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Long non-coding RNAs in viral infections and immunity
Long non-coding RNAs (lncRNAs) have emerged in recent years as the largest class of

RNAs that are transcribed from the human genome (1, 2). However, until recently, these

RNAs were disregarded as “junk”, due to their inability to produce functional proteins. But

it is now evident that these lncRNAs can assume crucial roles in almost every aspect of

biology, including viral pathogenesis and immunity (3–6). A collection of six articles

encompassing both original research and reviews published in Frontiers in Immunology

have delved into recent advances in this field (Figure 1).

Viruses, being obligatory intracellular pathogens, are dependent on host cell processes

such as transcription and translation machinery for their replication. Viruses have also

evolved to modulate those cellular pathways to subvert host anti-viral responses. One such

mechanism, as detailed by Vijayakumar et al. in their review article, is by disrupting the 3’-

processing and maturation of cellular mRNAs. This viral inhibition of pre-mRNA cleavage

and polyadenylation results in generation of a new class of non-coding RNA transcripts

called Downstream-of-Gene (DoG) that are retained in the nucleus and therefore aren’t

translated into proteins. The authors describe how different classes of viruses such as

Influenza, HSV-1, Enterovirus and HIV-1 affect the host mRNA maturation process and

explore its implications on the host functions including anti-viral immune responses.

Infection with hepatitis B virus (HBV) which causes hepatocellular carcinoma, is a

major public health concern globally. Samudh et al. provide an up-to-date review of the

lncRNAs that have been implicated in HBV pathogenesis. They pointed out that the

majority of lncRNAs associated with HBV infection promote oncogenesis, while only a few

HBV infection-associated lncRNAs are suppressors of tumor growth. They describe the

varied ways lncRNAs can modulate HBV replication, including removal of epigenetic

silencing of the viral covalently closed circular DNA (cccDNA), translocation of

transcription factors to the viral promoter and inhibition of anti-viral microRNAs.

Many HBV-induced lncRNAs are also identified to interact with proteins such as p53,

NPM1 and PGK1 to promote cellular proliferation and angiogenesis. The roles detailed in

the review highlight the potential of modulating lncRNAs as an attractive curative avenue

for HBV infection.
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Transcription of non-coding RNAs isn’t limited to host cells but

also extends to viruses. The review article by Toyoda and Matsuoka

describes how retroviruses employ bi-directional transcription of

their genomes to generate alternate, anti-sense viral RNA

transcripts that aid in viral persistence and pathogenesis. Both

HTLV-1 and HIV-1 produce an anti-sense transcript from

promoters in the 3’-long terminal repeat (LTR) region of their

genome. Inefficient polyadenylation of the anti-sense transcripts

ensures their predominantly nuclear localization. The HTLV-1

encoded anti-sense transcript can promote immune escape and

proliferation of the infected cells leading to their prolong survival

and persistence. On the other hand, the anti-sense transcripts of

HIV-1 negatively affect viral transcription from their 5’-LTR

promoters, thereby facilitating latency. The article highlights the

functional importance of virus-encoded non-coding RNAs and the

necessity to study them in further detail.

Given such lncRNA-mediated modifications of the antiviral

response, it is not surprising that cellular non-coding RNA

sequences are strong regulators of the innate immune response in

mammalian cells (7). A fascinating example are the highly abundant

Alu sequences, which cover 10% of the human genome (8). Research

from Aune et al. reveled that Alu forms dsRNAs that are sensed

predominantly by RIG-I, leading to activation of the type I IFN

synthesis and signaling pathways. RIG-I sensing requires the 5´-end

PPP and the left arm of the Alu sequence. Healthy cells avoid Alu

activation by several means, including A-to-I RNA editing by the

adenosine deaminase ADAR. Only 5 to 8 edits in the 3´-end of the

left arm of each Alu molecule, predicted to break a long dsRNA

structure, are sufficient to block activation of the IFN response.

Interestingly, small amounts of edited Alu block full IFN activation

by non-edited Alu. Thus, the balance between edited and non-edited

Alu is relevant for the response. This has therapeutic and clinical

implications. In fact, loss of editing is associated with infections with

influenza or coronavirus and the degree of loss is proportional to

disease severity. Editing loss is also observed in immune diseases such

asmultiple sclerosis, ulcerative colitis or Chron´s disease. In these, the

reduced number of common editing sites could be caused by an

increase in negative regulators of A-to-I editing factors.
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Specific lncRNAs also affect the antiviral response with simpler

or more complex mechanisms. Xu et al. identified the LINC02605

that is induced by STAT and NF-kB signaling in infected cells and

blocks viral replication. Mechanistically, LINC02605 increases the

levels of PTEN, which promotes dephosphorylation of IRF3 at

serine 97, nuclear IRF3 translocation and enhanced transcription of

ISGs. Instead, IRF1-AS1/ISR8 is a good example of the high

complexity that mammalian cells have developed to regulate the

innate immune response (9). IRF1-AS1 gene, located antisense to

the IRF1 coding gene, transcribes a lncRNA in response to type I

IFN, IRFs or NF-kB activation (10). However, IRF1-AS1 per se does

not regulate the innate response. Instead, IRF1-AS1 could mark the

functionality of an enhancer located in the IRF1-AS1 locus. Thus,

depletion or overexpression of IRF1-AS1 does not result in any

immune-related phenotype, as reported by Barriocanal et al. It is the

disruption of IRF1-AS1 locus what results in cells that are extremely

susceptible to viral infection even in the presence of high doses of

type I IFN: they fail to produce ISGs or inflammatory genes in

response to IFNa or NF-kB activation. Surprisingly, this lack of

response is only at genomic, but not at episomic level. IFNa and

NF-kB promoters respond to these activators when they are in a

plasmid but not when the same sequences are integrated into the

genome. This highlights the enhancer nature of the regulation.

Concordantly, transcription from these promoters is not restored

with silencing inhibitors or by overexpression of inducers.

Interestingly, transcriptomic analyses of IRF1-AS1-disrupted cells

show that they are enriched in negative regulators such as EZH2,

KAP1, XIST or several Zinc finger proteins. These findings have

clinical relevance as IRF1-AS1 locus is populated with SNPs

associated with chronic autoimmune and inflammatory diseases

such as asthma, ulcerative colitis or Crohn´s disease. This points to

the possibility that modifications in the IRF1-AS1 region alter

enhancer functionality, resulting in profound deregulations of

antiviral and inflammatory genes.

In summary, the work compiled in the special issue serves to

highlight the importance of viral and cellular lncRNAs in the

regulation of infections and immunity. Understanding the

mechanisms that drive the functionality of these lncRNAs will be
FIGURE 1

The complex landscape of lncRNAs in viral Infections and immunity.
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fundamental to develop novel therapies for the treatment of viral

infections and immune diseases.
Author contributions

SB and PF wrote the manuscript. LP-M generated the figure. All

authors read and approved it for publication.
Acknowledgments

We would like to thank the participating authors for their

contributions to the Research Topic and the reviewers for their time

and expert feedback.
Frontiers in Immunology 03
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.
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. Djebali S, Davis CA, Merkel A, Dobin A, Lassmann T, Mortazavi A, et al.
Landscape of transcription in human cells. Nature (2012) 489(7414):101–8. doi:
10.1038/nature11233

2. Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda N, et al. The
transcriptional landscape of the mammalian genome. Science (2005) 309(5740):1559–
63. doi: 10.1126/science.1112014

3. Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs: insights into
functions. Nat Rev Genet (2009) 10(3):155–9. doi: 10.1038/nrg2521

4. Morris KV, Mattick JS. The rise of regulatory RNA. Nat Rev Genet (2014) 15
(6):423–37. doi: 10.1038/nrg3722

5. Boliar S, Russell DG. Lnc(ing)RNAs to the “shock and kill” strategy for HIV-
1 cure . Mol Ther Nuc l e i c Ac ids (2021) 23 :1272–80 . do i : 10 .1016/
j.omtn.2021.02.004
6. Boliar S, Gludish DW, Jambo KC, Kamng’ona R, Mvaya L, Mwandumba HC,
et al. Inhibition of the lncRNA SAF drives activation of apoptotic effector caspases in
HIV-1-infected human macrophages. Proc Natl Acad Sci U S A. (2019) 116(15):7431–8.
doi: 10.1073/pnas.1818662116

7. Suarez B, Prats-Mari L, Unfried JP, Fortes P. LncRNAs in the type I interferon
antiviral response. Int J Mol Sci (2020) 21(17):6447. doi: 10.3390/ijms21176447

8. Deininger P. Alu elements: know the SINEs. Genome Biol (2011) 12(12):236. doi:
10.1186/gb-2011-12-12-236

9. Fortes P, Morris KV. Long noncoding RNAs in viral infections. Virus Res (2016)
212:1–11. doi: 10.1016/j.virusres.2015.10.002

10. Carnero E, Barriocanal M, Segura V, Guruceaga E, Prior C, Borner K, et al. Type
I interferon regulates the expression of long non-coding RNAs. Front Immunol (2014)
5:548. doi: 10.3389/fimmu.2014.00548
frontiersin.org

https://doi.org/10.1038/nature11233
https://doi.org/10.1126/science.1112014
https://doi.org/10.1038/nrg2521
https://doi.org/10.1038/nrg3722
https://doi.org/10.1016/j.omtn.2021.02.004
https://doi.org/10.1016/j.omtn.2021.02.004
https://doi.org/10.1073/pnas.1818662116
https://doi.org/10.3390/ijms21176447
https://doi.org/10.1186/gb-2011-12-12-236
https://doi.org/10.1016/j.virusres.2015.10.002
https://doi.org/10.3389/fimmu.2014.00548
https://doi.org/10.3389/fimmu.2023.1198979
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Editorial: Long non-coding RNAs in viral infections and immunity
	Author contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


