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Abstract

Long noncoding RNAs (lncRNAs) are defined as RNA molecules longer than 200

nucleotides that can regulate gene expression at the transcriptional or post‐
transcriptional levels. Both human lncRNAs and lncRNAs encoded by viruses can

modulate the expression of host genes which are critical for viral replication, la-

tency, activation of signalling pathways, cytokine and chemokine production, RNAi

processing, expression of interferons (IFNs) and interferon‐stimulated genes (ISGs).

Studies on lncRNAs as key regulators of host‐virus interactions may give new in-

sights into therapeutic strategies for the treatment of related diseases. This current

review focuses on the role of lncRNAs, and their interactions with respiratory vi-

ruses including influenza A virus (IAV), respiratory syncytial virus (RSV) and severe

acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2).
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1 | INTRODUCTION

Viruses are obligate intracellular pathogens that can directly interact

with cellular DNAs, RNAs and proteins.1 Therefore, viruses rewire

host gene expression processes or metabolic pathways to facilitate

their replication.2 Cellular long noncoding RNAs (lncRNAs) play

important roles in the regulation of biological functions and gene

expression.3

In viral infection, cellular LncRNAs act as a double‐edged sword

in innate immunity.4 In other words, lncRNAs can promote virus

replication and escape from antiviral immunity and on the other hand

can prevent virus replication.5 Additionally, viruses generate many

lncRNAs to resist cellular antiviral activity in infected cells.6 Below,

we review function or effects of lncRNAs involved in suppression

and/or progression of respiratory viral infections as well as regulation

of innate immune response to them.
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2 | LONG NONCODING RNAs

Noncoding RNAs (ncRNAs) are functional RNA molecules that are

transcribed from mammalian genomic DNA but are unable to encode

proteins.7 The ncRNAs are classified into two major groups including

small ncRNAs (∼20 to 200 nucleotides) and long ncRNAs (200 nucle-

otides to ∼100 kilobases).8,9 These noncoding elements constitute

nearly 80% of the human genome.10 MicroRNAs (miRNAs) are one of

the small single‐stranded ncRNAs (18–25 nucleotides in length) that

regulate around 60% of human protein‐coding genes.11,12 These mol-

ecules play an important role in regulating a great number of biological

processes such as development, differentiation, growth, metabolism,

stress response, angiogenesis, apoptosis and immune response.13–15

The miRNAs inhibit transcription and protein synthesis by binding to

the 30 untranslated region (30UTR) of messenger RNAs (mRNAs).16

50UTR and the coding regions of mRNA are the sites other than 30UTR

that have the potential to interact with miRNAs, giving rise to trans-

lational suppression or target gene degradation.17,18

LncRNAs are a new class of noncoding RNAs that has emerged as

novel players in the regulation of gene expression.19,20 Unlike miR-

NAs, which primarily rely on base complementarity to interact with

their target RNAs, lncRNAs employ diverse mechanisms for regu-

lating biological processes.21 LncRNAs can regulate gene expression

at the level of transcription, RNA processing, or translation, so

lncRNA subcellular localisation provides important clues to its po-

tential mode of action.22 Recently, it has been reported that lncRNAs

play important roles during viral infections and subsequently the

antiviral immune response.23–26 Table 1 and Figures 1 and 2 show

lncRNAs involved in immune responses and respiratory viral

replication.

2.1 | LncRNA effects on cell signalling related to
innate immunity following influenza A virus (IAV)
infection

IAVs are important veterinary and human health pathogens that are

present worldwide.27,28 After 1918 IAV pandemic (H1N1) with 500

million infected cases and at least 50 million death, influenza pan-

demics occurred again in 1957 (H2N2), 1968 (H3N2), 1977 (H1N1)

and 2009 (H1N1).29,30 In IAV infection, the expression of thousands

of lncRNAs is altered in host cells.23

2.1.1 | lncRNAs that prevent IAV replication

In vitro and in vivo models showed that after IAV infection especially

in lung cells, according to corresponding retinoic acid‐inducible gene I

(RIG‐I)‐dependent signalling pathway and following interferon beta

(IFN‐β) induction, the level of interferon‐stimulated lncRNA (lncRNA

ISR) increased and it was able to suppress viral replication.31,32

ISG20 belongs to the 30–50 exonuclease super family that dis-

plays effective antiviral activity against several RNA viruses,

including IAV. ISG20 inhibits the replication of IAV by interacting

with viral NP protein and inhibiting viral polymerase activity.33–35

Translation of ISG20 can be regulated by binding miRNA‐326 (miR‐
326) to 30UTR of ISG20 mRNAs. In this regard, Chai et al.23 showed

that IAV increases the expression of an interferon‐inducible lncRNA

termed lnc‐ISG20. The lnc‐ISG20 showed an inhibitory role on IAV

replication by binding to miR‐326 to enhance ISG20 protein levels.

Zhao et al.36 analysed the dataset transcriptome of blood im-

mune cells of patients with IAV infection. After recovery, a novel

lncRNA, named IVRPIE was detected that was involved in antiviral

innate immunity. Lnc‐IVRPIE was remarkably upregulated during IAV

infection. The enforced IVRPIE expression and the suppressed IVR-

PIE expression were significantly inhibited and promoted by IAV

replication, respectively. In vitro data demonstrated that this lncRNA

performed its antiviral activity by enhancing IFNβ1 and several

interferon‐stimulated genes (ISGs) such as interferon regulatory

factor 1 (IRF1), interferon induced protein with tetratricopeptide

repeats 1 (IFIT1), IFIT3, MX dynamin like GTPase 1 (Mx1), ISG15 and

interferon induced protein 44 like (IFI44L). Their results demon-

strated that IVRPIE establishes a critical role in host innate defence

by the positive regulator of IFN β1and ISG expression during the IAV

infection.36

Tripartite motif containing 25 (TRIM25) mediates K63‐linked

ubiquitination of the cytosolic pattern recognition receptor RIG‐I
which is an essential step for initiation of the intracellular antiviral

response.37,38 At the early stage of RNA virus infections such as IAV

and vesicular stomatitis virus (VSV), a lncRNA called Lnc‐zc3h7a by

binding to TRIM25 and the helicase domain of activated RIG‐1 leads

to stabilising TRIM25‐activated RIG‐I complex. While RIG‐I is not

activated by lnc‐zc3h7a and this lncRNA only binds to the domain

which is exposed after RIG‐I activation. The produced level of type 1

IFNs and interleukin 6 (IL‐6) in serum was significantly less in lnc‐
zc3h7a−/− mice compared to lnc‐zc3h7a+/+ mice as a result of a

response to these RNA viruses.39,40

The lncRNAs can remotely regulate antiviral genes by relocating

or competitively binding to gene repressors.41 Splicing factor proline

and glutamine rich (SFPQ), also known as PSF (PTB‐associated

splicing factor), is a multifunctional nuclear protein first identified as

a splicing factor, that is implicated in many aspects of nuclear func-

tions including RNA transport, apoptosis and DNA repair, transcrip-

tional regulation and maintenance of genome stability.42,43 Imamura

et al.44 showed that SFPQ bound to its SFPQ‐binding motif on IL‐8
promoter, led to repressed IL‐8 gene expression in naive cells. Dur-

ing IAV infection, increased expression of nuclear paraspeckle as-

sembly transcript 1 (NEAT1) leads SFPQ to relocate from its

promoter and recruit into the paraspeckles (a type of subnuclear

bodies built on the long noncoding RNA NEAT1). Therefore, tran-

scriptional activation of the antiviral gene IL‐8 was increased. As a

result, NEAT1 induction followed by excess formation of para-

speckles caused to transcribe more IL‐8 mRNAs. Also SFPQ is also an

essential factor for influenza virus mRNA polyadenylation.44,45

Barriocanal et al.46 reported that lnc‐ISG15 and lnc‐BST2/BISPR

as IFN‐stimulated lncRNAs increased in infected cells by mutant IAV
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TAB L E 1 A list of lncRNAs and their functions which are involved in immunity responses and respiratory viral replication

Virus lncRNA Function Localisation

IAV ISR Reduction of viral replication through RIG‐1‐dependent signalling pathway Nucleus

ISG20 Increase the expression of ISG20 by binding to miR‐326 to decrease its

inhibition of ISG20 translation led to reduce the viral replication

Cytoplasm

PSMB8‐AS1 Its expression is induced by different strains of IAV and it is required for

influenza virus replication

Nucleus

IVRPIE Antiviral activity by enhancing IFNβ1 and several ISGs expression Nucleus

ISG15 Antiviral activity via probable induction of PAMPs pathway Nucleus

BST2/BISPR Antiviral activity via probable induction of JAK/STAT pathway. Also, it

enhanced BST2 mRNA levels to produce tetherin protein, an inhibitor of

viral release

Nucleus

IPAN Induces directly by IAV to assist viral replication by forming IPAN/PB1 complex

to prevent viral RNA polymerase complex degradation

Cytoplasm

lncRNA‐155 By inhibition the expression of protein tyrosine phosphatase 1B (PTP1B)

increases IFN‐β and several critical ISG products

Found in nucleus more than

cytoplasm

ACOD1 By interacting with GOT2 promotes viral replication in a metabolic pathway Cytoplasm

PAAN By interacting with viral RNP complex (BP1, BP2, NP and PA) is required for

only influenza A virus replication and transcription

Cytoplasm

VIN By stabilising single stranded RNAs and protection of them against

endonucleases is required for influenza virus replication

Nucleus

EGOT By controlling the levels of the TBXL1 and ISGs promotes viral replication Nucleus

AVAN A positive regulator of the antiviral innate immunity by induction of type I

interferon and ISGs

Nucleus/cytoplasm

IAV zc3h7a Antiviral activity via TRIM25 mediates K63‐linked ubiquitination of RIG‐1
signalling pathway

Cytoplasm

VSV

IAV NEAT1 ‐Antiviral activity by forming more paraspeckles Nucleus/Cytoplasm

Ad2 ‐By interaction of IRF1, IRF4, STAT1, STAT3, STAT5A could contribute to

antiviral response

SARS‐
CoV‐2

‐By interaction of hnRNP U altered the histone modifications of target genes

HBoV

IAV Lsm3b Negative feedback regulation by self‐recognition of RNAs involved in

downstream RIG‐1 signalling

Cytoplasm

SeV

IAV lnc‐MxA By binding to INF‐β promoter and forms RNA‐DNA triplexes acts as a negative

regulator

Nucleus

SeV

IAV NRAV ‐By losing its suppressor effect on transcription, initial transcription of

interferon‐stimulated genes triggered

Cytoplasm

RSV ‐Its low level was corelated with Rab5c protein caused to reduce in viral entry

and intracellular transmission

Ad2 ‐It interacted with miR‐509‐3p to reduce cell growth during infection

SARS‐
CoV‐2

MEG3 ‐Its protective role in airway epithelial cells by suppressing TLR‐4 dependent

NF‐κB and MAPK signalling

Nucleus

‐By increasing MEG3 in the late phase caused accumulation of p‐53 may

prevent cell growth

‐By interaction of hnRNP U altered the histone modifications of target genes

IBV MANBAL and

POMT2

Reduce possible viral receptor and maybe involved in mannose binding lectin

signalling

Cytoplasm

(Continues)
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(PR81NS1) to prevent viral replication. The expression of lncBST2/

BISPR and lnc‐ISG15 are significantly dependent on JAK/STAT

pathways and pathogen‐associated molecular patterns (PAMPs),

respectively.25 Further studies are required to better understand this

induction. Moreover, they observed that reduction of lnc‐BST2/

BISPR expression leads to decreased bone marrow stromal cell an-

tigen 2 (BST2) mRNA levels which encode tetherin protein, an in-

hibitor of viral release.46,47

Negative regulator of antiviral response (NRAV) is an intronic

antisense lncRNA that is identified as a controlling virus infec-

tion.48,49 Ouyang et al.50 reported that during IAV infection, NRAV

was significantly downregulated. In fact, overexpression of NRAV

lncRNA enhances IAV replication by suppressing the expression of

several key ISGs such as IFIT2, IFIT3, interferon induced trans-

membrane protein 3 (IFITM3) and Myxovirus resistance protein 1

(MxA). These results indicate that NRAV is a key regulator of anti-

viral innate immunity.50

RIG‐I is composed of two N‐terminal caspase recruitment do-

mains (CARDs), a DExD/H‐helicase domain and a C‐terminal

domain (CTD).51 When viral infection occurs viral RNAs bind to

CTD that is thought to induce conformational changes to expose

the CARDs. Lnc‐Lsm3b is another lncRNA that binds to RIG‐I‐
triggered antiviral signalling cascades and prevents downstream

signalling by binding to helicase and CTD of RIG‐I.52 The results of

Jiang et al.52 study showed that upregulated lncRNA has a negative

role in producing IFN‐β and IL‐6 at the late stage of IAV infection in

mice, but not human cells. These data support the concept that in

IAV infection, lnc‐Lsm3b produced after elevated levels of inflam-

matory cytokines can cause cell death as well as tissue damage.53

Also, lnc‐Lsm3b can modulate immune response to the virus in a

time‐dependent manner. In the other words, lnc‐Lsm3b directly

competes with viral RNA for the binding of CTD of RIG‐I.52

More et al. showed that the lncRNA PSMB8 antisense RNA 1

(PSMB8‐AS1) expression was induced by different strains of influ-

enza virus and type I IFN. After the PSMB8‐AS1 repression using

CRISPR interference, viral mRNA and protein levels reduced and led

to decreased influenza virus infection and synthesis. Probably,

PSMB8‐AS1 has the binding site for regulating miRNAs, such as miR‐
382‐3p.54 The upregulation of PSMB8‐AS1 can modulate the secre-

tion of IL‐6 and tumour necrosis factor (TNF) α, two pivotal proin-

flammatory cytokines.55 It is concluded that lnc‐PSMB8‐AS1 can be

used as a novel host factor for developing antiviral therapy against

influenza virus infection.56

By using both in vitro (several cell lines) and in vivo (mouse

model) experiments, Maarouf et al.57 demonstrated that lncRNA‐155

expression is greatly induced during IAV infection and has significant

effects on virus replication and virulence. In fact, the overexpression

of lncRNA‐155 suppressed viral replication. In infected cells, lncRNA‐
155 stimulated innate immune response to IAV through regulating

the expression of protein tyrosine phosphatase 1B (PTP1B).48 This

protein is a key negative regulator of type I IFN signalling pathway.58

The PTP1B inhibition by lncRNA‐155 leads to higher production of

IFN‐β and several critical ISGs. LncRNA‐155 knockdown leads to in a

significant downregulation of IFN‐β and Mx1 mRNA levels and higher

susceptibility to IAV infection.57

Nuclear lncRNA‐antivirus and activate neutrophil (AVAN) binds

to the promoter of forkhead box O3A (FOXO3A) and regulates it

positively. FOXO3A suppresses Fas Ligand (FasL) in apoptosis

T A B L E 1 (Continued)

Virus lncRNA Function Localisation

SeV ATV Raised viral titre by disrupting RIG‐1‐mediated signalling Cytoplasm

EPS Its inhibitory effect on IRGs expression was suppressed as soon as viral entry Nucleus

ENST00000565297 It acts as a positive regulator in INF‐1 signalling Nucleus

RSV PVT1

n337374

‐By binding to miR‐2031 increases entry of quiescent cells into the G1/S phase

of the cell cycle

Nucleus

‐Inhibition of DCs maturation through downregulation of CD86 and pERK1/2

resulted in reduction of asthmatic symptoms due to RSV‐infected DCs

SARS‐
CoV‐2

MALAT1 ‐Negative regulator of antiviral type I IFN production Nucleus

‐By absorption of miR‐146a‐5p and miR‐142‐3p repress their anti‐
inflammatory function

‐By interaction of IRF1, IRF4, STAT1, STAT3, STAT5A could contribute to

antiviral response

‐By interaction of hnRNP U altered the histone modifications of target genes

Ad5 VAI and VAII ‐Interference of VARNAI and RNAII with Dicer activity increased viral

replication

Cytoplasm

‐VA RNA I binds to PKR and inhibits its function
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pathway which concludes in neutrophil survival and elicits a cascade

of neutrophil chemotaxis. Also, in cytoplasm, lnc‐AVAN directly binds

to TRIM25 and triggers cascades of Type 1 IFN responses. Lai et al.59

demonstrated lnc‐AVAN is upregulated upon IAV infection and limits

the viral replication through activation of innate immunity.

2.1.2 | lncRNAs that promote IAV replication

The influenza RNA‐dependent RNA polymerase (RdRp) is a trimeric

complex comprising three subunits; P1 (or PB1), P2 (or PA) and P3

(or PB2). PB1 is the catalytic core of the polymerase complex

responsible for the polymerase activity.60 Wang et al.61 identified an

IFN‐independent lncRNA called as IPAN that is hijacked by IAV for

stabilising PB1 protein and promoting viral replication. In fact, this

lncRNA forms the IPAN/PB1 complex and prevents virus degradation

by the host immune system.

In IAV‐infected cells, the expression of lnc‐ACOD1 is not

induced by IFN‐I or interferon regulatory factor 3 (IRF3) factor.

Instead, nuclear factor kappa B (NF‐κB) via binding p65/RelA subunit

to promoter of lncRNA‐ACOD1 has role in its induction. Upregula-

tion of lnc‐ACOD1 in human cells (A549) after IAV infection indi-

cated its vital role for viral replication. As well as this, lncRNA

increases DNA or RNA viral replication through a probable general

mechanism in human or mouse. A 225‐nucleotide region in 50end of

the lnc‐ACOD1 interacts with GOT2, an aspartate aminotransferase

F I GUR E 1 Schematic diagram of the roles of lncRNAs during influenza virus infection. Most lncRNAs regulate the host immune response
against influenza virus at different steps to inhibit (green) or promote (red) the virus infection. Refer to the text for more details
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that converts oxaloacetate and L‐glutamate into L‐aspartate and α‐
ketoglutarate in the cytoplasm. GOT2 knockdown reduces the lnc‐
ACOD1 activity and subsequently, reduces viral replication. Wang

et al.62 suggested the importance of lnc‐ACOD1 on viral replication

in a metabolic pathway.

Another lncRNA by independent‐IFN expression is lnc‐PAAN

(PA‐associated noncoding RNA) which is induced by only IAV infec-

tion, not other viruses and is required for IAV transcription and

replication. Lnc‐PAAN interacts with components of the RNP com-

plex; BP1, BP2, NP by preferable association with PA proteins and

promotes the assembly of viral RNA polymerase. As a result, reduc-

tion of lnc‐PAAN impairs the activity of viral RdRp and prevents the

viral replication.63

Based on in silico prediction, the secondary structure of an

lncRNA called virus inducible lincRNA (VIN) revealed insensitivity to

endonuclease A (RNase A) digestion and this supported the idea that

VIN has a functional role in other cellular components. This lncRNA is

localised to the host cell nucleus and may be implicated in post-

transcriptional control, and chromatin remodelling. Winterling et al.64

demonstrated that VIN is induced already after infection by diverse

IAV strains like H1N1, H3N2 and H7N7 but not with influenza B

virus (IBV). The induction of VIN is not affected by all viruses,

treatment with RNA mimics or the Type I IFN response. Indeed, it is

induced only by specific viruses and correlated with their virulence.

Identification of significant decrease of viral titres in VIN knockdown

cells supported its effect in the IAV lifecycle.53,64 These studies

F I GUR E 2 Schematic diagram of the roles of lncRNAs during respiratory viral infection. Most lncRNAs regulate the host immune response
at different steps to inhibit (green) or promote (red) the virus infection. Refer to the text for more details
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provide novel insights into the role of lncRNAs in interacting the host

immune system with IAV.

Li et al.65 indicated that lnc‐MxA by interfering with the

enrichment of IRF3 and p65 at the IFN‐β promoter facilitates IAV

replication due to inhibition of INF‐β activation. Also lnc‐MxA binds

to INF‐β promoter and forms RNA‐DNA triplexes. While, lnc‐MxA

knockdown leads to arise the mRNA levels of INF‐β and other ISGs

like MxA, IFITM1, IFITM3 and ISG15. Influenza virus may induce a

robust immune response as a cytokine storm, while lnc‐MxA as a

negative regulator may help the cell return to homeostasis.53,65

Eosinophil granule ontogeny transcript (EGOT) lncRNA is

induced after infection with RNA viruses, RNA mimics and by the

activation of different stress‐response pathways, including NF‐κB,

protein kinase R (PKR) and phosphatidylinositol 3‐kinase (PI3K)/

protein kinase B (AKT).48,66,67 Increased expression of EGOT is

observed in IAV infection and it may promote viral replication by

controlling the levels of the transcriptional coactivator T‐Box protein

1 (TBXL1) and ISGs leading to blocking the IFN antiviral

response.48,53,68 Inhibition of EGOT leads to increased levels of

several ISGs and to decreased viral replication.

2.2 | Sendai virus (SeV)

SeV, or murine parainfluenza virus type 1, typically infects the res-

piratory tract of rodents.69 Upon SeV infection, level of lncRNA

ENST00000565297 was upregulated, subsequently transcription of

IFNβ1, IFN‐α1, ISG56, C‐X‐C motif chemokine ligand 10 (CXCL10)

and IL‐6 would be increased. Therefore, this SeV‐induced lncRNA

was reported as a positive regulator in defence against this virus.70

Also, lnc‐MxA, MxA mRNAs and lnc‐Lsm3b were significantly

increased in SeV‐infected cells. Lnc‐MxA facilitates the replication of

SeV by interfering with the activation of IFN‐β transcription,65 while

lnc‐Lsm3b acts as a decoy for RIG‐I and prevents downstream sig-

nalling; therefore, lnc‐Lsm3b can restrict late antiviral response to

SeV‐infected mice in a feedback manner to maintain immune

homeostasis.52

Lnc‐EPS is expressed in macrophages and dendritic cells in

resting state or absence of activation signals. It is introduced as a

negative regulator in inflammatory response in these cells. Indeed,

lnc‐EPS downregulates immune response genes (IRGs) expression by

binding to regulatory regions of IFIT2, RSAD2 (radical S‐adenosyl

methionine domain containing 2), 20–50 oligoadenylate synthetase 1

(OAS1) and some cytokine/chemokine genes such as CXCL10, CCL5

(C‐C motif chemokine ligand 5) and IL‐6.71 Expression of lnc‐EPS

after entry of SeV is suppressed in bone marrow‐derived macro-

phages to initiate innate immunity cells activity.72

LncATV, a human specific lncRNA, was relatively highly

expressed in human monocytes, erythroleukemia cells and hepatoma

cells. LncATV was upregulated upon Type I and III IFN stimulations

and virus infection. RIG‐I antiviral signalling and IFN effective

pathway were inhibited by overexpressed lncATV.73 Lnc‐ATV pro-

moted the replication of Newcastle disease virus (NDV) and SeV

through disrupting the production of Type I IFN and ISGs.74 This

finding reveals that lncATV acts as a restricting innate immune

response.

2.3 | Respiratory syncytial virus (RSV)

RSV is a respiratory virus that causes serious and complicated out-

comes in infants, and the elderly.75,76 RAB5C, as a direct target of

miR‐509, is an intracellular transporter protein and involved in ve-

sicular traffic which may be used for viral entry and intracellular

transmission. Lnc‐NRAV regulated RAB5C expression through bind-

ing miR‐509‐3p.77 In this regard, Li et al.77 found that NRAV pro-

moted RSV proliferation by upregulation of gene levels especially F

protein, enhancing expression of RAB5C via sponging miR‐509‐3p,

and accelerating intracellular vesicle transport. This results suggest-

ing that RSV propagation was inhibited by silencing lnc‐NRAV.

Maternally expressed gene 3 (MEG3), an lncRNA, is expressed in

many normal tissues and has been shown to function as a tumour

suppressor in numerous human cancer.78 The expression level of

plasma MEG3 has a significantly negative correlation with the level of

each inflammatory cytokine.79 Tao et al. indicated that in nasopha-

ryngeal samples and BEAS‐2B cells, the level of MEG3 was reduced

following RSV infection and mRNA level of toll‐like receptor 4

(TLR4), TNF‐α and IL‐8 raised was increased. TLR‐4 was able to

activate NF‐κB and p38 mitogen activated protein kinase (MAPK)

signalling in the early RSV response.80,81 Overall, overexpression of

lnc‐MEG3 had a protective role against the activation of inflamma-

tory cytokine in human airway epithelial cells.

RSV can induce asthma exacerbation in children and make them

sensitive for asthma later in life. In an asthmatic mouse model, in-

crease in lnc‐n337374 led to relieve the symptoms of asthma.

Generally, RSV infection causes maturation dendritic cells (DCs) and

suggested that lnc‐n337374 inhibited DCs maturation by down-

regulation of CD86 and pERK1/2.82

Plasmacytoma variant translocation 1 (PVT1) is an lncRNA that

has been found in a variety of cancers.83 Yu et al.84 indicated that lnc‐
PVT1 is involved in the function of α‐asarone in treating RSV‐
induced asthma. Lnc‐PVT1 was identified as a molecular sponge of

miR‐203a.85 The miR‐203a targets the 30‐untranslated region of E2F

transcription factor 3 (E2F3), a positive regulator, that be involved in

DNA replication by stimulating the entry of quiescent cells into the

G1/S phase of the cell cycle.86,87 Therefore, down regulation of lnc‐
PVT1 has positive effect on the treatment of RSV infection.

2.4 | Avian infectious bronchitis virus (IBV)

The first line of host defence mechanism is innate immunity.88 In the

innate immune system, pathogens are recognised by pattern recog-

nition molecules (PRMs), including lectins. Mannose‐binding lectin

(MBL; also referred to as mannan‐binding lectin and mannose‐
binding protein), is a pattern recognition innate immune molecule
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and involved in the protection of the host against viral infections.89,90

IBV is a contagious avian coronavirus that can infect respiratory tract

of chicken and in poultry industry is a major problem.91 Zhang et al.92

showed that chicken MBL by the interaction to S1 spike protein of

IBV plays a role in innate and the adaptive immune response. In avian

bone marrow‐derived dendritic cells (BMDCs) infected with IBV,

levels of two lncRNAs MANBAL and POMT2 were downregulated.

Both lncRNAs were associated with mannose, a possible receptor for

viral entry.93

2.5 | Severe acute respiratory syndrome
coronavirus (SARS‐CoV)

SARS is a viral respiratory illness caused by SARS‐associated coro-

naviruses (SARS‐CoVs). SARS‐CoV was first identified at the end of

February 2003 that emerged in Guangdong Province in China and

spread to many parts of the world. The SARS epidemic caused a total

of 8422 infections and 919 deaths globally (CFR: 9.6%).94,95

One study by Peng et al.96 in four mouse strains infected by

SARS‐CoV revealed differentially induced‐infection expression of

approximately 500 lncRNAs. From 37 selected lncRNAs, 43% of them

were similar to influenza virus A/PR/8/34 infected mouse embryonic

fibroblasts cells lncRNA pattern. Based on bioinformatic analysis,

controlling gene expression by binding to chromatin‐modifying

complexes and transcriptional genes were proposed the most puta-

tive functions. Also, by applying gene functional annotation tools,

lncRNA loci showed certain upregulated and downregulated regions

of chromosomes 6/12 and 11, respectively.96

Also, Josset et al.97 identified 5329 differentially expressed

lncRNAs in eight mouse strains after IAV RP8 and SARS‐CoV MA15

infection. To determine these lncRNAs and related functions,

module‐based, rank‐based annotations and functional analysis tools

were utilised. Among 5329 lncRNAs, 2059 were predicted as ISGs

and 976 had at least one transcriptional factor binding motifs in their

promoter. The lncRNAs expression was mainly dependent on mouse

strain and virus. According to their analysis, around 60% of lncRNAs

showed decreased expression after infection. Downregulation of

lung‐specific lncRNA introduced a possible factor for pulmonary cell

death due to respiratory viral infection or immune cell infiltration.97

These results implied that the lncRNAs could affect the host antiviral

defence to SARS‐CoV infection and probable pathogenic outcomes.

2.6 | Severe acute respiratory syndrome
coronavirus 2 (SARS‐CoV‐2)

At the end of 2019, a new coronavirus named as SARS‐CoV‐2
emerged in Wuhan, China.98 SARS‐CoV‐2 is the seventh coronavi-

rus which has led to human disease and is still a major public health

issue. As of 20 June, 2021, the WHO has reported that there are

more than 177 million confirmed cases globally with more than 3.8

million deaths.99

Reduced levels of Type I/III interferon response have been

observed in animal models, different tissues from coronavirus disease

2019 (Covid‐19) patients and infected cells with SARS‐CoV‐2.68 In

contrast, increased levels of Type I IFN genes in Covid‐19 patients

and SARS‐CoV‐2 infected organoid have been observed. Differences

in results may be related to use of different cell types, mixture of cell

types or sampling at different times of the disease.100 It is interesting

to know that in strength and duration of IFN signalling, ISGs act as

negative regulators.101 In this regard, elevated expression of ISGs has

been reported in Covid‐19 patients.100,102 Then, the level of IFNs

decreases. In SARS‐CoV‐2‐infected cells from the in silico analysis,

several lncRNAs (TP53TG1, EGOT, EPB41L4A‐AS1, HIF1A‐AS2,

LINC00174, LINC00473, LINC00662, MALAT1, MEG3, MEG9,

RMRP, ZNF674‐AS1, LINC00842, NEAT1) altered the histone mod-

ifications of target genes with interaction of heterogeneous nuclear

ribonucleoprotein U (hnRNP U).68 Zhao et al.36 showed positive role

of hnRNP U in IFNβ1, IRF1, IFIT1, IFIT3, Mx1, ISG15 and IFI44L

expression.

LncRNA metastasis‐associated lung adenocarcinoma transcript 1

(MALAT1), also named as nuclear‐enriched abundant transcript 2

(NEAT2), is a highly conserved ncRNA and acts as a negative regu-

lator of antiviral type I IFN production.103 Recently, an interesting

study based on in silico analysis showed that expression of 20

lncRNAs was increased and four lncRNAs like PART1, TP53TG1 was

decreased in SARS‐CoV‐2‐infected cells. Among increased lncRNA,

NEAT1 and MALAT1 interact with IRF1, IRF4, signal transducer and

activator of transcription 1 (STAT1), STAT3, STAT5A and MYC

proto‐oncogene, BHLH transcription factor (MYC) could contribute

to antiviral response to SARS‐CoV‐2 infection.68 Concordant with

these findings, recent data revealed that overexpression of MALAT1

and NEAT1 were reported in bronchoalveolar lavage fluid of Covid‐
19 patients and human bronchial epithelial cells (NHBE) in response

to SARS‐CoV‐2 infection.102,104 Based on above reports, it has been

proposed that use of exogenous IFN to stimulate antiviral immunity

might be successful for treating SARS‐CoV‐2 infection. Recent

studies have shown that SARS‐CoV‐2 was sensitive to IFN‐I inhaled

interferon pretreatment in vero cells.105,106 Also a randomised

controlled trial (RCT) showed exogenous use of inhaled interferon

beta‐1a be effective in for treating SARS‐CoV‐2 infection.107

Apart from the role of MALAT1 in reduction of IFN signalling,

this lncRNA could absorb miR‐146a‐5p and miR‐142‐3p to repress

their anti‐inflammatory function and its overexpression, promoting

inflammatory response.103 Recent studies have shown that exag-

gerated inflammatory responses and inflammatory cytokine storm

leads to acute respiratory distress syndrome (ARDS) aggravation and

even death. As listed in Table 2, lncRNAs are implicated in inflam-

matory cytokine storm and inflammatory complex including IL‐6,

TNF‐α and NLRP3 inflammasome.108,109 In patients that infected by

SARS‐CoV‐2, lncRNAs through inflammatory pathways including TLR

signal transduction and NF‐κB signalling pathway, leading to host

autoimmunity.110

Specific lncRNAs can be potential candidates to treat Covid‐19.

A recent study described that four lncRNAs (H19, Hotair, Fendrr and
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LINC05) directly interact with spike transcript (mRNA) and viral

genome.111 Targeting these lncRNAs involved in innate immune re-

sponses could affect the silencing function of miRNAs to provide

another treatment strategy for Covid‐19.

2.7 | Adenoviruses

Human adenovirus (HAdV) are an important cause of mild upper

respiratory symptoms and they can also infect lower respiratory

tract, causing pneumonia and bronchitis.112 The life cycle of adeno-

virus can be divided into two phases, an early and a late phase, which

are separated by viral DNA replication. The early phase covers the

regulation of the cell cycle and suppression of the cellular antiviral

response, whereas the late phase covers making gene products that

are related to production and assembly of capsid proteins.113 In

human primary lung fibroblast cells (IMR‐90) infected by adenovirus

type 2 (Ad2), NEAT1 upregulated moderately during early genes

expression as an antiviral response, while its expression was dimin-

ished at 36 h postinfection when late genes expression occurs (late

phase). Hence, NEAT1 prevent virus production through the

expression of antiviral genes including cytokines such as IL‐8.114,115

Ad2 by increasing MEG3 in the late phase caused accumulation

of P53, a protein involved in cellular apoptosis, may prevent cell

growth induced by adenovirus. Indeed, MEG3 acts as a host antiviral

response.114 Although NEAT1 and MEG3 can prevent reproduction

but adenoviruses deregulated lncRNAs in the late phase of infection

that involved in growth, structure, apoptosis and wound healing in

the early phase, cell proliferation in the intermediate phase and

protein synthesis, modification and transport in the late phase to

optimise their reproduction.114

PKR is an interferon‐inducible serine‐threonine protein kinase

activated in infected cells as part of the antiviral response. Ad5 en-

codes two virus‐associated (VA) RNAs, VAI and VAII. These VA RNAs

are lncRNA that fold into a dsRNA with a well‐conserved structure.

VA RNA I binds to PKR and inhibits its function.5,116 RNA interfer-

ence (RNAi) with two key players, Dicer and Argonaute, act to digest

viral RNAs.117 The interference of VARNAI and RNAII with Dicer

activity block the RNAi processing pathway.5 Therefore, the

increased viral replication may affect the severity of the disease.117

2.8 | Human bocavirus (HBoV)

HBoV is a respiratory pathogen with four genotype HBoV1‐4 that

can infect the upper and lower respiratory tract of children and in-

fants. The virus has mechanisms to evade the host's immunity by

interfering type I INFs.118 Hexamethylene bis‐acetamide‐inducible

protein 1 (Hexim1), a protein that inhibits the positive transcription

elongation factor b (P‐TEFb), acts as a tumour suppressor and is

involved in the regulation of innate immunity. The lnc‐NEAT1 by

binding to Hexim1 forms the Hexim1‐DNA‐PK‐paraspeckle

components‐ribonucleoprotein complex (HDP‐RNP). These

complexes interact with the proteins in cGAS‐STING‐IRF3 pathway

which are mediated innate immunity responses. Silencing lnc‐NEAT1

disrupts the HDP‐RNP complex and decreases cytosolic DNA‐
dependent IFN production. In cells infected with HBoV, lnc‐NEAT1

was downregulated.119–121 Therefore, downregulation of lnc‐
NEAT1 promotes HBoV replication.

3 | CONCLUSION

LncRNAs are defined as nonprotein‐coding transcripts longer than

200 nucleotides. Evidence have reveals the strong regulatory func-

tions of lncRNAs as negative regulator to inhibit antiviral response

and positive regulator to inhibit viral replication. LncRNAs from hosts

or viruses are responsible for altered expression or activity of pivotal

innate immune molecules. Several lncRNAs behave as inducers or

inhibitors of the IFN response, transcription of ISGs, activation of

JAK‐STAT and NF‐κB, cytokines and chemokines production, RNAi

processing pathway and help to latency. The number of lncRNAs with

experimentally verified function is limited. Therefore, detailed func-

tional studies are still needed to define the functioning of lncRNAs

TAB L E 2 The most significant lncRNAs associated with Covid‐
19 cytokine storm

lncRNA name Cytokine target

NORAD IL‐6, IL‐10, CSF3, TNFα, CXCL10

RAD51‐AS1 CCL2, TNFα, IL‐6

lnrCXCR4 IL‐10, CCL3

SBF2‐AS1 IL‐7

TUG1 CCL2

GAS5 TNFα

SNHG1 IL‐10, CCL2

NRAV CCL2, IL‐10

BANCR IL‐2

DRAIC IL‐2

lnc‐IL7R IL‐6

LNCSRLR IL‐6

LNC‐LBCS IL‐6

SENCR IL‐6

STXBP5‐AS1 CSF3

THRIL TNFα

NRCP TNFα

TMEVPG1 IFNγ

PRC1‐AS1 IFNγ

MALAT1 CCL2

CDK6‐AS1 CCL3

CASC15 TNFα
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during the viral pathogenesis such as SARS‐CoV‐2 infection. Further

characterisation of lncRNAs may provide new targets for antiviral

interventions.
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