389/fimmu.2025.1632283
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jung et al. 10.3389/fimmu.2025.1632283
Glossary

ACE2 angiotensin-converting enzyme 2
Frontiers in Immunol
AdV adenovirus
AIM2 Absent in melanoma 2
APCs antigen-presenting cells
BP Biological process
BPEV Bell Pepper Endornavirus
CARD Caspase activation and recruitment domain
CCR5 C-C chemokine receptor type 5
cGAS cyclic GMP-AMP synthase
CTD C-terminal domain
CV Coxsackie virus
DCs Dendritic cells
DDX41 DEAD-box helicase 41
DENV Dengue virus
DMV double-membrane vesicle
DNA-PK DNA-dependent protein kinase
dsDNA double-stranded DNA
dsRBD double-stranded RNA binding domain
EBV Epstein-Barr virus
EBOV Ebola virus
EMCV Encephalomyocarditis virus
ENV envelope
EV enterovirus
GO Gene ontology
HBV hepatitis B virus
HCMV human cytomegalovirus
HCV hepatitis C virus
HHV human herpesvirus
HIV human immunodeficiency virus
HPV human papilloma virus
HSCs hematopoietic stem cells
HSV-1/2 herpes simplex virus 1/2
HTLV human T-cell lymphotropic virus
IAV influenza A virus
IFI16 interferon gamma inducible protein
IFNs interferons
ISGs interferon-stimulated genes
JEV Japanese Encephalitis Virus
KSHV Kaposi’s sarcoma-associated herpesvirus
LGP2 Laboratory of genetics and physiology 2
LRR Leucine-rich repeat
LRRFIP1 Leucine-rich repeat flightless-interacting protein 1
MAVS mitochondrial anti-viral-signaling protein
MARV Marburg virus
ogy 23
MCMV murine cytomegalovirus
MDA5 melanoma differentiation-associated protein 5
MHV mouse hepatitis virus
MLV murine leukemia virus
MVA modified vaccinia ankara
MV measles virus
NA nucleic acid
NDV newcastle disease virus
NES nuclear export signal
NLRP1 NBD-, LRR- and Pyrin domain-containing protein 1
NLRP6 NBD-, LRR- and Pyrin domain-containing protein 6
NLS nuclear localization signal
NHEJ non-homologous end joining
NK natural killer
OAS 2′-5′-Oligoadenylate synthetases
OB oligonucleotide/oligosaccharide-binding
PV poliovirus
PAMPs pathogen-associated molecular patterns
PAZ Piwi-Argonaute-Zwille
PKR protein kinase R
PML promyelocytic leukemia
PPRs pattern recognition receptors
RdRp RNA dependent RNA polymerase
RBD RNA binding domain
RIG-I retinoic acid-inducible gene-I
RLRs retinoic acid-inducible gene (RIG)-I-like receptors
RNAi RNA interference
RRM RNA recognition motif
RSV respiratory syncytial virus
SFV semliki forest virus
SGs stress granules
SINV Sindbis virus
siRNA small interfering RNA
ssDNA single-stranded DNA
STING Stimulator of interferon genes
SeV Sendai virus
TIR Toll/Interleukin-1 Receptor domain
TLR Toll like receptor
UPA UNC5, PIDD and Ankyrin domain
VACV vaccinia virus
VSV vesicular stomatitis virus
VZV Varicella-Zoster virus
WNV West Nile virus
ZAP Zinc-finger antiviral protein
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