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Influenza Antiviral Subversion: Now the Host Is in on the Act

Respiratory infections, whether novel zoonotic events like the current
coronavirus disease (COVID-19) pandemic or recurrent seasonal
epidemics like influenza, remain as intractable global health problems,
and elucidation of the underlying innate immunemechanisms that
drive antiviral immunity is urgently needed. Uniformly, pathogenic
viruses encodemechanisms to subvert antiviral defenses, particularly
those conferred by IFN, thus supporting the notion that IFN serves as
an important antiviral defense (1–4). More recently, pathogen pattern
recognitionmechanisms such as TLR7 (Toll-like receptor 7) and TLR9
that recognize viral RNA in endosomes and RNA helicases such as
RIG-I (retinoic induced gene) andMDA5 (melanoma differentiation-
associated antigen 5) that sense cytoplasmic single- or double-stranded
RNA (a unique feature of RNA virus replication and transcription)
have been elucidated (5, 6). Unsurprisingly, deeper investigation has
revealed virally encodedmechanisms of evading pathogen-associated
molecular pattern (PAMP)-driven antiviral immunity through
uncoupling of the signaling cascades stimulated by these PAMPs (7).
Much research has focused on the viral-encodedmechanisms, yet little
attention has focused on how host mechanisms may be recruited to
usurp antiviral defense. In this issue of the Journal, Ouyang and
colleagues (pp. 30–40) identify a host factor, NMI (N-Myc and STAT
interactor), that is recruited by the influenza virus to reduce IFN type I
antiviral signaling (8). Here, the authors show that NMI can enhance
proteosomal degradation of IRF7 (IFN regulatory factor 7) via
recruitment of the E3 ligase TRIM21 (tripartite motif-containing 21),
leading to a decrease in type I IFN expression (Figure 1). The work is
novel in that for the first time, a host-regulatory mechanism is used for
the nefarious reduction in host clearance of the influenza virus. Much
work remains to be done to fully uncover the importance of these
findings; however, the study indicates that viral regulation of antiviral
defense is not limited to virally encodedmechanisms.

Major advances in knowledge have been achieved during the past
20 years regarding viral host defense inmucosal, epithelial, and
hematopoietic lineage tissues and cells. First, the elucidation of Toll
proteins, particularly the TLR7/9 proteins (9), and subsequently the
RNA helicase RIG-I–like receptors (RLRs) RIG-I andMDA5 (10),
provide a starting point in antiviral defense. Although these sensors
ultimately use distinct signaling cascades, such asMyd88 or TOLLIP by
TLRs orMAVS (mitochondrial antiviral signaling protein) by RLRs,
the cascades culminate in activating transactivating transcription factors
in the IRF family, including IRF3 and IRF7, thus initiating IFN type I
a or b gene expression (11). Subsequent induction and release of
IFN a or b proteins from infected cells triggers antiviral defenses
through ISGs (IFN-stimulated genes) in surrounding cells and tissues
to mount a preemptive antiviral state in neighboring cells and tissues.
Furthermore, IFNs represent a molecular bridge to the adaptive
immune system, facilitating T and B lymphocyte maturation and

playing a critical role in mounting cell-mediated and humoral
immunity (12).

The role of NMI in normal cell homeostasis is largely unknown,
although a role in inflammation involving the release of
proinflammatory cytokines has been reported (13). In this issue,
Ouyang and colleagues show that leukocytes from natural influenza
infection in humans and experimental influenza infection in the lungs
of mice produce elevated levels of NMI.Moreover,NMI2/2 mice
exhibited some protection against flu infection, including decreased
lung viral burden and reduced weight loss, as well as increased survival
in a lethal challengemodel. These changes were concurrent with
increased type I IFN and ISG expression, suggesting that NMI
negatively regulates the induction of type I IFN transcriptional
programs. Subsequent studies usedmolecular approaches to show
direct interaction of NMI with IRF7.Moreover, NMI promotes
activation of the E3 ligase TRIM21, which leads to ubiquitination and
proteosomal degradation of IRF7, a well-recognizedmeans by which
virally encodedmediators subvert antiviral defenses. The finding that
host proteins may contribute to this subversion of antiviral mechanisms
adds yet another wrinkle to the complex biology of the subcellular
environment during viral infection. Although the effects ofNMI
ablation inmice is somewhat mild, othermechanisms, most notably the
viral NS1 (nonstructural 1) protein regulation of antiviral defenses, are
still likely functional and likely still active in this experimental model (3).

Despite the clear role of NMI as a host regulator of IRF7, some
caution is warranted. The studies inNMI2/2 mice did not determine
the role of NMI in either the lung epithelium or hematopoietic
lineage cells in the lung. As such, it remains to be determined whether
the biology identified here imparts its effects on antiviral defense in
the infected epithelial cell or on the regulation of the innate immune
cells involved in adaptive immunity. The heavy reliance on
transfected cells for addressing the interactions between NMI, IRF7,
and E3 ligase TRIM25 may not be representative of what occurs with
physiological protein levels. Importantly, several lines of evidence
indicate that murine and human antiviral defenses may be distinct.
Influenza A virus (IAV) NS1 can bind to the RIG-1 CARD domain
directly and facilitate TRIM25 ubiquitination and proteosomal
degradation of RIG-I (14). However, NS1 binding to TRIM25 is
species specific, with human culture-isolated IAV binding to human
TRIM25 but not avian TRIM25, and avian-cultured IAV binding to
avian TRIM25 but not to human. Neither human- nor avian-derived
NS1 bind to murine TRIM25 (15). This, however, is advantageous, as
it would eliminate the role of NS1-activated TRIM25-mediated
proteosomal degradation of RIG-I/CARD inmice, thus reducing
antiviral defenses that would obfuscate the role of NMI. It should be
noted here that NMI-mediated regulation should also be investigated
across multiple lineages of influenza species (e.g., A and B) and
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strains (e.g., H1N1 or H3N2). In particular, the mouse-adapted A/
Puerto Rico/8/1934 strain used here encodes an additional protein in
the PB1 gene, called PB1-F2, an important virulence factor affecting
lethality in mice, and it is unclear how this might contribute to the
biology elucidated here (16, 17). Despite these limitations, the finding
of a host cellular factor that regulates antiviral defense is important
and should be addressed in any future studies of type I IFN signaling
after influenza.

In summary, the regulation of antiviral signaling and
mediators that control activation remain complex; however, further
elucidation of binding partners and activators/inhibitors will be
required before a full understanding is obtained and interventional
strategies can be investigated. In light of the role of subversion of
IFN type I signaling encoded by viruses of distant phylogeny,
targeting mechanisms of antiviral immunity could lead to the
identification of a broad-spectrum antiviral agent that could be
used to combat both endemic and emergent viruses such as
influenza and coronaviruses. �
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Figure 1. Overview of the role of NMI (N-Myc and STAT interactor) in subverting antiviral defense to influenza virus (created with BioRender.com).
IAV 5 influenza A virus; IRF7 5 IFN regulatory factor 7; RIG-I 5 retinoic acid-inducible gene-I; TRIM21 5 tripartite motif 21; Ub 5 ubiquitin.

EDITORIALS

2 American Journal of Respiratory Cell and Molecular Biology Volume 65 Number 1 | July 2021

http://www.atsjournals.org/doi/suppl/10.1165/rcmb.2021-0094ED/suppl_file/disclosures.pdf
https://orcid.org/0000-0003-0780-9470
http://www.atsjournals.org/doi/suppl/10.1165/rcmb.2021-0094ED/suppl_file/disclosures.pdf


7. Chan YK, Gack MU. Viral evasion of intracellular DNA and RNA
sensing. Nat Rev Microbiol 2016;14:360–373.

8. Ouyang W, Cen M, Yang L, Zhang W, Xia J, Xu F. NMI facilitates
influenza A virus infection by promoting degradation of IRF7 through
TRIM21. Am J Respir Cell Mol Biol 2021;65:30–40.

9. Blasius AL, Beutler B. Intracellular toll-like receptors. Immunity
2010;32:305–315.

10. Takeuchi O, Akira S. Pattern recognition receptors and inflammation.
Cell 2010;140:805–820.

11. Wathelet MG, Lin CH, Parekh BS, Ronco LV, Howley PM, Maniatis T.
Virus infection induces the assembly of coordinately activated
transcription factors on the IFN-beta enhancer in vivo. Mol Cell
1998;1:507–518.

12. Tamura T, Yanai H, Savitsky D, Taniguchi T. The IRF family
transcription factors in immunity and oncogenesis. Annu Rev Immunol
2008;26:535–584.

13. Xiahou Z, Wang X, Shen J, Zhu X, Xu F, Hu R, et al. NMI and IFP35
serve as proinflammatory DAMPs during cellular infection and injury.
Nat Commun 2017;8:950.

14. Jureka AS, Kleinpeter AB, Tipper JL, Harrod KS, Petit CM. The
influenza NS1 protein modulates RIG-I activation via a strain-specific
direct interaction with the second CARD of RIG-I. J Biol Chem
2020;295:1153–1164.

15. Rajsbaum R, Garc�ıa-Sastre A, Versteeg GA. TRIMmunity: the roles of
the TRIM E3-ubiquitin ligase family in innate antiviral immunity. J Mol
Biol 2014;426:1265–1284.

16. McAuley JL, Zhang K, McCullers JA. The effects of influenza A virus
PB1-F2 protein on polymerase activity are strain specific and do not
impact pathogenesis. J Virol 2010;84:558–564.

17. Zamarin D, Ortigoza MB, Palese P. Influenza A virus PB1-F2 protein
contributes to viral pathogenesis in mice. J Virol 2006;80:7976–7983.

EDITORIALS

Editorials 3

http://dx.doi.org/10.1165/rcmb.2020-0391OC


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 300
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /FlateEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /Warning
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects false
	/DownsampleMonoImages false
	/PassThroughJPEGImages true
	/ColorSettingsFile (Color Management Off)
	/AutoRotatePages /None
	/Optimize false
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /Warning
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues true
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1000
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth 8
	/OtherNamespaces [
		<<
			/IncludeSlug false
			/CropImagesToFrames true
			/IncludeNonPrinting false
			/OmitPlacedBitmaps false
			/AsReaderSpreads false
			/Namespace [
				(Adobe)
				(InDesign)
				(4.0)
			]
			/FlattenerIgnoreSpreadOverrides false
			/OmitPlacedEPS false
			/OmitPlacedPDF false
			/SimulateOverprint /Legacy
			/IncludeGuidesGrids false
			/ErrorControl /WarnAndContinue
		>>
		<<
			/IncludeProfiles false
			/AddBleedMarks false
			/ConvertColors /ConvertToCMYK
			/IncludeLayers false
			/FormElements false
			/FlattenerPreset <<
				/PresetSelector /MediumResolution
			>>
			/IncludeInteractive false
			/AddColorBars false
			/DestinationProfileSelector /DocumentCMYK
			/MultimediaHandling /UseObjectSettings
			/UseDocumentBleed false
			/AddCropMarks false
			/PreserveEditing true
			/PDFXOutputIntentProfileSelector /DocumentCMYK
			/DestinationProfileName ()
			/UntaggedRGBHandling /UseDocumentProfile
			/GenerateStructure false
			/AddRegMarks false
			/Namespace [
				(Adobe)
				(CreativeSuite)
				(2.0)
			]
			/Downsample16BitImages true
			/IncludeHyperlinks false
			/IncludeBookmarks false
			/AddPageInfo false
			/UntaggedCMYKHandling /LeaveUntagged
		>>
	]
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 300
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages false
	/EncodeColorImages true
	/AlwaysEmbed [
		true
	]
	/EndPage -1
	/DownsampleColorImages false
	/ASCII85EncodePages false
	/PreserveEPSInfo true
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 1200
	/NeverEmbed [
		true
	]
	/CannotEmbedFontPolicy /Error
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile (None)
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings true
	/Namespace [
		(Adobe)
		(Common)
		(1.0)
	]
	/AutoFilterColorImages false
	/DownsampleGrayImages false
	/GrayImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /Warning
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ColorImageDepth 8
	/DetectCurves 0.0
	/PDFXTrapped /False
	/ColorImageFilter /FlateEncode
	/TransferFunctionInfo /Remove
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage false
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (DJS standard print-production joboptions; for use with Adobe Distiller v7.x; djs rev. 1.0)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA <>
		/DAN <>
		/JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts false
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		792.0
		1224.0
	]
	/HWResolution [
		2400
		2400
	]
>>
setpagedevice


