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ABSTRACT 

Influenza A virus (IAV) remains a seemingly undefeatable public health threat owing 

to its frequent antigenic drift and shift. Seasonal epidemics, occasional pandemics, and 

avian/zoonotic IAV outbreaks cause significant morbidity and mortality among human and other 

hosts, leading to substantial global economic burdens. Along the path of host-virus coevolution, 

mammalian hosts have evolved sophisticated cellular networks to combat viral infection, among 

which the innate immune system constitutes the first line of defense. Its rapid detection of the 

invading virus initiates an effective antiviral response which in turn primes a specific adaptive 

immunity. Therefore, an in-depth understanding of the interplay between IAV and host innate 

immune system not only provides knowledge on IAV pathogenesis but also sheds light on the 

development of novel approaches to combatting IAV infection. 

The innate immune recognition of IAV relies on various families of pattern recognition 

receptors, among which the retinoic acid-inducible gene I (RIG-I), a founding member of the 

RIG-I-like receptor (RLR) family, is indispensable for the IAV-induced type I interferon (IFN) 

response. It has been well characterized as a cytoplasmic sensor that recognizes short double-

stranded (ds) RNA harboring a 5’-triphosphate moiety. Interestingly, IAV bears a single-stranded 

RNA genome and does not generate a detectable amount of dsRNA during infection. Over the 

last decade, the panhandle structure, which is formed from the partial complementarity of the 

genomic RNA extremities of negative-strand RNA viruses, has been proposed to meet the 

dsRNA requirement for RIG-I activation. However, it remains unsubstantiated the contribution of 

panhandle structure in the genomic context of IAV to RIG-I activation. Therefore, in the first part 

of this thesis, I investigated whether the IAV panhandle structure is directly involved in RIG-I 

activation and type I IFN induction. Using reconstituted IAV genomic RNA with coding region 

truncations, it was demonstrated that the viral genomic coding region is dispensable for RIG-I-

dependent IFN induction in primary alveolar macrophages. The in vitro-synthesized IAV 

panhandle RNA directly binds to RIG-I with 1:1 stoichiometry and stimulates RIG-I ATPase 

activity in vitro and RIG-I-dependent IFNβ promoter activation in DF-1 cells. These lines of 

evidence demonstrate a direct involvement of the IAV panhandle structure in RIG-I activation. 

Since the wild-type panhandle structure exhibits an imperfect double-strandedness containing 

wobble base pairs, mismatch, and bulged nucleotide, it was of particular interest to determine 

how these elements contribute to RIG-I activation. Elimination of these destabilizing elements 
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from either the 5’ or 3’ arm of the panhandle structure enhances RIG-I binding and ATPase 

activity in vitro, and promotes RIG-I-dependent IFN induction in DF-1 cells and primary 

macrophages. Given that the IAV panhandle structure also serves as the viral promoter region, 

the promoter activity of panhandle-stabilized variants was monitored in an attempt to correlate 

with their RIG-I stimulatory activity. The panhandle-stabilizing mutations dramatically impair 

viral transcription, but only moderately affect viral replication. Collectively, these results indicate 

from an evolutionary perspective that the IAV panhandle promoter region adopts a nucleotide 

composition that is suboptimal for RIG-I activation and optimal for a balanced viral RNA 

synthesis, both of which are beneficial for efficient viral infection. 

Compared to most of the other RNA viruses replicating in the cytoplasm, IAV has a 

unique site of replication – the nucleus. This nuclear-replicating strategy underscores a long-

standing puzzle as to how the cytoplasmic RNA sensor RIG-I senses a nuclear-replicating virus 

such as IAV. In the second part of this thesis, I investigated the spatiotemporal detection of IAV 

by RIG-I during infection. Notably, a trace of nuclear-resident RIG-I was identified which 

contributes to nuclear IAV sensing. Using NS1 deletion viruses that are defective of IFN 

antagonism, it was shown that RIG-I activation during a single-cycle infection intimately 

associates with nuclear vRNA accumulation and that vRNA nuclear export is dispensable for 

RIG-I activation. Cellular fractionation followed by co-immunoprecipitation further demonstrates 

that endogenous nuclear RIG-I constantly associates with nuclear vRNP during the course of 

IAV infection. Ectopically expressed nuclear RIG-I efficiently mediates IFN and interferon-

stimulated gene (ISG) induction in response to nuclear viral replication recapitulated by IAV 

RNP reconstitution. Complementation of RIG-I KO A549 cells with the nuclear RIG-I restores 

the canonical mitochondrial antiviral-signaling protein (MAVS)-dependent signaling axis 

inducing IFN, which in turn establishes an effective antiviral state restricting IAV infection. 

Strikingly, the exclusive signaling specificity conferred by nuclear RIG-I is reinforced by its 

inability to sense cytoplasmic-replicating Sendai virus and appreciable sensing of hepatitis B 

virus pregenomic RNA in the nucleus. Collectively, these results identify the existence of nuclear 

RIG-I which is actively involved in IAV sensing along with its cytoplasmic counterpart, and 

refine the RNA sensing paradigm for nuclear-replicating viruses by revealing a previously 

unrecognized subcellular milieu for RIG-I-like receptor sensing. 
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The identification of nuclear-resident RIG-I provides advanced insight into the 

spatiotemporal detection of IAV from the host perspective; however, the physiological viral 

ligands activating RIG-I during IAV infection remain underexplored. It is also of interest to 

speculate that the two different cellular pools of RIG-I may associate with distinct but 

overlapping groups of viral agonists. Other than full-length viral genomes, the viral defective 

interfering (DI) genomes and unknown aberrant RNAs are potential RIG-I agonists, which are 

proposed to be erroneously generated by the viral polymerase under cellular constraints impeding 

ongoing viral replication. In the third part of this thesis, I interrogated the origins of RIG-I 

activating viral RNA under two such constraints that may potentiate a malfunctioning viral 

polymerase. Using chemical inhibitors that inhibit viral protein synthesis, it was shown that the 

incoming but not de novo synthesized DI genomes specifically contributing to cytoplasmic RIG-I 

activation. In comparison, deprivation of viral nucleoprotein (NP) leads to the production of 

aberrant viral RNA species activating nuclear RIG-I, but their nature is likely to be distinct from 

DI RNA. Moreover, nuclear RIG-I activation in response to NP deprivation is not adversely 

affected by expression of the nuclear export protein (NEP), which diminishes the generation of a 

major subset of aberrant viral RNA but facilitates the accumulation of small viral RNA (svRNA). 

Accordingly, a specialized ligand characteristic activating nuclear RIG-I is proposed in which 

aberrant viral RNA or svRNA forms intermolecular RNA duplexes with their full-length vRNA 

or cRNA template. Collectively, these results indicate the existence of fundamentally different 

mechanisms of RIG-I activation under cellular constraints that impede ongoing IAV replication. 

Overall, the three parts of this thesis establish the central role of IAV panhandle 

signatures in spatiotemporal RIG-I activation during IAV infection. Understanding the full 

spectrum of physiological RIG-I ligands and their relative contributions to IFN induction will 

facilitate the development of antiviral interventions to better control influenza infections. 
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CHAPTER 1 LITERATURE REVIEW 

1.1 Influenza A virus biology 

1.1.1 Influenza A virion and viral genome structures 

The influenza A virus (IAV) is the major causative agent of influenza that causes 

seasonal epidemics and occasional pandemics worldwide. Bearing a host reservoir of great 

diversity, such as the aquatic birds, IAV undergoes constant change in its genome constellation 

that empowers its seemingly undefeatable nature in the human history of medicine. IAV belongs 

to the family of Orthomyxoviridae which comprises seven genera including influenzavirus A, 

influenzavirus B, influenzavirus C, influenzavirus D, Thogotovirus, Isavirus, and Quaranjavirus 

1. Structurally, the IAV virion is composed of a matrix (M1) layer covered by a host-derived 

membrane envelope, within which the two viral glycoproteins hemagglutinin (HA) and 

neuraminidase (NA), and ion channel protein M2 are embedded. Buried inside the matrix protein 

1 (M1) layer of virion are the eight viral nucleocapsids in the form of ribonucleoprotein 

complexes (vRNPs) and small amounts of the nuclear export protein (NEP). Each vRNP consists 

of a viral genomic RNA encapsidated with the viral nucleoprotein (NP) and a heterotrimeric 

RNA-dependent RNA polymerase (RdRp) capping the genome extremities 1. Together, the 

vRNP folds into a rod-shaped, double-helical conformation with a loop on the opposite end to 

the RdRp (Fig. 1.1). 

Each viral genome segment is a single-stranded RNA of negative polarity. To date, 

each genome segment has been identified to encode at least two viral proteins, except for the 

HA, NP, and NA segments (Fig. 1.1). The PB2, PB1, and PA segments (segments 1, 2, and 3) 

encode the three viral RdRp subunits including polymerase basic 2 (PB2), polymerase basic 1 

(PB1), and polymerase acidic (PA). The HA and NA segments (segments 4 and 6) encode the 

two glycoproteins hemagglutinin and neuraminidase, and the NP segment (segment 5) encodes 

the nucleoprotein. The M and NS segments (segments 7 and 8) each encode two proteins by 

alternative splicing, with M1 and M2 expressed from the M segment, and the non-structural 

protein 1 (NS1) and NEP expressed from the NS segment. Together, the PB2, PB1, PA, HA, NP, 

NA, M1, M2, and NEP are categorized as viral structural proteins, with the exception of NS1 

that is defined as non-structural. However, recent mass-spectrometric analysis with higher 

sensitivity has challenged the definition of NS1 and reveals the trace of NS1 in the virion 2.  
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In addition to the mechanism of alternative splicing used for M2 and NEP expression, 

other mechanisms exist to further expand the coding capacity of IAV genome; however, the 

resulting viral proteins, if not all, are non-structural and their contributions to viral pathogenesis 

are relatively mild or viral strain-specific (Fig. 1.1). The PB2 segment encodes PB2-S1 through 

alternative splicing by which a region within the full-length PB2 mRNA is deleted, resulting in a 

shared N-terminal region and a frameshifted C-terminus unique to PB2-S1. Its expression is 

highly conserved among pre-2009 human H1N1 but not H1N1pdm and H3N2 viruses 3. The PB1 

segment encodes PB1-F2 and PB1-N40 through alternative initiation. Leaky ribosomal scanning 

produces PB1-F2 and N40 from a +1 open reading frame (ORF) and an internal in-frame start 

codon, respectively 4, 5. While N40 represents an N-terminally truncated form of full-length PB1 

that appears to be conserved across viral strains, PB1-F2 is expressed by most, but not all, viral 

strains; and its length varies depending on the presence of premature stop codons 6. Functionally, 

PB1-F2 is a virulence determinant in some contexts 7, 8, whereas the role N40 plays remains 

unclear. Similarly, the PA segments of various strains encode two N-terminally truncated forms 

of PA, N155 and N182. The loss of both proteins deferred virus growth in vitro and reduced 

virus pathogenicity in vivo 9. A highly conserved viral protein, PA-X, is produced from the PA 

segment via +1 ribosomal frameshift 10. It shares an N-terminal region identical to that of PA, 

and a unique X-ORF of either 61 (75% of known isolates) or 41 (25%) amino acids in length 11. 

PA-X harbors host shutoff activity and its loss led to reduced virus growth both in vitro and in 

vivo 10, 12. In addition to the M2 protein, alternative splicing of the M segment generates an 

accessory protein, M42, which functionally compensates for the loss of M2 expression. Its 

natural expression was interestingly seen in the context of avian H5N2 strains, in which both M2 

and M42 expressed simultaneously and functioned as the viral ion channel redundantly 10. The 

NS segment of an experimentally mouse-adapted human H3N2 virus obtained a single nucleotide 

mutation activating a novel splice donor site; this led to the expression of the NS3 protein that is 

an internally truncated form of NS1. Phylogenetic analysis suggested that NS3 expression plays 

a role in host switch from avian to mammalian species 13.  
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Fig. 1.1. IAV virion and genome structures. 

IAV bears a segmented genome constellation consisting of eight segments. Each genome 

segment is encapsidated in a vRNP complex which has a rod-shaped and double helical 

conformation. The eight vRNPs, along with a small amount of NEP, are buried inside a matrix 

layer composed of M1 protein, which is further coated by a host-derived lipid membrane in 

which viral glycoproteins HA and NA embed. The viral ion-channel protein M2 spans the lipid 

membrane and the M1 matrix layer. Except for the HA, NP, and NA segments, the other IAV 

genome segments employ three mechanisms to expand their coding capacity. The mRNAs of 

PB2, M, and NS segments are alternatively spliced to produce PB2-S1, M2, M42, NEP, and NS3 

proteins, while the PB1 and PA segments undergo alternative initiation to generate PB1-N40 

(alternative internal start codon), PB1-F2 (+1 ORF), PA-N155 (internal AUG), and PA-N182 

(internal AUG) proteins. PA-X shares a portion at the N-terminus with PA and possesses a 

unique C-terminal region (encoded by the X-ORF) owing to +1 ribosomal frameshift.  

  



 
4 

1.1.2 Influenza A virus life cycle 

1.1.2.1 Attachment, entry, and fusion 

IAV initiates host cell entry by the binding of viral HA to host sialic acids. This 

interaction exhibits species specificity and is one of the critical determinants of virus host range 

and pathogenicity. Two types of sugar linkage between the terminal sialic acid core and the 

penultimate galactose in N-linked carbohydrate side chains of glycoproteins are typically 

recognized by the viral HA. Most avian viruses preferentially bind sialic acids in α2,3-linkage to 

galactose, whereas human viruses prefer α2,6-linked sialic acids. These sugar linkages are 

distributed in a tissue-specific manner, thereby determining the cell tropism of IAV in different 

hosts 14. Interestingly, recent studies have demonstrated that the glycan topology and internal 

glycan modifications also contribute to HA binding 15, expanding the complexity of receptor 

binding specificity. 

The virion entry is mainly mediated by clathrin-dependent endocytosis, while clathrin-

independent pathways also exist such as macropinocytosis 16-18. Virion attachment to the cell 

surface induces local membrane curvature followed by the de novo formation of clathrin-coated 

pits (CCP). The mature CCP pinches off from the cell membrane followed by the fusion of 

clathrin-coated vesicles with early endosomes 19. Subsequently, the fusion between the viral 

membrane and that of the late endosome occurs at low pH of approximately 5.0-6.0. The low pH 

triggers a dramatic conformational change in HA, by which the fusion peptide at the N-terminus 

of HA2 exposes and inserts into the endosomal membrane. Several fusion peptides then become 

juxtaposed with the transmembrane domains of HA2 inserted into the viral membrane, acting in 

concert to open up the fusion pores 20. Efficient uncoating also requires the viral M2 protein. The 

ion channel activity of M2 mediates the endosome-to-virion influx of H+ ions, thereby 

dissociating the vRNP complex from the rest of the viral components and facilitating the release 

of vRNP into the cytoplasm 21, 22. 

1.1.2.2 Genome transcription and replication 

Following virion uncoating, the released vRNPs are imported into the cell nuclei in 

which the genome transcription and replication take place 23, 24. The nuclear import of vRNPs is 

mainly dependent on the nuclear localization signal (NLS) of NP. The NLS within NP is 

recognized by members of the importin α family and the differential association of NP with 
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importin α isoforms of different host species has been proposed to be a host range determinant 25, 

26. Within the nucleus, each vRNP serves as the minimum unit for viral transcription and 

replication processes and catalyzes viral RNA synthesis in an independent but intertwined 

manner. Bearing a genome of negative polarity, the incoming genomic vRNA is first transcribed 

into positive-sense viral mRNA by the resident RdRp. This process of primary transcription and 

the subsequent secondary transcription require the transcriptase activity of RdRp, in which the 

three polymerase subunits act in concert to generate 5’ capped and 3’ polyadenylated viral 

mRNA species (Fig. 1.3). Unlike host mRNA synthesis, IAV mRNA synthesis is primer-

dependent. A cap-snatching mechanism is exerted by the viral polymerase to steal 5’-capped 

RNA fragments from host capped small RNAs (snRNAs, snoRNAs, and promoter-associated 

capped small RNAs) for transcription initiation. To this end, the RdRp accumulates at cellular 

RNA polymerase II (Pol II) transcription sites and interacts with the C-terminal domain of the 

large subunit of Pol II in its phosphorylated form 27, 28. With the insertion of a hook structure 

within the 5’ end of vRNA into the deep pocket at the PB1 finger: PA C-terminal domain 

interface, the PB2 C-terminal domain and PA N-terminal endonuclease domain undergo 

dramatic conformational rearrangement 29, 30. This results in a transcription pre-initiation state in 

which the PB2 cap-binding and PA endonuclease domains are aligned to carry out cap-snatching. 

PA cleavage on host capped RNAs gives rise to RNA fragments of about 10-13 nucleotides from 

the 5’ cap structure, ending with a purine residue (preferentially A) 31, 32. The 3’ end of the 

capped primer is subsequently transferred to the PB1 active site, where it interacts with the 3’ 

end of the vRNA template. The C or G residue at position 2 (C2) or position 3 (G3) in the vRNA 

then directs the addition of a G or C residue to the 3’ end of the capped primer and 

transcriptional elongation commences. With the threading of vRNA template through the PB1 

active site, the 5’ end of vRNA remains bound to the resident polymerase. This steric constraint 

forces the polymerase to stutter on a 5-7-nucleotide U-stretch located 16 nucleotides from the 

vRNA 5’ end, leading to repeated AMP incorporation and the formation of a poly(A) tail. The 5’ 

cap of the nascent viral mRNA is released from the PB2 cap-binding domain and the viral 

mRNA undergoes nuclear export in a similar fashion as host mRNAs. For the mRNAs of M and 

NS segments, alternative splicing occurs at the 5’ and 3’ splice sites whose sequences resemble 

that of the cellular transcripts. The splicing rate is tightly controlled to maintain the ratio of 

unspliced vs. spliced viral mRNA. This regulation is exerted at either intra- or inter-segment 
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level. A recently identified exonic splicing enhancer motif within the NEP mRNA regulates the 

splicing of the NS segment in cis. The NS1 protein targets M mRNA to nuclear speckles and 

promotes its splicing and nuclear export. 

With the accumulation of sufficient viral proteins, the incoming vRNP replicates to 

make progeny vRNPs via the replicative intermediate cRNP (Fig. 1.3). The cRNP contains a 

positive-sense viral anti-genome (cRNA) encapsidated in a similar architecture as vRNP. Unlike 

viral mRNA, the cRNA is a full-length copy of the vRNA whose synthesis is primer-independent 

and does not terminate at the poly(U) stretch 33. Upon replication initiation, an AG dinucleotide 

base-pairs with 3’ 1U and 2C of the vRNA translocated into the PB1 active site 34. This base 

pairing is further stabilized by an interaction with the priming loop within PB1 35. Elongation 

proceeds and a currently unclear anti-termination mechanism is employed at the site of poly(U) 

stretch to circumvent the steric hindrance as that during viral mRNA synthesis. Along 

elongation, the 5’-end of the de novo synthesized cRNA associates with a non-resident RdRp 

which subsequently recruits NP for cRNA encapsidation into cRNP. Historically, that 

encapsidation occurs concomitantly with genome replication indicates NP as the crucial factor 

regulating the switch from viral transcription to replication. However, this model has been 

challenged by the cRNA stabilization model in which the RdRp associated with incoming vRNP 

simultaneously acts as a transcriptase and a replicase 36. In contrast to viral mRNA, the nascent 

cRNA could only be rescued in the presence of newly synthesized RdRp and NP, whose 

encapsidation on cRNA protects it from degradation by host nucleases 36. This effect is also a 

manifestation of the structural difference between viral mRNA and cRNA, with the former 

protected by a snatched 5’ cap structure and the latter harboring a 5’ triphosphate moiety. It is 

also worth noting that RdRp association is the prerequisite for the protective effect as neither NP 

nor individual RdRp subunit in isolation is effective 36.  

The cRNP further acts as a template for progeny vRNP synthesis (Fig. 1.3). While 

cRNA synthesis on a vRNA template initiates terminally, vRNA synthesis on a cRNA template 

undergoes a mechanism of internal initiation and realignment. An AG dinucleotide is formed on 

the 3’ 4U and 5C of cRNA within PB1 active site upon initiation 34; however, the subsequent 

translocation of the 3’ end of cRNA template is blocked by the PB1 priming loop, leading to the 

melting of the AG dinucleotide-template duplex 37. Realignment then occurs by the hybridization 
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between the AG dinucleotide and 3’ 1U and 2C of cRNA, which is effective in initiating 

elongation in a similar manner as that for cRNA synthesis from a vRNA template 34.  

In contrast to the clear mechanistic understanding of viral RNA synthesis at the RNA 

level, the modes of action of viral RdRp in catalyzing viral RNA synthesis at the RNP level 

remain unclear. While the transcription process is conducted by the vRNP-resident RdRp to 

generate viral mRNA, the RdRp responsible for the replication process is under debate. Purified 

vRNP retains replication capacity in vitro, indicating that cRNA synthesis is catalyzed by the 

resident RdRp 33, 38. This is also in line with the cRNA stabilization model in infected cells in 

which incoming vRNPs are competent in synthesizing cRNA 36. For vRNA synthesis from 

cRNP, current models concur in the requirement of a newly synthesized non-resident RdRp but 

differ in its functional contribution 38, 39. In the trans-acting model, the soluble RdRp provided in 

trans becomes in association with cRNP and functionally replaces the resident RdRp for vRNA 

synthesis. This is manifested by a functional genetic complementation in which the replication-

defective vRNP is rescued for progeny vRNP synthesis by a transcription-defective RdRp acting 

in trans 39. It is interesting to note that the progeny vRNP preferentially contains a replication-

defective RdRp as the resident polymerase, indicating that the trans-acting RdRp (i.e. 

transcription-defective), despite catalyzing vRNA synthesis, does not mediate the encapsidation 

and assembly of nascent vRNP. Using cRNP directly purified from infected cells, a trans-

activating model is proposed based on the facts that 1) the isolated cRNP is inactive in 

synthesizing vRNA in vitro; 2) a soluble RdRp provided in trans, in the form of either wild-type 

or catalytically inactive mutant (PB1a), could partially rescue the inactive phenotype 38. 

Therefore, it appears to be the cRNP-resident RdRp that catalyzes the replication process in this 

context, with the non-resident polymerase conferring a trans-activating effect. Recently, a 

refined model is further proposed based on the cryo-EM structure of tetrameric RdRp. Viral RNP 

likely associates with two RdRp complexes (RdRp dimer) at a time and the resident RdRp dimer 

recruits the second dimer for transient tetramer formation during replication. In contrast, the 

transcription process does not necessarily require RdRp tetramer formation and the resident 

dimer is sufficient for viral mRNA synthesis 40. Further investigations are required to elucidate 

the exact mechanism of vRNP synthesis from the cRNP template.   
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Fig. 1.2. IAV genome transcription and replication. 

(1) The viral polymerase hitchhikes on the cytoplasmic tail (in phosphorylated form) of the large 

subunit of RNA polymerase II (Pol II) to snatch the 5’-cap structure from host RNAs for viral 

transcription initiation; (2) viral mRNA synthesis is catalyzed by the vRNP-resident polymerase 

(RdRp) and the ongoing mRNA elongation occurs without a dramatic structural alteration of the 

vRNP complex; (3) the steric hindrance close to the 5’ extremity of the vRNA template as a 

result of RdRp association facilitates the stuttering of RdRp at the poly(U) stretch, giving rise to 

the formation of a poly(A) tail at the 3’ end of viral mRNA; (4-5) newly synthesized viral 

mRNAs are translated into viral proteins, such as the RdRp subunits and NP, whose nuclear 

accumulation facilitates genome replication; (6) the vRNA is copied into full-length replicative 

intermediate cRNA without termination at the poly(U) stretch. Genome replication occurs 

concurrently with NP encapsidation to form RNP complexes; (7) cRNA further acts as a 

template for vRNA synthesis. This process requires a non-resident RdRp to carry out vRNA 

synthesis (trans-acting) or to activate the cRNP-resident RdRp to catalyze vRNA synthesis 

(trans-activating). Viral NEP protein and small viral RNA (svRNA) have been shown to promote 

this process, likely by interacting with the non-resident RdRp. Note that the host restriction on 

PB2-627E acts on this process; host ANP32 proteins specifically promote vRNA synthesis from 

cRNA.  
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1.1.2.3 Assembly and budding 

The newly synthesized vRNPs are exported from the nucleus into the cytoplasm for 

subsequent genome packaging. The current mechanism of vRNP nuclear export depicts a daisy 

chain model in which two viral proteins, M1 and NEP, interact with vRNP and mediate the 

chromosome region maintenance 1 (CRM1)-dependent nuclear export. As one of the late 

expressed viral proteins, M1 is particularly important in determining the time window for nuclear 

export 41, 42. It interacts with vRNP components including vRNA and NP, and with histones of 

nucleosomes where vRNP docks 43, 44. The latter interaction likely contributes to the release of 

vRNPs from the chromatin. Nonetheless, the nuclear export signal (NES) of M1 does not directly 

interact with CRM1 45, indicating its bridging role in mediating vRNP nuclear export which also 

requires additional factors. It turns out that NEP makes a direct interaction with CRM1 through 

its N-terminal tandem NES motifs, and interacts with M1 and viral RdRp through its C-terminal 

domain 46. As such, the vRNP complex undergoes sequential interactions with M1 and NEP for 

CRM1 recognition and efficient nuclear export. Interestingly, redundant export mechanisms have 

been revealed in which NEP appears to be dispensable. The presence of NP and M1, both of 

which harbor CRM1-dependent and/or -independent NES motifs, is sufficient for mediating 

vRNP nuclear export in the context of little NEP expression 42, 45, 47. To gain preferential access 

to the CRM1 nuclear export machinery, progeny vRNPs dock at the chromatin regions where the 

newly synthesized CRM1 and Ran guanine nucleotide exchange factor RCC1 locate, with the 

latter promoting RanGTP synthesis driving CRM1-dependent nuclear export 48.  

Once reaching the cytoplasm, vRNPs are blocked from re-entering the nucleus, likely 

attributable to the masking of NLS motifs of NP and M1 by M1 and NEP, respectively 41, 49, 50. 

vRNPs are further navigated to the plasma membrane where virion assembly and budding 

commence. This transportation is mediated by the association of vRNP with Rab11-positive 

recycling endosomes trafficking along the microtubule networks 51-54. Currently, the mechanism 

by which a full set of viral RNA genome segments (i.e. eight vRNPs) is packaged is not well 

understood. Both random and selective incorporation models have been proposed based on 

supporting experimental observations 55-58. However, accumulating evidence favors the latter 

model in which each vRNA segment contains its exclusive packaging signal and acts 

independently in a selective packaging process. At the RNA level, both the noncoding regions 

(NCR) and terminal coding regions located within the 5’ and 3’ extremities of the genomic RNA 
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constitute the segment-specific packaging signals. The NCRs in isolation are sufficient for virion 

incorporation of a given segment but the terminal coding sequences are required as a bundling 

signal to ensure the incorporation of a complete genome set 59. The spatiotemporal interaction at 

the vRNP level is also proposed to be critical for genome packaging yet the exact mechanism 

remains unclear; vRNP is exported individually into the cytoplasm and the colocalization of 

vRNP pairs occurs later in a microtubule-independent manner but is facilitated by Rab11 

association 52. An intersegment interaction between the PB1 and NS segments has been 

identified in vitro and in the context of viral infection; it is mediated by a pair of kissing loop 

sequences located within the internal coding regions of the two segments, whose interaction 

contributes to a co-packaging event 60.  

The three integral viral membrane proteins, namely HA, NA, and M2, undergo post-

translational modifications in the endoplasmic reticulum (ER) and Golgi complex, followed by 

plasma membrane localization navigated by their apical sorting signals. Both HA and NA, but 

not M2, associate with lipid-raft-enriched membrane microdomains from which the virions 

preferentially bud. The viral proteins that primarily drive the budding process include M1, HA, 

and NA. M1 was considered as the driving force of budding as shown in virus-like particle 

(VLP) formation and its bridging position between the vRNP core and the viral envelop within 

the virion 61. However, the expression of HA and NA is sufficient for VLP formation 

independently of M1, suggesting a shifting model of budding controlled by viral glycoproteins 62, 

63. It is now believed that the lipid-raft-anchored HA and NA initiate the budding event by 

altering the membrane curvature, and recruit M1 through their cytoplasmic tails 64. Membrane 

recruitment of M1 further facilitates alterations in membrane curvature which also contribute to 

the morphology of budding virions 65, 66. Following vRNP recruitment, M2 is recruited to the site 

of budding through its interaction with the membrane-bound M1 to stabilize the membrane 

curvature and ensure sufficient duration for genome packaging and virus filament formation 64, 67, 

68. M2 subsequently concludes the budding process by localizing to the neck of the budding 

virion where it mediates membrane scission likely facilitated by Rab11 69, 70. NA further cleaves 

sialic acids off the cell membrane, liberating tethered virions to the extracellular environment 71, 

72.  
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Fig. 1.3. The IAV life cycle. 

IAV initiates host cell entry by HA binding to the sialic acids on the plasma membranes. 

Following the clathrin-dependent endocytosis or macropinocytosis, the fusion between the viral 

membrane and that of the late endosome is carried out by the viral HA protein at a low pH. The 

viral M2 protein mediates an endosome-to-virion proton influx whereby facilitates the release of 

vRNPs into the cytoplasm (1). The incoming vRNPs are rapidly imported through the nuclear 

pore complex (NPC) into the nucleus, where the primary transcription commences (2-3). The 

newly synthesized viral mRNAs are exported to the cytoplasm for the de novo synthesis of viral 

proteins, which are subsequently imported into the nucleus to facilitate viral genome replication. 

The genome replication is closely associated with encapsidation so that the progeny genomes are 

assembled into vRNPs in the nucleus (4). The progeny vRNPs are mainly exported to the 

cytoplasm via a CRM1-dependent pathway, which requires the viral M1 and NEP proteins (5). 

The exported vRNPs are blocked from re-entry and are navigated to the plasma membrane for 

genome packaging via the Rab11-positive recycling endosomes (6). The three integral viral 

membrane proteins, HA, NA, and M2 contain apical sorting signals and are also transported to 

the plasma membrane for virion assembly. Virion budding is initiated by HA and NA, followed 

by the recruitment of M1 to facilitate alterations in membrane curvature. Following vRNP 

recruitment, M2 concludes the budding process through membrane scission at the neck of the 

budding virion. NA further cleaves sialic acids off the plasma membrane to liberate the tethered 

virions to the extracellular niche (7). (Adapted from Eisfeld et al.25) 
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1.1.3 Influenza A virus genetics, evolution, and host range determinants 

1.1.3.1 Influenza A virus genetics and evolution 

The IAV polymerase, like many other RdRp of RNA viruses, lacks the 3’ to 5’ 

exonuclease proofreading activity and is thus prone to accumulate spontaneous mutations during 

genome replication 73, 74. This high mutation rate across the viral genome, particularly in the gene 

of glycoprotein HA, confers to the mechanism of “antigenic drift” that evades pre-existing 

neutralizing antibody response in the host 75, 76. Mutations on NA and M2 also contribute to the 

resistance to antiviral drugs such as oseltamivir and amantadine 77, 78. The segmentation of the 

IAV genome enables the viruses co-infecting a cell to exchange genome segments. This process 

of reassortment, once involved the HA and/or NA segment, leads to an “antigenic shift” with the 

generation of potentially new viruses that are antigenically distinct from the circulating strains 75, 

76. In addition to these two major drivers of genome diversification, IAV likely employs the 

mechanism of homologous recombination to gain biological fitness. Mosaic sequences mediated 

by the process of template switching have been identified for HA and NA genes; however, the 

detailed mechanism and its biological significance remains unclear 79. 

IAV has a broad host range in which wild aquatic birds represent the major natural 

reservoir 75, 80. Avian IAV strains are well adapted to these natural hosts; therefore, the mutations 

arose from antigenic drift normally provide no evolutionary advantage and do not persist in viral 

populations. Viruses from mammalian hosts, such as swine and humans, evolve faster than those 

from avian species; human and avian viruses have an evolutionary rate of 1.8 – 2.6 × 10-3 and 1.8 

– 8.4 × 10-3 substitutions/site/year, respectively 81, 82. The faster evolution of IAV in humans 

partially reflects the difference in selective pressure posed by host immune responses. The HA 

gene shows the highest evolutionary rate owing to its exposure to a considerable host antibody 

response. Moreover, rapid HA evolution can also occur via reassortment, by which an 

immunogenically distinct HA replaces the parental HA segment, leading to an antigenic shift. 

The evolution of the other viral genes, such as those encoding vRNP components (i.e. RdRp and 

NP), may be subjected to virus-specific functional constraints 75. Any frequent reassortment of 

these genes might render the reassortants loss of biological fitness. Nonetheless, the PB1 

segment appears to be an exception since all the major pandemic viruses prior to 2009 contain 

their PB1 segments derived or reassorted from avian strains 83, 84. This is likely due to the 

conserved nature and a lack of host-specific evolution of PB1 75. In contrast, host-specific 
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adaptive evolution is frequently detected in PB2 and PA, whose mutations represent the major 

molecular determinants of IAV host range. At the population level, the error-prone nature of 

RNA virus polymerases confers an evolutionary advantage and drives the generation of 

quasispecies that co-circulate in infected cells or host organisms. This population of virions bears 

a swarm of non-identical but related genomes which reach a consensus sequence representing the 

population as a whole 85. Under selective pressures, the diversity of quasispecies allows the viral 

population to rapidly adapt and switch its fitness landscape 86. Nonetheless, that many RNA 

viruses replicate at a mutation rate close to an error threshold indicates that the perturbation of 

quasispecies equilibrium by either lethal mutagenesis or increasing polymerase fidelity may offer 

virus attenuation and therapeutic strategies 85, 86. 

1.1.3.2 Host range determinants  

The active spillover of IAV from its natural aquatic bird reservoir to mammalian hosts, 

such as pigs and humans, poses a significant public health threat. Most human spillover events 

are self-limited or with limited chains of direct-contact transmission 87. This is attributable to the 

host range restriction of avian IAV in establishing a productive infection in humans. To 

overcome such species barrier, IAV evolves to acquire adaptive mutations in multiple viral 

proteins that contribute to host adaptation. These proteins, including HA, NA, the polymerase 

complex, and NS1, are collectively defined as host range determinants 88-92. 

HA is a key restriction factor given its important role in virus entry including cell 

receptor binding and endosomal fusion. Avian and human HA proteins have distinct receptor 

specificities with the former preferentially binds to α2,3-linked sialic acids and the latter 

recognizes α2,6 linkages. The distribution of the two types of receptors along the human upper 

and lower respiratory tracts also limits the transmission of avian viruses, although this has been 

challenged by the presence of α2,3-linked sialic acids in the human upper respiratory tract 15, 93, 

94. Sustained human transmission can be achieved by specific amino acid substitutions that alter 

the receptor preference from α2,3 to α2,6 linkages. These mutations normally lie in the receptor-

binding sites of HA but may also involve surrounding glycosylation sites and the stem region 95-

97. Adaptation of NA is also required to functionally balance HA for efficient viral replication 

and transmission 98, 99. Deletions in the NA stalk region have frequently been detected in avian 

viruses following transmission from waterfowl to domestic birds such as chickens. Despite 

unclear for the mechanism of this natural selection, it may lead to enhanced viral replication and 



 
15 

pathogenicity in chickens as well as mice in some circumstances 100-102. Mutations that increase 

the NA enzymatic activity or that confer compensatory effect on the loss of HA glycosylation 

have also been reported in certain adaptation events 103-105, reinforcing the importance of HA-NA 

balance in host range determination. 

Host restriction exerted at the level of the vRNP complex is another critical barrier that 

avian viruses have to breach in order for efficient replication in human cells. Adaptive mutations 

in all of the polymerase subunits and NP, either in isolation or combination, contribute to the 

enhancement of viral polymerase activity and/or suppression of immune defense in human cells. 

Among the polymerase subunits, PB2 contains one of the most-studied host-specific genetic 

signatures at the amino acid position 627. A single mutation from glutamic acid (E) to lysine (K) 

renders an avian-origin polymerase active in mammalian hosts 106, 107. While nearly all avian 

isolates harbor an E627, all of the major pandemic viruses prior to 2009 as well as most human 

isolates of H5N1 and H7N9 contain a K627. The absence of K627 in the 2009 H1N1 pandemic 

viruses is partially compensated by G590S/Q591R mutations, which locate in the same solvent-

exposed surface of PB2 and functionally resemble the positive charge conferred by K627 91, 108, 

109. While the mechanism by which PB2 E627K mutation enhances avian-origin polymerase 

activity has been extensively investigated over decades, it was until the identification of the 

ANP32A protein did the underlying mechanism become unveiled 110. Several models have been 

proposed to explain the polymerase enhancing effect of E627K mutation; these include the 

stabilization of PB2: NP interaction 111-114, vRNA promoter binding 115, 116, and temperature 

sensitivity 117. However, contradictory results have also been reported that challenge these 

models 118-120. Taking advantage of heterokaryons of avian and mammalian cells, two models 

have been proposed that take into account the roles of host factors. It was proposed that either an 

antiviral host factor in human cells 114 or a proviral factor in avian cells 121, restricts E627 

polymerase activity in mammalian hosts but facilitates that in avian hosts. Mammalian host 

factors including the DEAD-box RNA helicase 17 (DDX17), the retinoic acid-inducible gene I 

(RIG-I), and Tu elongation factor-mitochondrial (TUFM) are potential antiviral factors as their 

depletion alleviates restriction of E627 polymerase activity 122-124. On the other hand, chicken 

ANP32A fits into the category of proviral host factors in avian cells. Its introduction into 

mammalian cells efficiently restores E627 polymerase activity 110. In comparison with its 

mammalian counterparts, avian ANP32A contains a stretch of additional 33 amino acids after 
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position 175 which is crucial for supporting E627 polymerase activity in mammalian cells 110. 

The absence of this avian-specific insertion in human ANP32 proteins likely drives the selection 

of E627K mutation to engage the shorter versions of ANP32. Both human ANP32A and 

ANP32B are required for efficient viral RNA synthesis in human cells 125. The mechanism by 

which avian ANP32A rescues E627 polymerase activity in human cells is not well understood. A 

hydrophobic SUMO interaction motif (SIM)-like sequence within the 33-amino-acid insertion 

likely engages a SUMO-modified host factor to facilitate this process 126. It is currently known 

that E627 polymerase remains normal transcription activity but the replication from cRNP to 

vRNP is defective 119, 127. This is functionally reminiscent of the trans-acting or trans-activating 

cRNP-to-vRNP model as discussed in section 1.1.2.2 (Fig. 1.3). How avian ANP32A aids the 

E627 polymerase in overcoming such deficit is unknown. It is noteworthy that human ANP32 

proteins, albeit lacking the avian-specific insertion, specifically enable a K627 polymerase to 

replicate vRNA from a cRNA template in vitro 125. It would be tantalizing to determine whether 

the in-trans model for E627 polymerase replication facilitated by avian ANP32 is 

mechanistically equivalent to that for K627 polymerase and human ANP32 proteins. Apart from 

the PB2 E627K, other PB2 mutations, including T271A 118, 128, 129, E158G 130, 131, and D701N 132-

139 have all been implicated in mammalian host adaptation. PB2 amino-acid position 701 lies in 

the NLS domain of PB2 and its contribution to host adaptation is likely attributable to the 

interaction with species-specific importin α isoforms 140-142. Avian viruses preferentially bind 

importin α3 whereas mammalian viruses exhibit importin α1 and α7 specificity 26, 141, 143. PB2 

D701N mutation mediates the switch from importin α3 to α7 dependency and enhances human 

importin α1 interaction thereby facilitating nuclear entry of vRNP components and vRNP 

assembly 26, 141, 144.  

The PA subunit of viral polymerase also contains host adaptive mutations, such as 

A36T, T85I, T97I, G168S, C241Y, L336M, and T552S 91, 145-149. However, the molecular 

mechanisms for these polymerase-enhancing substitutions remain unclear. In contrast to PB2 and 

PA, PB1 harbors the least number of adaptive mutations 84, reflecting its slower evolutionary rate 

than PB2, PA, and NP and an independent evolutionary pathway due to stronger functional 

constraints than others 81, 89. The NP protein contains adaptive mutations that share a similar 

mechanism as PB2 D701N; the NP N319K mutation is also involved in the switch of importin α 

specificity and enhancement of viral replication 26, 132, 133, 141. In the absence of PB2 E627K, some 
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adaptive mutations in viral NEP protein are compensatory and facilitate host adaption of highly 

pathogenic H5N1 avian viruses. These mutations, including M16I, likely aid the PB2 E627 

polymerase in overcoming the replication deficit at the step of cRNP to vRNP 127; however, the 

exact mechanism of which remains unexplored.  

Differences in species-specific innate immune systems may also shape the host range 

barrier and drive the evolution of adaptive mutations. As the major antagonist of the host 

immune response, NS1 displays considerable sequence variation and is likely to be an attractive 

host range determinant 150, 151. However, although avian viruses contain an exclusive pool of 

allele B NS1 152, no specific host restriction was exerted on the B allele 153. Both the A and B 

alleles of avian-origin NS segments support efficient virus replication in mice and are capable of 

suppressing IFN response in vitro 153. Nonetheless, avian NS1 appears to be less potent than 

human NS1 in IFN inhibition, and avian viruses are more sensitive to induction of interferon-

stimulated genes (ISG) 154-158, though these lines of evidence might be context-dependent. One 

manifestation of the avian sensitivity to ISG is the antiviral effect of myxovirus resistance 

protein A (MxA). Avian H5N1 viruses are highly sensitive to MxA 159, 160 and the acquisition of 

adaptive mutations in NP, such as those identified in the 1918 pandemic virus, renders avian 

vRNP resistant to MxA 161. Interestingly, MxA-resistant mutant viruses are attenuated in 

replication, which is indicative of a fitness cost that requires other compensatory mutations 161.  

In addition to PB2 position 627 that is involved in RIG-I mediated vRNP recognition 

123, the PB2 amino-acid position 9 within the mitochondrial targeting signal also plays a role in 

differential IFN induction by avian or human viruses. In contrast to the human PB2 N9 signature, 

the PB2 D9 signature of avian origin fails in mitochondrial localization leading to elevated IFN 

response 162. However, the attenuated phenotype of the PB2 N9D virus in vivo does not correlate 

with increased IFN induction 162. Overall, the identification and characterization of novel host 

range determinants remain a research hotspot. It offers not only insights into the species-specific 

mechanisms of viral replication and immune evasion, but host-specific genetic signatures that 

can be used as epidemiological surveillance markers. 
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1.2 Innate immune sensing and viral antagonism 

1.2.1 Nonself discrimination by pattern recognition receptors (PRRs) 

The outcome of an infection event is largely determined by the arms race between the 

invading pathogens and host immune responses. This interplay shapes the pathogenesis of 

infections and also drives the co-evolution of hosts and pathogens for over millions of years. 

Along the evolutionary path from invertebrates to chordates to vertebrates, an increasingly 

complex adaptive immunity has developed; however, this has by no means outcompeted the 

presence of the innate immune system 163, 164. Although reduced in copy numbers, the innate 

immune genes in vertebrates have been actively integrated into a complex cellular network in 

which their rapid detection and response to the nonself primes the effective induction of a more 

specific adaptive immune response 164. In vertebrates, the nonself discrimination relies on 

various families of innate immune sensors known as the pattern-recognition receptors (PRRs) 

that specifically recognize nonself molecules designated the pathogen-associated molecular 

patterns (PAMPs). The activated PRRs subsequently initiate cascades of signaling pathways that 

converge on the induction of inflammation or antimicrobial responses. 

1.2.1.1 Toll-like receptors (TLRs) 

The TLRs represent the best characterized PRRs in mammals whose identification 

preceded that of all the other PRR families. They are named after the Drosophila Toll proteins 

which are involved in Drosophila embryo development 165, 166 and antimicrobial peptide 

expression 167-169. To date, the TLR family in mammals contains 10 (TLR1-10) and 12 (TLR1-9, 

TLR11-13) gene members in human and mouse, respectively 170. They share a common 

structural architecture consisting of a leucine-rich repeats (LRRs)-containing extracellular 

domain at the amino (N)-terminus, a transmembrane domain, and a carboxyl (C)-terminal 

intracellular Toll/IL-1 receptor (TIR) domain 171, and are involved in the sensing of a spectrum 

of nonself molecules including various bacterial cell wall components, proteins, and nucleic 

acids. Specifically, TLR4 recognizes bacterial lipopolysaccharide (LPS) while TLR2, along with 

TLR1 or TLR6, recognizes lipoproteins, peptidoglycans, and lipoteichoic acids 172-178. TLR5 

recognizes bacterial flagellin 179, and mouse TLR11 and 12 recognize bacterial components such 

as profilins 180-183. TLRs that sense microbial nucleic acids include TLR3, TLR7, TLR8, TLR9, 

and mouse TLR13. While TLR3 recognizes double-stranded (ds) RNA 184, TLR7 and TLR8 
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sense small synthetic antiviral molecules and GU-rich single-stranded (ss) RNA 185-188. TLR9 

recognizes unmethylated CpG dinucleotides in bacterial and viral DNA 189-192, and mouse 

TLR13 recognizes bacterial 23S ribosomal RNA 193, 194. Depending on their subcellular 

localization, TLRs are classified into cell surface and endosomal TLRs, in which TLR1, 2, 4, 5, 6 

and 10 belong to the former and TLR3, 7, 8, 9, 11, 12, 13 belong to the latter category, 

respectively 195, 196. 

TLR activation is initiated by the binding of the cognate ligands to the LRRs-

containing ectodomains which adopt a common horseshoe-like structure 197. Upon ligand 

binding, TLRs undergo homo- or hetero-dimerization to form an “m”-shaped dimeric 

architecture 171. This dimerization leads to the proper orientation of the cytoplasmic TIR 

domains, which further recruit downstream adaptor proteins for signaling transduction. The 

myeloid differentiation primary-response protein 88 (MyD88) is the key adaptor of all TLRs 

except for TLR3 198. It contains a TIR domain which mediates homotypic interactions with the 

TIR domain of TLRs 199, 200. The recruitment of MyD88 triggers the assembly of Myddosome 

mediated by the homotypic interactions between the death domains (DD) of MyD88 and the DD-

DD interactions between MyD88 and IL-1R-associated kinases (IRAK) such as IRAK1, IRAK2, 

and IRAK4 201. This higher order complex serves as a platform for the subsequent recruitment of 

TNF receptor-associated factor 6 (TRAF6), which further activates mitogen-activated protein 

kinase kinase kinase 7 (MAP3K7, also known as TAK1) that leads to the activation of MAPK 

and nuclear factor (NF)-κB pathways 170, 195, 196, 198. TLR3 signals exclusively through another 

TIR-containing adaptor protein, the TIR-domain-containing adapter-inducing interferon-β 

(TRIF) 202-204. TRIF interacts with TRAF3 to trigger the tank binding kinase 1 (TBK1)- IκB 

kinase ε (IKKε) axis for interferon regulatory factor 3 (IRF3) activation, or associates with 

TRAF6 and receptor-interacting protein kinase 1 (RIPK1) to activate MAP3K7 that leads to NF-

κB and MAPK activation 170, 195, 196, 198. TLR4 activation engages both MyD88- and TRIF-

dependent pathways; however, bridging adaptors including MyD88 adaptor-like protein (MAL, 

also known as TIRAP) and TRIF-related adaptor molecule (TRAM, also known as TICAM2) are 

required for the recruitment of MyD88 and TRIF, respectively 205-211. Eventually, the activation 

of transcription factors such as NF-κB and activator protein 1 (AP1) leads to the expression of 

pro-inflammatory cytokines, while the activation of IRF3 and IRF7 drives the expression of type 

I interferons (IFN) 170, 195, 196, 198. 
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Three TLRs have been shown to play roles during IAV infection, including TLR3, 

TLR7, and TLR10 185, 186, 212-219. Although IAV infection does not produce detectable amount of 

dsRNA 220-222, TLR3 expression is upregulated upon in vitro infections of human bronchial and 

alveolar epithelial cells, leading to NF-κB activation and the expression of pro-inflammatory 

genes such as interleukin (IL)-6, IL-8, and chemokine (C-C motif) ligand 5 (CCL5, also known 

as RANTES) 212, 215, 219. During in vivo infections, TLR3 is required for virus clearance but its 

ablation provides a survival advantage attributable to the significantly reduced inflammatory 

responses, indicating a detrimental effect of TLR3-mediated inflammation 214. The role of TLR3 

in mediating IFN responses remains controversial; one study shows a dispensable role of TLR3 

in type I IFN induction 215, while others demonstrate that TLR3 in conjunction with RIG-I 

contribute to the induction of type I and type III IFNs 212, 219. Although unknown for the nature of 

IAV RNA activating TLR3, it has been shown that dsRNA derived from IAV-infected cells, 

once phagocytosed, activates TLR3 in mouse dendritic cells which in turn promotes cross-

priming of cytotoxic T cells 223. In plasmacytoid dendritic cells (pDCs), the ssRNA genome of 

IAV is sensed by TLR7 within endosomes, leading to the production of type I IFN (IFN-α). 

TLR7 activation in pDCs requires endosomal acidification but is independent of viral replication; 

the presence of viral IFN-antagonizing NS1 protein has no inhibitory effect 185, 186. The in vivo 

role of TLR7 has been examined during a highly pathogenic H7N7 infection in mice; the 

ablation of TLR7 led to a loss of resistance conferred by Mx1 224. Recently, a role of human 

TLR10 during IAV infection has been reported 218. Unlike the other TLRs, TLR10 lacks a rodent 

homolog and has hitherto no known ligands 225. In monocyte-derived macrophages and THP1 

cells, IAV infection induces TLR10 upregulation, which requires viral replication and de novo 

protein synthesis. TLR10 mediates the expression of pro-inflammatory cytokines and type I/III 

IFNs during both infection and RNP reconstitution; however, its natural ligand remains unknown 

218.  
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Fig. 1.4. The TLR pathways. 

Depending on their subcellular localization, TLRs are classified into two categories; TLR1, 

TLR2, TLR4, TLR5, TLR6, and TLR10 belong to cell surface TLRs; while TLR3, TLR7, TLR8, 

TLR9, TLR11, TLR12, and TLR13 are endosomal TLRs. Of these, TLR3, TLR7, TLR8, TLR9, 

and mouse TLR13 are nucleic acid sensing TLRs. TLR3 recognizes dsRNA, while TLR7 and 

TLR8 sense GU-rich ssRNA. TLR9 recognizes unmethylated CpG DNA and TLR13 senses 

bacterial 23S ribosomal RNA. Upon cognate ligand binding, TLRs undergo homo- or hetero-

dimerization, which brings the cytoplasmic TIR domains into proximity and further recruits 

downstream adaptor proteins for signaling transduction. MyD88 is shared by all TLRs except for 

TLR3, which instead signals exclusively through TRIF. TLR4 activation uses bridging adaptors, 

MAL and TRAM, to engage MyD88 and TRIF, respectively. MyD88 recruitment triggers the 

assembly of Myddosome that also encompasses IRAKs. This higher order complex serves as a 

platform to further recruit TRAF6 and TAK1 for MAPK (e.g. p38 and JNK) and NF-κB 

activation, or TRAF3 for IRF3 activation. TRIF interacts with TRAF3 to activate IRF3 via 

TBK1/IKKε or signals through RIPK1 to engage TRAF6 for MAPK and NF-κB activation. The 

activation of these transcription factors leads to the expression of pro-inflammatory cytokines or 

type I interferons. (Adapted from O'Neill et al. 170) 
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1.2.1.2 Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) 

The RLR family encompasses the least number of members including RIG-I, 

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

physiology 2 (LGP2) 226-228. They also belong to the DExD/H box family whose members 

principally act as ATP-dependent RNA helicases containing a highly conserved DExD/H 

sequence 229. RIG-I and MDA5 are the two signaling-competent members of RLR which share a 

common domain architecture, consisting of a central helicase domain flanked by an N-terminal 

tandem caspase activation and recruitment domains (CARD) and a C-terminal domain (CTD). 

LGP contains the helicase domain and CTD but lacks the N-terminal CARD 230. Over the past 

decade, it has been well acknowledged that RIG-I and MDA5 play pivotal roles in cytosolic 

sensing of nonself RNA derived from RNA and DNA viruses, leading to the induction of type I 

and type III IFN responses 231-235. Accumulating studies also demonstrate that RIG-I and MDA5 

detect distinct but overlapping virus families. Negative-strand viruses of the Paramyxoviridae, 

Orthomyxoviridae, Rhabdoviridae, Bunyaviridae, and Filoviridae families are mainly sensed by 

RIG-I 231, 236, whereas positive-strand viruses of the Picornaviridae family are sensed by MDA5 

221, 237. Sensing of the Reoviridae and Flaviviridae families has been shown to be mediated by 

both RIG-I and MDA5, highlighting an intimate collaboration of the two receptors in 

maximizing antiviral responses 236, 238-241. This notion has been further substantiated by the 

contribution of MDA5 to the amplification of RIG-I signaling in vivo during IAV infection 242. 

More recently, RIG-I and MDA5 have also been reported to sense endogenous RNA species, 

which sheds light on their implications in autoimmune diseases and other pathological conditions 

243-247. On the other hand, LGP2 mainly acts as a regulator of the RIG-I/MDA5 pathways due to 

a lack of signaling competency 228. 

The RNA ligand specificities of RIG-I and MDA5 have been extensively studied; 

RIG-I prefers short 5’-triphosphorylated dsRNA with a blunt end 248-251, while MDA5 recognizes 

long dsRNA with higher order structures 221. A detailed review of the currently known RIG-I and 

MDA5 ligand characteristics is provided in section 1.2.2. In the absence of RNA ligands, RIG-I 

and MDA5 reside in auto-inhibitory conformations in which the CARD domain is sequestered 

by interacting with the Hel-2i subdomain of the central helicase domain. RNA binding to CTD 

leads to the interaction of CTD with Hel-2i whereby liberating the CARD domain for 

downstream adaptor association 252. The key adaptor protein for both RIG-I and MDA5 signaling 
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cascades is the mitochondrial antiviral-signaling protein (MAVS, also known as VISA, IPS-1, 

and Cardif) which locates on mitochondria, peroxisomes, and mitochondria-associated 

membranes of the endoplasmic reticulum (MAMs) 253-258. MAVS contains a C-terminal 

transmembrane domain and an N-terminal CARD domain involved in the homotypic interaction 

with the CARD of RIG-I and MDA5. Activated MAVS recruits TRAF2, TRAF-5, TRAF-6, and 

TRADD, which subsequently signal to IRF3/7 for type I and III IFN induction via a TRAF3-

TANK-TBK1/IKKε axis, or to NF-κB for pro-inflammatory cytokine expression via a FADD-

RIP1-IKK axis 259, 260. Notably, the peroxisomal MAVS triggers a unique TRAF3/6-IRF1/3 axis 

for ISG expression independently of IFN induction 257.  

Recent structural and biochemical research further provides mechanistic insight into 

the differential dsRNA recognition by RIG-I and MDA5. Both receptors form ATP-mediated 

filaments along dsRNA with distinct nucleation sites 261-265. While the helicase-CTD domains of 

both receptors fold into a ring-like structure around dsRNA, the tilted steric orientation of RIG-I 

CTD toward the dsRNA end imparts RIG-I an end-capping mode. In contrast, MDA5 binds to 

the internal stem of dsRNA owing to the parallel orientation of its CTD along the RNA axis 261, 

266. Accordingly, the assembly of RIG-I filaments occurs via end nucleation followed by 

elongation to the interior of dsRNA, whereas MD5 filaments assemble in an opposite direction 

261, 266. Moreover, the preference of MDA5 for long dsRNA is dictated by the stability of MDA5 

filaments, which is regulated by a dynamic cooperation of ATP-mediated filament elongation 

and end-disassembly. MDA5 filament formation on short dsRNA is drastically destabilized by 

repeated cycles of complete disassembly and rate-limiting de novo nucleation 263, 267. Upon 

filament formation, the head-to-tail stacking of monomeric RIG-I/MDA5 brings the nearby 

CARD domains into close proximity to oligomerize into a “lock-washer”-like helical assembly. 

This helical oligomer further serves as a template for the propagation of MAVS CARD along the 

helical trajectory, which in turn contributes to the formation of prion-like MAVS filaments 268-

270. 

RIG-I activation further requires post-translational modifications such as 

ubiquitination. Both covalent and non-covalent conjugation of polyubiquitin chains to RIG-I has 

been shown to functionally impact RIG-I activation, particularly for short dsRNA ligands (< ~40 

bp) lacking filament formation 261, 271-275. Accumulating studies over the years have identified 

multiple E3 ubiquitin ligases involved in RIG-I ubiquitination, among which the tripartite motif-
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containing protein 25 (TRIM25) and ring finger protein 135 (RNF135, also known as Riplet) are 

extensively studied 272, 274-281. In the context of full-length RIG-I, it is now believed that Riplet-

mediated K63-linked ubiquitination at K788 within the RIG-I CTD relieves the auto-repression 

of CARD, which serves as a prerequisite for subsequent K63-linked ubiquitination at K172 

within the CARD by TRIM25 and/or Riplet 275, 276. Two newly identified E2 ubiquitin-

conjugating enzymes, Ube2D3 and Ube2N, further shed light on the regulation of RIG-I and 

MAVS activation by covalent polyubiquitin conjugation vs. unanchored polyubiquitin chains; 

the Ube2D3-Riplet pair and Ube2N-Riplet pair are responsible for covalent polyubiquitin 

conjugation and unanchored polyubiquitin chain formation, respectively 276. Moreover, the 

synthesis of unanchored polyubiquitin chains is also conducted by the Ube2D3-TRIM25 pair 272, 

276. Mechanistically, unanchored polyubiquitin chains stabilize the helical assembly of RIG-I 

CARD oligomers by bridging the adjacent CARD around the helix periphery, and covalent 

polyubiquitin conjugation confers a synergistic effect 270. The ubiquitination of MDA5 is less 

well understood; unanchored polyubiquitin chains have been shown to promote MDA5 CARD 

oligomerization 273, presumably through a mechanism similar to that for RIG-I. TRIM65 has 

been identified as an E3 ubiquitin ligase specifically for MDA5 ubiquitination, which mediates 

K63-linked ubiquitination at K743 and is critical for MDA5 activation in response to EMCV 

infection 282. Recently, ZCCHC3 has been identified as a co-receptor for both RIG-I and MDA5, 

which facilitates dsRNA binding and TRIM25-mediated K63-linked ubiquitination 283. In 

addition to ubiquitination, RIG-I and MDA5 are also constitutively phosphorylated in their 

CARD domains in resting state 284-288. Rapid dephosphorylation by cellular phosphatases PP1α 

and PP1γ upon RNA binding is required for RIG-I and MDA5 activation 284.  

The role of LGP2 in regulating RLR signaling remains elusive. It has been shown to 

serve as a negative regulator of RIG-I and MDA5 by competing for RNA ligand binding 289-291, 

or by direct interaction with RIG-I and MAVS to block their activation 292, 293. Moreover, a 

mechanism of negative regulation by LGP2 independently of RNA binding and ATPase activity 

has been proposed 294. In contrast, accumulating studies taking advantage of Lgp2 knock-out 

mice reveal a positive role of LGP2 in sensitizing MDA5-dependent antiviral responses to 

encephalomyocarditis virus (EMCV) infection 295, 296. This positive regulation requires the 

ATPase activity of LGP2 296, 297. The intimate cooperation of LGP2 with MDA5 during EMCV 

infection is further substantiated by the fact that LGP2 associates with MDA5 stimulatory RNA 
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298. In light of filament formation by MDA5, it has been demonstrated that LGP2 facilitates 

MDA5 interaction with dsRNA and promotes the formation of shorter MDA5 filaments 

containing LGP2, which are more immunostimulatory than long MDA5-only filaments 299. 

RLRs have recently been shown to function in a signaling-independent fashion to 

suppress viral replication. It competes with the hepatitis B virus (HBV) polymerase in binding to 

the 5’-ε region of viral pregenomic RNA 300 and destabilizes IAV vRNP containing an avian 

PB2-E627 signature independently of ATPase activity 123. Moreover, CARD-deleted RIG-I and 

MDA5 mediate ATPase-dependent displacement of dsRNA-bound viral proteins whereby 

potentiating dsRNA protein kinase R (PKR) activation 301.  
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Fig. 1.5. The RLR pathways. 

RIG-I and MDA5 share the same domain architecture in which the central helicase domain is 

flanked by an N-terminal 2CARD (C1 and C2) and a C-terminal domain (CTD). LGP2 lacks the 

2CARD. The ligand features for optimal RIG-I activation encompass short dsRNA with 5’-di- or 

triphosphate and a blunt end, while MDA5 recognizes long dsRNA. The ligand specificity of 

LGP2 is unclear but may overlap with that of MDA5. RIG-I and MDA5 reside in an auto-

inhibitory conformation which is relieved upon RNA binding to CTD. The newly identified 

dsRNA binding protein zinc finger CCHC-type containing 3 (ZCCHC3) acts as a cofactor to 

enhance RNA binding. The RNA-bound RIG-I and MDA5 undergo a considerable 

conformational change leading to the exposure of 2CARD. The complete release of RIG-I and 

MDA5 auto-repression also requires rapid dephosphorylation in the 2CARD catalyzed by 

cellular phosphatases PP1α and PP1γ. Meanwhile, ubiquitination in the CTDs of RIG-I and 

MDA5 is required; this is mediated by the E3 ubiquitin ligase Riplet for RIG-I, and TRIM65 for 

MDA5. The activated RIG-I and MDA5 translocate along the respective dsRNA ligands and 

form ATP-dependent filaments. RIG-I filament assembles in an “end-to-interior” fashion, while 

MDA5 uses internal nucleation (indicated by dashed arrows along the filaments). The stacking of 

monomeric RIG-I or MDA5 brings the adjacent 2CARDs into close proximity which 

oligomerize into a “lock-washer”-like helical assembly. LGP2 facilitates the rate of MDA5 

binding to long dsRNA and regulates MDA5 filament formation by promoting the assembly of 

multiple short MDA5 filaments. The oligomerized 2CARDs of RIG-I are further ubiquitinated 

by distinct pairs of E2 ubiquitin-conjugating enzymes and E3 ubiquitin ligases, which generate 

covalently conjugated (Ube2D3-Riplet) or unanchored (Ube2N-Riplet) polyubiquitin chains. The 

Ube2D3-TRIM25 pair also contributes to unanchored polyubiquitin chain formation. The 

ubiquitination process for MDA5 2CARD is less well understood. It is noted that RIG-I 

activation can occur in a filament-independent but a ubiquitination-dependent manner, 

particularly on short dsRNA of < 40 bp in length. In this case, the monomeric RIG-I molecules 

capping the 5’-end of short dsRNA are brought together to achieve 2CARD oligomerization. The 

helical assembly is stabilized by polyubiquitin chains that decorate the outer rim of the helical 

trajectory. The activated RIG-I, together with TRIM25 and the mitochondrial targeting 

chaperone protein 14-3-3ε, form a RIG-I translocon that navigates RIG-I to the mitochondrial 

outer membrane. The oligomerized 2CARDs of RIG-I imprint the helical assembly to the CARD 

of MAVS whereby nucleates and propagates MAVS filament formation. The oligomerized 

MAVS further recruits TRAF3 and activates IRF3/7 via a TANK-TBK1/IKKε axis. The nuclear 

translocation of phosphorylated IRF3/7 drives the expression of type I and type III IFNs. 
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1.2.1.3 Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) 

The NLR family represents another class of important PRRs that sense nonself 

molecules in the cytoplasm. To date, there are 22 known NLRs identified in humans 302. They 

are characterized by the presence of a nucleotide-binding oligomerization domain (NOD, also 

known as NACHT) which mediates their dNTPase activity and oligomerization upon activation 

303. Their domain architecture generally consists of an N-terminal effector domain, a central 

NOD domain, and a C-terminal LRR repeats-containing domain 303-305. While the array of LRR 

motifs at the C-terminus is responsible for ligand binding, the N-terminal domain further 

diversifies to engage distinct effector proteins. This also provides the basis for the classification 

of NLR subfamilies, comprising NLRA, NLRB, NLRC, and NLRP 302. The NLRA and NLRB 

subfamilies each contain a single member, the MHC-II transactivator (CIITA) that contains an 

acidic activation domain (AD) and NAIP that contains tandem baculoviral inhibitory repeat-like 

domains (BIR), respectively. The NLRC subfamily features N-terminal caspase activation and 

recruitment domains (CARD) or an unidentified domain (X) and comprises six members 

including NLRC1-5 and NLRX1. The NLRP subfamily contains a pyrin domain and consists of 

14 members including NLRP1-14 302, 305. It is noted that NLRP10 lacks an LRR domain in a way 

reminiscent of LGP2 missing the CARD, indicating that it is not a sensor sensu stricto 306-308. 

As with RLRs, NLRs reside in an auto-inhibitory monomeric state in which the 

intramolecular interaction between the C-terminal LRRs and central NOD prevents it from auto-

activation 309-312. The recognition of cognate ligands by the LRRs stimulates a conformational 

rearrangement to initiate NOD-mediated oligomerization and the exposure of N-terminal effector 

domains, which in turn recruit downstream effector proteins 309-312. While the ligands for NLRs 

span from various microbial products such as peptidoglycan and flagellin to host and 

environmental stresses such as ATP, uric acid crystal, UV irradiation and alum 304, 313, 314, NLR 

activation leads to cellular events that fit into four broad categories, including signaling 

transduction, inflammasome formation, transcription activation, and autophagy 305, 315-317. Of 

these, signaling transduction leading to the expression of pro-inflammatory genes and 

inflammasome assembly activating inflammatory caspases are the most-studied NLR functions. 

NOD1 (NLRC1) and NOD2 (NLRC2) are the founding members of the NLR family 

which sense bacterial peptidoglycan motifs γ-D-glutamyl-meso-diaminopimelic acid and 

muramyl dipeptide (MDP), respectively 309, 318, 319. Upon oligomerization, they recruit receptor-
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interacting serine/threonine-protein kinase 2 (RIPK2) through the homotypic CARD interaction, 

which further activates MAP3K7 (TAK1) and IKKγ, leading to NF-κB activation 320-322. In 

addition, NOD2 can recruit caspase recruitment domain family member 9 (CARD9) to activate 

MAPKs including p38 and JNK 323. The activation of these signaling pathways eventually leads 

to the expression of pro-inflammatory cytokines such as IL-1β, IL-6, and tumor necrosis factor α 

(TNF-α). Moreover, NOD2 has been shown to induce type I IFN responses. This occurs through 

a RIPK2-IRF5 signaling axis in the context of Mycobacterium tuberculosis infection 324, and 

through a MAVS-IRF3 axis during infection with RNA viruses including respiratory syncytial 

virus (RSV), IAV, and vesicular stomatitis virus (VSV) 325. The viral ssRNA genomes associate 

with NOD2 and are sufficient for NOD2-mediated IFN induction in vitro 325.  

NAIP, NLRC4 and multiple members of the NLRP subfamilies including NLRP1, 

NLRP2, NLRP3, NLRP6, NLRP7, and NLRP12, have been shown to serve as scaffold proteins 

for inflammasome assembly. The inflammasomes are large multiprotein complexes that recruit 

the precursor form of inflammatory caspases such as pro-caspase-1 for activation. The 

enzymatically active caspase-1 then mediates the processing of pro-IL-1β and pro-IL-18 into 

their mature forms for secretion. Caspase-1 activation also mediates an inflammatory form of 

programmed cell death known as pyroptosis, which is distinct from apoptosis mediated by pro-

apoptotic caspases 326. Depending on the absence or presence of N- or C-terminal CARD 

domains, the recruitment of pro-caspase-1 by NLRs can be either indirect or direct. The adaptor 

protein, namely the apoptosis-associated speck-like protein containing a CARD (ASC), contains 

bipartite CARD and PYD motifs and is required for bridging the association between pro-

caspase-1 and NLRs lacking CARD. In contrast to TLR5 which senses extracellular flagellin, 

NLRC4 along with NAIP recognizes intracellular flagellin 327-329. It contains an N-terminal 

CARD and mediates caspase-1 activation independent of ASC 330, 331. Similarly, NLRP1 contains 

a C-terminal CARD which directly recruits pro-caspase-1 for activation; however, the presence 

of ASC enhances signaling 332, 333. It has been shown to recognize the lethal toxin of Bacillus 

anthracis and MDP in conjunction with NOD2 334, 335. Emerging evidence has shown the roles of 

NLRP6, NLRP7, and NLRP12 in inflammasome formation 336-341. Their activation leads to ASC-

dependent pro-caspase-1 processing and IL-1β and IL-18 production. While NLRP7 recognizes 

acylated lipopeptides in human macrophages 336, the ligands of NLRP6 and NLRP12 remain 

unclear. 
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The NLRP3 inflammasome is the best-characterized inflammasome and is closely 

related to viral infections 342, 343. Its activation is triggered by various stimuli that could be 

categorized into two signals, the signal 1 and signal 2 304, 344, 345. The signal 1 serves as a priming 

function by which microbial components upregulate NLRP3 and pro-IL-1β expression. This is 

generally achieved through NF-κB activation mediated by other PRRs such as TLRs and NOD2 

346. The FAS-associated death domain protein (FADD) and caspase-8 have also been shown to 

regulate NF-κB activation 347-349. The signal 2 is responsible for the direct activation of NLRP3 

and its subsequent assembly into inflammasome. The fact that an array of unrelated molecules 

can fulfill this purpose indicates that NLRP3 does not physically recognize these stimuli but may 

sense a common cellular signal activated in their presence 304, 344, 345. Currently, several cellular 

events including potassium efflux, calcium signaling, mitochondrial dysfunction, and lysosomal 

rupture have been reported to contribute to NLRP3 activation 345. Most known NLRP3 activators 

including endogenous molecules and environmental irritants are involved in the initiation of one 

or more of these cellular events 304, 344, 345. Stimuli such as ATP and nigericin activate the P2X7 

receptor at the cell membrane which induces large pore formation mediated by pannexin-1. This 

results in K+ efflux and/or import of PAMPs into the cytoplasm 350-354. Meanwhile, these stimuli 

likely induce the release of intracellular Ca2+ ions from the ER which is mediated through a G 

protein-coupled receptor (GPCR)-phospholipase C (PLC)-inositol 1,4,5-triphosphate receptor 

(IP3R) signaling axis 355-357. The generation of reactive oxygen species (ROS) and synthesis and 

release of oxidized mitochondrial DNA through mitochondrial perturbation can also lead to 

NLRP3 activation 358-362. MAVS interacts with NLRP3 and has been shown to contribute to 

NLRP3 activation during RNA virus infection 347, 363-365. The particulate matters such as alum 

require to escape from lysosomes to activate NLRP3. This leads to lysosomal membrane rupture 

and the release of cathepsin B into the cytoplasm whereby activates NLRP3 366-368. However, the 

opposing effect of cathepsin B has also been reported 369, 370. Moreover, particulate matters also 

induce phagocytosis-dependent K+ efflux 353, indicating intertwined mechanisms of NLRP3 

activation induced by a given stimulus. 

During IAV infection, the signal 1 has been shown to be provided by the activation of 

TLR7 and RIG-I in vitro 371, 372, or by commensal bacteria in vivo 373, 374. Three IAV-derived 

stimuli contribute to the activation of signal 2. These include the viral RNA genome, M2, and 

PB1-F2. As an ion channel protein, M2 residing in the trans-Golgi induces a proton influx to 
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neutralize the acidic pH thereby preventing untimely HA activation. This proton flux appears to 

functionally resemble that of K+ and Ca2+ leading to NLRP3 activation 372. PB1-F2 forms high-

molecular-weight aggregates in the lysosome, which likely induce lysosomal leakage 

contributing to NLRP3 activation 375. Mitochondrial dysfunction is also involved in IAV-induced 

NLRP3 activation. The mitochondrial membrane potential induced by IAV infection is required 

to maintain the interaction between NLRP3 and the mitochondrial protein mitofusin 2, whose 

loss results in a dramatic reduction in IL-1β production 376. IAV infection also induces 

mitochondrial damage driven by the GTPase dynamin-related protein 1 (DRP1); its translocation 

to mitochondria is mediated through a RIPK1-RIPK3 signaling axis 377. 

 

Fig. 1.6. The NLRP3 inflammasome activation during IAV infection. 

During IAV infection, RIG-I or TLR7 activation by viral RNA species provides the signal 1, 

which upregulates the expression of NLRP3, pro-IL-1β, and pro-IL-18. The signal 2 can be 

attributable to the proton influx induced by the ion channel function of viral M2 protein residing 

in the trans-Golgi. This proton influx functionally resembles the K+ and Ca2+ effluxes that are 

common triggers of NLRP3 activation. Additionally, PB1-F2 forms high-molecular-weight 

aggregates in the lysosome and likely induces a lysosomal leakage contributing to NLRP3 

activation. The mitochondrial damage also likely contributes to NLRP3 activation. The activated 

NLRP3 recruits ASC and pro-caspase-1 for inflammasome assembly which subsequently 

catalyzes the maturation of IL-1β and IL-18. (Adapted from Iwasaki et al. 217)  
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1.2.1.4 DNA sensors 

The nonself DNA sensing relies on a number of DNA sensors whose recognition leads 

to various cellular events such as the induction of pro-inflammatory cytokines and type I IFN. 

The first identified DNA sensor is TLR9, which associates and responds to unmethylated CpG 

DNA within the endosomes via a MyD88-IRF7 signaling axis in pDCs 378. Over the past decade, 

the identification of increasingly more putative DNA sensors has established a cytosolic nonself 

DNA sensing paradigm. These include Z-DNA-binding protein 1 (ZBP1, also known as DAI), 

RNA polymerase III (Pol III), absent in melanoma 2 (AIM2), gamma-interferon-inducible 

protein 16 (IFI16), DExD/H-Box helicase 41 (DDX41), DHX9, DHX36, DNA-dependent 

protein kinase (DNA-PK), meiotic recombination 11 (MRE11), and cyclic GMP-AMP synthase 

(cGAS). Of these, the RNA Pol III represents the only DNA sensor that stimulates type I IFN 

response via an RNA sensing pathway. It recognizes synthetic AT-rich DNA and transcribes it 

into 5’ triphosphorylated RNA species for RIG-I activation 379, 380. As such, the Pol III-driven 

small RNA transcripts derived from DNA viruses, such as the Epstein–Barr virus-encoded small 

RNAs (EBERs) and adenovirus virus-associated RNA (VA), induce type I IFN response in a 

RIG-I-dependent manner 379, 381, 382. cGAS is the most prominent cytoplasmic DNA sensor 

triggering type I IFN induction. It belongs to the nucleotidyltransferase family and recognizes 

DNA in a sequence-independent manner 383, 384. Upon DNA binding, cGAS undergoes 

considerable conformational changes and catalyzes the formation of the second messenger cyclic 

GMP-AMP (cGAMP) which in turn activates stimulator of interferon genes (STING) in the ER 

385-387. cGAMP functionally resembles the bacterial second messengers – cyclic dinucleotides 

(CDNs) – which have been known as STING ligands 388, 389. Moreover, cGAMP spreads to 

bystander cells through gap junctions whereby promotes lateral STING activation independently 

of the paracrine IFN signaling pathway 390. Recently, cGAS has been shown to undergo a phase 

transition to liquid-like droplets upon DNA binding thereby promoting cGAS enzymatic activity 

in cGAMP production. Such phase separation is enhanced by the N-terminus of cGAS for 

multivalent DNA binding and free zinc ions for stabilizing the cGAS-DNA complex 391. STING 

contains an N-terminal tandem transmembrane domain, a middle CDN binding and dimerization 

domain, and a C-terminal cytoplasmic tail. It dimerizes in resting state but resides in an auto-

inhibitory state 392, 393. CDN binding triggers its conformational change by which the C-terminal 

domain exposes and further recruits TBK1 and IRF3 for activation 392, 394-397. Moreover, STING 
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can engage TBK1 and STAT6 in chemokine induction independently of Janus kinases (JAKs) 

398. In addition to cGAS, a few putative DNA sensors also mediate type I IFN response via 

STING. IFI16 has been shown to associate with viral DNA and to assemble into filamentous 

oligomers on dsDNA 399-401. In human macrophages, it stimulates a type I IFN response via the 

STING-TBK1-IRF3 signaling axis and restricts the replication of herpes simplex virus-1 (HSV-

1), cytomegalovirus (CMV), and HIV-1 400-402. DDX41 has been shown to interact with synthetic 

and viral DNA, as well as bacterial CDNs to initiate a STING-dependent type I IFN response in 

dendritic cells and monocytes 403, 404. However, its depletion in macrophages does not affect 

IFNβ induction by Listeria monocytogenes, which instead relies on IFI16 and cGAS 405. In 

contrast, DDX41 knockdown in macrophages modestly impairs IFN induction by HIV-1 and 

recombinant adenoviral vectors 401, 406, 407; however, it has no role in restricting HIV-1 replication 

401. It is now believed that DDX41 likely acts as a cofactor of cGAS/IFI16-STING signaling axes 

rather than a direct DNA sensor 408, 409. Similarly, two other DExD/H-box helicases, DHX9 and 

DHX36, have been shown to interact with synthetic CpG DNA in pDCs. As with TLR9, both 

helicases signal through MyD88 and induce cytokine responses to a DNA virus (i.e. HSV-1) but 

not an RNA virus (i.e. IAV). While DHX9 activates NF-κB and expression of TNF-α and IL-6, 

DHX36 mediates IFN-α production driven by IRF7 410. In contrast, DHX9 has also been shown 

to recognize dsRNA in mDCs. It interacts with MAVS and triggers production of type I IFN and 

pro-inflammatory cytokines in response to synthetic dsRNA, IAV, and reovirus 411. These results 

not only highlight cell type-specific roles for certain PRRs but raise a similar question like that 

for DDX41 in regard to the authentication of these proteins as direct DNA/RNA sensors.  

The DNA-PK and MRE11 are two putative DNA sensors that link DNA damage 

response to type I IFN induction 412-414. DNA-PK is a critical serine/threonine protein kinase 

complex involved in non-homologous end joining (NHEJ) and DNA double-strand break repair 

415. It consists of a catalytic subunit DNA-PKcs and a Ku70-Ku80 heterodimer 416. Ku70 has 

been shown to associate with long dsDNA in vitro and to mediate type III IFN production 

through IRF1 and IRF7 in response to various types of DNA in HEK293 cells 412. In another 

study, all three DNA-PK subunits are enriched by a synthetic dsDNA in 293T cells and murine 

embryonic fibroblasts (MEFs); however, Ku80 serves as the prerequisite for this interaction 413. 

In response to cytosolic DNA and DNA virus infections (i.e. vaccinia virus and HSV-1), the 

cytoplasmic DNA-PK induces type I IFN and pro-inflammatory cytokine and chemokine 
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expression via the STING-TBK1-IRF3 signaling axis; this induction is also independent of the 

kinase activity of DNA-PKcs 413. Another line of evidence in DNA damage-induced IFN 

induction is provided by the inflammatory manifestation of the immunodeficiency disease ataxia 

telangiectasia. The causative gene ataxia-telangiectasia mutated (ATM) encodes another pivotal 

serine/threonine kinase involved in repairing DNA double-strand breaks 417. ATM deficiency 

leads to DNA lesion accumulation and the release of ssDNA into the cytoplasm whereby 

inducing type I IFN production via the STING-TBK1 axis 418. Upon DNA repair, ATM is 

recruited to the sites of double-strand breaks by the MRN complex consisting of MRE11, 

RAD50, and NBS1 419. A recent study has demonstrated that MRE11-RAD50 complex serves as 

a cytosolic dsDNA sensor 414. MRE11 deficiency, like that found in the ataxia-telangiectasia-like 

disorder, leads to an attenuated type I IFN response to dsDNA stimulation but not an HSV-1 

infection. Mechanistically, MRE11 binds synthetic dsDNA in the cytoplasm and mediates IFN 

induction via the STING-TBK1-IRF3 axis 414. 

Apart from type I IFN induction, DNA sensors also mediate the production of pro-

inflammatory cytokines via the activation of NF-κB and inflammasome assembly. DNA virus 

infection and dsDNA stimulation can induce NF-κB activation via a STING-TRAF6-TBK1 axis 

in MEFs 420, and via a Rad50-CARD9-Bcl10 axis in mouse dendritic cells 421. In the latter case, 

the recruitment of an entire MRN complex to cytoplasmic dsDNA was detected 421, echoing that 

observed for the MRE11-RAD50 complex in activating STING-dependent IFN induction 414. 

AIM2 and IFI16 are two interferon-inducible pyrin and HIN domain-containing (PYHIN) 

proteins (also termed AIM2-like receptors, ALRs) that mediate IL-1β production via 

inflammasome activation 422-425. They both contain an N-terminal pyrin domain and a C-terminal 

DNA-binding HIN domain and reside in an auto-inhibitory state 426. Upon cytosolic dsDNA 

binding, AIM2 recruits ASC via the pyrin domain which in turn activates caspase-1 in a similar 

fashion as that illustrated for members of NLRP subfamily of NLRs 426, 427. AIM2 has been 

shown to elicit pro-inflammatory responses to various bacterial pathogens and DNA viruses 

including CMV and vaccinia virus, but not HSV-1 422-425, 428-432. However, a recent study shows 

that a VP22-deficient HSV-1 mutant is able to induce AIM2-mediated IL-1β and IL-18 

production in vivo 433. The involvement of IFI16 in inflammasome assembly remains 

controversial, particularly given that IFI16 also interacts with STING for type I IFN induction. 

Nonetheless, IFI16 has been shown to engage ASC and procaspase-1 to form functional 
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inflammasomes during infection with Kaposi’s sarcoma-associated herpesvirus (KSHV), 

Epstein-Barr virus (EBV), and HSV-1 432, 434, 435. In all cases, IFI16 colocalizes with viral 

genomes in infected cell nuclei and appears to redistribute to the cytoplasm for ASC interaction 

432, 434, 435. In contrast, no apparent relocalization of nuclear IFI16 was detected upon IFN 

induction by an HSV-1 d109 mutant 436. While these results establish a shifting paradigm for 

nonself DNA sensing in the nucleus 437, it remains unclear the mechanism governing the signal 

transduction in between the two cellular compartments, though an acetylation-dependent IFI16 

redistribution was demonstrated 438. Moreover, similarly obscure is the regulation of IFI16 for 

different downstream adaptor association (i.e. STING or ASC) in initiating type I IFN or pro-

inflammatory responses. More recently, a bidirectional mode of IFI16 activation has been 

established in the context of KSHV, EBV, and HSV-1 infection 439, 440. IFI16 interacts with the 

DNA repair-associated protein BRCA1 in the nucleus, which mediates the acetylation of IFI16 

and histone H2B by histone acetyltransferase p300. Cytoplasmic translocation of the IFI16-H2B-

BRCA1 complex is required for type I IFN induction via the STING-TBK1-IRF3 axis, while the 

IFI16-BRCA1 complex is sufficient for IFI16 inflammasome activation independently of H2B 

439, 440. Interestingly, a recent study using mice deficient in the entire ALR gene cluster shows no 

impairment in IFN induction by synthetic DNA, CMV, and a lentivirus, questioning the in vivo 

relevance of ALRs in triggering IFN responses 441. 

ZBP1 was the first identified putative cytosolic DNA sensor involved in type I IFN 

induction 442. It contains two N-terminal Z-DNA-binding domains (Zα1 and Zα2) that recognize 

synthetic B- and Z-form DNA and mediates type I IFN responses to HSV-1 and human 

cytomegalovirus (HCMV) via a TBK1-IRF3 axis in fibroblasts 442, 443. However, ZBP1 appears 

not to be essential for type I IFN induction in response to DNA vaccines in vivo, though a TBK1-

dependent signaling is still required 444. More recently, an emerging role of ZBP1 in virus-

induced necroptotic pathway has been demonstrated with the identification of its receptor-

interacting protein homotypic interaction motif (RHIM) domains. The RHIM-dependent 

interactions of ZBP1 with RIPK1 and RIPK3 lead to NF-κB activation 445, 446 or necrosome 

assembly which also involves the downstream effector mixed lineage kinase domain-like 

pseudokinase (MLKL) 447, 448. It has been shown that murine CMV (MCMV) infection induces 

necroptosis through the formation of a ZBP1-RIPK3 complex, which is suppressed by the virus-

encoded RHIM-containing protein M45 446, 449. Two recent studies further explored the 
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physiological ligands of ZBP1 during MCMV infection. It was surprisingly identified that the 

viral RNA transcription that is driven by the immediate-early protein 3 (IE3), but not the 

incoming or newly synthesized viral DNA, activates ZBP1 in the nucleus 450, 451. Further 

analyses demonstrated that ZBP1 binds to newly synthesized RNA in infected cells, and 

selectively associates with endogenous RNA but not DNA in uninfected cells 451. Although 

unknown for their nature, these studies hypothesize that ZBP1 binds to dsRNA species adopting 

a Z-conformation as that shown for DNA ligands 450, 451. 

Another intriguing surprise for the involvement of a DNA sensor in sensing RNA 

virus replication arose from the role of ZBP1 in IAV-induced cell death pathways. ZBP1 has 

been shown to mediate both apoptosis and necroptosis in a RIPK3-dependent manner during 

IAV infection 452, 453. The ZBP1-RIPK3 complex can recruit either RIPK1-FADD-caspase-8 axis 

for apoptosis induction, or MLKL for necrosome formation in bone marrow-derived 

macrophages, MEFs, and type I alveolar epithelial cells 452-454. In a search for IAV ligands 

activating ZBP1, it was found that ZBP1 interacts with viral vRNP components (i.e. PB1 and 

NP) through the C-terminal domain and the Zα1 domain 452. However, deletion of these 

interacting regions shows marginal effects on the extent of IAV-induced cell death 453. In 

contrast, IAV-induced cell death is highly dependent on the Zα2 domain of ZBP1, which 

associates with the IAV genomic and DI RNA likely adopting a Z-conformation 453. It remains 

unclear the cellular compartment in which ZBP1 senses IAV RNA. ZBP1 has been shown to 

partially localize to the nucleus during IAV infection 452; however, chemical inhibition of vRNP 

nuclear export blocked IAV-induced cell death, and colocalization between ZBP1 and vRNP 

complexes in the cytoplasm was observed 455. As an IFN-inducible protein, ZBP1 initiates the 

onset of cell death at the late stage of IAV infection, which requires the activation of RIG-I 

signaling and the subsequent type I IFN signaling axes 452, 455. However, it is important to note 

that ZBP1 appears not to be an ISG in human primary fibroblasts 456, highlighting a plausible 

species-dependent contribution of ZBP1 to IAV sensing. Lastly, the role of ZBP1 in the 

pathogenesis of IAV infection in vivo remains controversial. Mice deficient in ZBP1 have been 

shown to be protected from IAV-induced mortality due to a reduction in respiratory epithelial 

damage and lung inflammation 452, or to succumb to death as a result of delayed virus clearance 

through the cell death pathways 453.  
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Fig. 1.7. DNA sensing pathways. 

cGAS is the most prominent cytosolic DNA sensor which upon dsDNA binding catalyzes the 

production of mammalian second messenger cyclic GMP-AMP (cGAMP). cGAMP functionally 

resembles the bacterial second messenger, cyclic dinucleotides, and activates STING located on 

the endoplasmic reticulum (ER). STING activation can lead to TBK1-mediated IRF3 

phosphorylation or TRAF6-TBK1-mediated NF-κB activation, which drive the expression of 

type I/type III IFNs or pro-inflammatory cytokines, respectively. Other cytosolic DNA sensors, 

such as IFI16, DDX41, and DNA damage sensor complexes DNA-PK and MRN, also signal 

through STING and activate IRF3 in a TBK1-dependent manner. Additionally, DNA-PK 

activates IRF1 and IRF7 to induce type III IFN expression. The MRN complex can activate NF-

κB via a CARD9-Bcl10 axis. RNA helicases DHX36 and DHX9 signal through MyD88 to 

activate IRF7 or NF-κB. Both receptors interact with synthetic CpG DNA in pDCs, while DHX9 

can also recognize dsRNA in mDCs and activate MAVS. The cytosolic RNA Pol III recognizes 

synthetic AT-rich DNA and transcribes it into 5’-triphosphorylated RNA which in turn activates 

RIG-I. ZBP1 senses B-from and Z-form DNA and induces type I IFN responses via a TBK1-

IRF3 axis. Moreover, ZBP1 interacts with RIPK1 and RIPK3 to activate NF-κB or to recruit 

MLKL for necrosome assembly. The activated IFI16 and AIM2 recruit ASC and pro-caspase 1 

for inflammasome assembly, which catalyzes the maturation of IL-1β and IL-18. IFI16 

colocalizes with viral genomic DNA in the nucleus and employs a bidirectional mode of 

activation. BRCA1 interacts with IFI16 and mediates the acetylation of IFI16 and histone H2B 

by histone acetyltransferase p300. The cytoplasmic translocation of IFI16-BRCA1 complex is 

required for IFI16 inflammasome activation, while that of the IFI16-H2B-BRCA1 complex leads 

to STING association and IFN induction. Other DNA sensors can also act in the nucleus. Pol III 

transcribes small viral RNAs such as the Epstein-Barr virus-encoded small RNAs (EBERs) and 

adenovirus virus-associated RNA (VA) in the nucleus, which in turn induce RIG-I-mediated type 

I IFN expression. ATM deficiency leads to DNA lesion accumulation and the release of 

damaged DNAs into the cytoplasm where they activate the MRN complex. ZBP1 is activated by 

the de novo synthesized MCMV RNA transcripts in the nucleus; however, the mechanism of 

ZBP1 cytoplasmic translocation remains unknown. 
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1.2.2 RNA and DNA recognition motifs 

Despite the identification of increasingly more PRRs involved in nonself nucleic acid 

discrimination, our understanding of their ligand specificity is still limited. It also becomes 

widely acknowledged that evolutionarily unrelated PRRs sense distinct but overlapping classes 

of structural/sequence motifs to ensure the integrity of nonself surveillance system. Moreover, 

the identification of natural ligands in a physiologically relevant context remains challenging 

given the complex cellular network and a lack of sensitive approaches to characterizing ligand 

association in situ. A further complication is stirred by the emerging involvement of host nucleic 

acids in PRR activation upon cellular stresses such as viral infections and pathological 

conditions. Thus, each PRR is capable of sensing a relatively broad spectrum of ligands, which 

likely share, but not necessarily, common structural/sequence attributes. Currently, the criteria 

for nonself discrimination encompass three determinants, which in most cases act in concert to 

potentiate a sensing event 457. These include: 1) the cellular localization of nucleic acid ligands, 

which in general a reflect of the invasion route and replication site of a given pathogen, or of the 

accumulation of host nucleic acids in a cellular compartment otherwise lack of these nucleic 

acids; 2) the turnover rate of ligands and level of exposure; and 3) the availability of distinct 

structural/sequence motifs. 

1.2.2.1 Secondary structures for sequence-independent and sequence-dependent 

recognition 

Mammalian cells do not generate considerable amounts of dsRNA in resting state 220, 

246. Two sources of endogenous dsRNA have been identified which include the dsRNA regions 

within native heterogeneous nuclear ribonucleoproteins (hnRNPs), and the potential 

hybridization of antisense RNAs with their respective mRNAs or noncoding RNAs such as 

repetitive and transposable elements 458, 459. It is commonly believed that these dsRNA species 

are usually confined to the nucleus and their release to the cytoplasm triggers an immune 

response. Importantly, endogenous dsRNA undergoes RNA editing catalyzed by adenosine 

deaminases acting on dsRNA (ADARs), which convert adenosine (A) to inosine (I) thus likely 

destabilizing dsRNA structures 245, 460, 461. Although there is no clear cut-off size of dsRNA 

required for nonself discrimination, cytoplasmic dsRNA ligands longer than 30 bp in length are 

generally capable of activating one or more PRRs. The minimal dsRNA length required for 
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TLR3 activation has been shown to be 39-48 bp, while in cells expressing exclusively 

intracellular TLR3, this length is increased to 90 bp 462. Similarly, for PKR and 2’-5’-

oligoadenylate synthase 1 (OAS1), the range of dsRNA length required for the minimum to 

maximum activation is 30-80 bp 463, 464. RIG-I activation requires a relatively shorter dsRNA 

region bearing a blunt end, which has been shown to be 10-19 bp in length 250, 465-470. Moreover, 

RIG-I ligands tolerate wobble base pairs, mismatches, and bulge elements as that contained in 

the panhandle structures of negative-strand RNA virus genomic RNA 250, 465, 471, 472. It is 

noteworthy that the minimum dsRNA length required for PRR binding is usually shorter than 

that required for activation; RNA duplexes as short as 8 bp, 11 bp, and 17 bp have been shown to 

bind to RIG-I 473-475, PKR 464, and OAS1 476, respectively. MDA5 is preferentially activated by 

long dsRNA 221, 477. Partial digestion of synthetic poly(I:C) by RNase III shows that dsRNA 

longer than 300 bp in length activates MDA5-dependent type I IFN production 221. Genome 

replications of DNA, dsRNA, and positive-strand RNA viruses, but not negative-strand RNA 

virus, usually produce a detectable amount of long dsRNA as bidirectional transcription by-

products or replicative intermediates 220. Accordingly, infections with virus families including 

Picornaviridae, Reoviridae, and Flaviviridae have been shown to activate MDA5 221, 236-238, 477-

479. Interestingly, negative-strand RNA viruses of the Paramyxoviridae family also elicit MDA5-

mediated IFN response, which is attributable to the association between MDA5 and the L gene 

mRNA of parainfluenza virus 5 (PIV5) and measles virus 480, 481. Recent studies further 

demonstrate the role of MDA5 in sensing endogenous dsRNA. Long dsRNA of ~300 bp in 

length formed from the hybridization of inverted repeat transposable Arthrobacter luteus (Alu) 

elements are natural ligands of MDA5 in Aicardi-Goutières syndrome (AGS) associated type I 

IFN induction, whose immunostimulation is negatively regulated by ADAR1-mediated RNA 

editing 243, 245, 461. Mitochondrial DNA undergoes bidirectional transcription and the 

accumulation of long mitochondrial dsRNA under mitochondrial RNA helicase SUV3 and 

polynucleotide phosphorylase (PNPase) deficiency stimulates an MDA5-mediated type I IFN 

response 246. DNA sensors including cGAS, AIM2, IFI16, DNA-PK, and MRE11 have all been 

demonstrated to associate with dsDNA structures, such as the synthetic B-form poly(dA:dT) and 

interferon stimulatory DNA (ISD) sequence derived from the Listeria monocytogenes genome 

379, 383, 400, 413, 414, 423. These associations are largely independent of dsDNA sequence but length-

dependent. The minimal dsDNA length required for human cGAS activation is 45 bp of the ISD 
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sequence, while that for mouse cGAS can be as short as 17 bp 482-486. This species-specific length 

discrimination has been attributed to two amino-acid substitutions (K187/L195 in human vs. 

N187/R195 in mouse) located within the DNA-binding surface of cGAS, which are dispensable 

for the interaction with long dsDNA adopting a curved conformation but are required for that 

with short DNA 482, 483. Moreover, cGAS can also be activated by RNA: DNA hybrids; synthetic 

hybrids between poly(rA) and poly(dT) of > 60 bp in length efficiently activate cGAS in human 

macrophages 487. The activation of AIM2 and IFI16 requires a dsDNA length of 60-80 bp 400, 423. 

Each HIN domain of AIM2 and IFI16 spans a spacing of 7-8 bp and 4 bp of dsDNA, 

respectively 426. IFI16 has also been shown to associate with non-B DNA conformations such as 

the quadruplex DNA structure 488. 

RNA and DNA sequences enriched in certain motifs are commonly used to define 

sequence-dependent nonself discrimination by PRRs. TLR7 and TLR8 preferentially associate 

with GU-rich and poly(U) motifs contained in ssRNA or siRNA duplexes 185, 188, 489. RIG-I has 

been shown to associate with the poly(U/UC) tract in the 3’UTR of hepatitis C virus (HCV) 

genomic RNA and its antisense poly(AG/A) sequence 241, 490, 491, as well as GA-rich motifs 

embedded in the multi-branch loop structures of host long noncoding RNA lnc-Lsm3b 247. 

Moreover, AU-rich motifs as contained in the L gene mRNA of measles virus 480, 3’UTR of IAV 

genomic RNA 492, a stem-loop structure of Sendai virus (SeV) defective-interfering genome 493, 

and KSHV RNA transcripts 494, have also been identified as RIG-I’s preference. TLR9 has been 

well characterized to recognize ssDNA and dsDNA rich in unmethylated CpG dinucleotides 189, 

495. It can also be activated by RNA: DNA hybrids such as poly(rGrU): poly(dAdC) duplexes of 

45 bp and 60 bp in length in dendritic cells 496. RNA Pol III preferentially transcribes AT-rich 

dsDNA into 5’-triphosphorylated dsRNA, which in turn serves as a RIG-I ligand 379, 380. During 

HIV-1 infection, cGAS has been shown to sense stem-loop ssDNA (-) reverse transcripts 

containing unpaired guanosine overhangs in the cytoplasm 497, 498. This so-called Y-form DNA 

junction motif can be immunostimulatory with a limited base-paired region as short as 12 bp in 

length which would be otherwise inert in activating cGAS. In addition, the unpaired G within 

structured endogenous retroelements also stimulates cGAS-mediated type I IFN production in 

human PBMCs 497. 
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1.2.2.2 Nucleic acid modification 

Enzymatic RNA biosynthesis undergoes a 5’ to 3’ direction which leaves a 

triphosphate group at the 5’ end. Host RNA species synthesized by DNA-dependent RNA 

polymerases are generally processed in the nucleus to remove the 5’-triphosphate signature 

before exporting to the cytoplasm 457. Specifically, host mRNAs and small nuclear RNAs 

transcribed by RNA Pol II are modified with methylguanosines via 5’ to 5’ triphosphate 

linkages, giving a 5’ cap structure 499. Ribosomal RNA (rRNA) and transfer RNA (tRNA) 

transcribed by RNA Pol I and Pol III are trimmed at the 5’ end by nuclear endonucleases to leave 

only 5’-monophosphate structures 500-502. These lines of evidence partially indicate that the 5’-

triphosphate moiety is a critical nonself signature in the cytoplasm. It is now well acknowledged 

that RIG-I serves as the primary cytosolic sensor recognizing dsRNA containing 5’-triphosphates 

248, 249, 251, though 5’-triphosphate-independent RIG-I ligands have also been identified 247, 471, 492, 

503.  The genomic and subgenomic RNA, as well as replication intermediates of negative-strand 

RNA viruses, contain 5’-triphosphates, which along with the panhandle structures activate RIG-I 

231. The dependency of 5’-triphosphates for RIG-I activation has also been shown for ligands 

derived from positive-strand RNA viruses belonging to the Flaviviridae family, such as the 

poly(U/UC) motif within the HCV 3’UTR 241, 491. Host small RNA species transcribed by Pol III, 

such as the 5S ribosomal RNA pseudogene 141, also activates RIG-I in a 5’-triphosphate-

dependent manner 244. In addition to 5’-triphosphates, a recent study has also demonstrated that 

dsRNA with 5’-diphosphate ends as that contained in the genomes of reovirus and L-A totivirus 

represents the minimal determinant for RIG-I activation 504. In contrast to that of rRNA and 

tRNA, the monophosphate moiety contained in certain dsRNA structures can activate RIG-I. 

These include RNase L-cleaved cellular RNA bearing 5’-OH and 3’-monophosphates 505 as well 

as RNase III-digested poly(I:C) 221 or synthetic short dsRNA containing 5’-monophosphates 506. 

Interestingly, the Crimean-Congo hemorrhagic fever virus (CCHFV), a negative-strand RNA 

virus of the Bunyaviridae family, contains an unusual 5’-monophosphorylated genomic RNA 

which has been shown to associate with and activate RIG-I 507. Other than RIG-I, several ISG 

products can recognize 5’ triphosphorylated RNA to exert antiviral effects. PKR has been shown 

to interact with long dsRNA independently of 5’-triphosphate but with ssRNA containing short 

stem-loop motif of > 47 nt in length in a 5’-triphosphate-dependent manner 508. The interferon-

induced protein with tetratricopeptide repeats 1 (IFIT1) and IFIT5 demonstrate a strict ssRNA 
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association in the presence of 5’-triphosphates 509, 510. Binding of any dsRNA ligand to IFIT1 and 

IFIT5 requires at least a 3-nt and 5-nt overhang at the 5’ end, respectively 510. Moreover, IFIT1 

binds to viral capped mRNA lacking 2’-O-methylation (cap-0) with high affinity, thereby 

inhibiting its translation 511-513. The modification of DNA in relation to DNA sensor activation 

has not been well characterized. In response to UV radiation, the ROS-induced oxidation of 

guanine bases to 8-hydroxyguanine (8-OHG) within cellular DNA protects it from TREX1-

mediated degradation. This leads to the accumulation of damaged DNA whereby activating type 

I IFN responses via the cGAS-STING axis 514.  
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Table A.1 Nonself RNA and DNA ligand features. 

Sensors Ligand characteristics Examples 

RIG-I 

Short dsRNA Synthetic dsRNA (10-19 bp) 

Panhandle structures Genomic RNA of negative-strand RNA viruses 

Poly U/UC and Poly 

AG/A 
HCV 3’ UTR 

GA-rich motifs Multi-branch loop structure of lnc-Lsm3b 

AU-rich motifs 
Measles virus L gene mRNA; IAV genomic RNA 3’UTR; 

SeV stem-loop DI genome; KSHV RNA transcript 

5’-triphosphate 
Negative-strand RNA virus genomic RNA; HCV 3’UTR 

poly(U/UC); 5S ribosomal RNA pseudogene 141 

5’-diphosphate Reovirus and L-A totivirus genomic RNA 

5’- or 3’-

monophosphate 

RNase L-cleaved cellular RNA (3’-mono phosphate); 

RNase III-digested poly(I:C); CCHFV genomic RNA 

MDA5 Long dsRNA 

Poly(I:C) of > 300 bp; bidirectional transcription by-

products and replicative intermediates of DNA, dsRNA, 

and positive-strand RNA viruses; PIV5 and measles virus 

L gene mRNA; inverted repeat transposable Alu elements 

(~300 bp); mitochondrial dsDNA 

TLR3 dsRNA 39-48 bp or 90 bp 

TLR7/8 

GU-rich and poly(U) 

motifs in ssRNA or 

siRNA 

Unmodified endogenous, viral and bacterial RNA 

PKR 

Long dsRNA Independently of 5’-triphosphate 

ssRNA with a short 

stem-loop motif 
>47 nt dependent on 5’-triphosphate 

OAS1 dsRNA 30-80 bp 

IFIT1/5 

ssRNA with 5’-

triphosphate 
3-nt 5’ overhang for IFIT1 and 5-nt 5’ overhang for IFIT5 

Cap-0 mRNA Viral RNA 

TLR9 

Unmethylated CpG 

dinucleotides in ssDNA 

or dsDNA 

Bacterial and viral DNA 

RNA:DNA hybrids Poly(rGrU):poly(dAdC) of 45 bp and 60 bp 

RNA 

Pol III 
AT-rich dsDNA 

Synthetic poly(dA:dT); Epstein-Barr virus-encoded small 

RNAs (EBERs); adenovirus virus-associated RNA (VA) 

cGAS 

dsDNA ISD of 45 bp (human cGAS); 17 bp (mouse cGAS)  

RNA:DNA hybrids Poly(rA):poly(dT) of > 60 bp 

Stem-loop ssDNA (-) 

with unpaired G 

overhangs 

Y-form DNA junction motif (only 12-bp duplex region); 

unpaired G within structured endogenous retroelements 

IFI16 
dsDNA 60-80 bp 

Non-B conformation Quadruplex DNA structure 
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1.2.3 Viral evasion strategies 

The host-virus co-evolution has also led to the emergence of elaborate viral 

countermeasures against host innate immune responses. It is a surprising but conceivable fact 

that mechanisms of viral antagonism could be found in nearly every hierarchy of innate immune 

signaling pathways. According to the three determinants governing PRR-mediated nonself 

discrimination 457, the main strategies employed by viruses to evade PRR recognition are 

discussed in the following section. Despite these seemingly elegant mechanisms, it is also 

important to note that there are unlikely a single virus species capable of completely evading 

innate immune recognition. The sophistication of PRR pathways ensures distinct but overlapping 

viral sensing mechanisms that are unlikely for a given virus to circumvent. This is also reflected 

by the fact that a given virus normally encodes viral proteins targeting multiple, but not all 

signaling cascades. Eventually, a complete blockage of innate immune response is also 

detrimental to the virus given its obligate intracellular nature which necessitates the survival of 

host cells. Mounting an immune response also shapes the dynamics of viral quasispecies and 

positively selects for progenies with higher replication fitness.    

1.2.3.1 Modification and concealment of viral ligands 

Since the 5’-triphosphate moiety, together with a blunt-ended dsRNA terminus, serve 

as a critical nonself signature activating RIG-I, multiple viruses evolve mechanisms to process 

their RNA at the 5’ termini thereby mitigating RIG-I recognition. Genome replication of 

arenaviruses, bornaviruses, and bunyaviruses uses the prime and realign mechanism by which 

the internally initiated genome 5’ end undergoes realignment to form 5’ overhangs in the context 

of the genome: antigenome duplexes. The resulting 5’ overhangs can be further processed 

through endonuclease cleavage, giving rise to blunt-ended or 5’ recessive genomic panhandle 

structures containing 5’-monophosphate 515-517. Accordingly, the 5’-monophosphorylated 

genomic RNAs extracted from Hantaan virus, CCHFV, and Borna disease virus do not activate 

RIG-I when transfected into cells 518. Synthetic Junín virus panhandle structure harboring an 

unpaired 5’ nucleotide also fails to activate RIG-I even in the presence of 5’-triphosphate 517. 

Interestingly, RIG-I evasion by the acquisition of a 5’-monophosphate has been challenged by 

the observations that CCHFV infection stimulates RIG-I dependent IFN production, and that 

virion-derived 5’-monophosphorylated genomic RNA is sufficient for RIG-I activation 507. 



 
47 

Picornaviruses contain a viral protein genome-linked (VPg) protein that is covalently linked to 

the 5’-terminal nucleotide of viral genomic and replicative intermediate RNA 519. It plays critical 

roles in viral mRNA translation and genome replication and presumably shields the viral genome 

5’ end from RIG-I sensing in a way reminiscent of the eukaryotic 5’ cap structure 457. 

In addition to the covalent attachment of a m7G to the 5’ terminal nucleotide (cap-0) of 

cellular mRNA, 2’-O-methylation of the first (N1) terminal nucleoside (cap-1) or of both the first 

(N1) and second (N2) nucleosides (cap-2) provides another signature for self-nonself 

discrimination. This is partially supported by the fact that mRNA of higher eukaryotes, in 

general, contains cap-1 or cap-2 structure 520. In fact, while it was believed that the cap-0 

structure represents an essential marker of self 248, it has recently been shown that cap-0 dsRNA 

binds to and activates RIG-I as efficiently as 5’-triphosphorylated dsRNA 521, 522. The N1 2’-O-

methylation as that contained in the cap-1 and cap-2 structures turns out to be the key 

determinant of RIG-I evasion, regardless of the m7G presence. A single conserved residue H830 

in RIG-I is responsible for the steric exclusion of cap-1 structure 521, 522. Accordingly, members 

of the Flaviviridae, Coronaviridae, Rhabdoviridae, Paramyxoviridae, Filoviridae, Reoviridae 

and Poxviridae families all encode viral 2’-O-methyltransferases for viral mRNA cap 

modification, which likely contributes to PRR evasion such as RIG-I 523. Indeed, mutant viruses 

deficient in 2’-O-methyltransferase activity, including West Nile virus, yellow fever virus, 

human and mouse coronaviruses, are all significantly attenuated in IFN-competent cells owing to 

increased type I IFN and/or ISG induction 513, 521, 524. As with RIG-I, IFIT1 shows similar 

intolerance to cap-1 structure 511, 522; therefore, RIG-I and IFIT1 appear to demonstrate 

complementary roles in tailored sensing of 5’-triphosphorylated and cap-0 containing dsRNA 

and ssRNA, respectively. Another strategy to exploit the host 2’-O-methylation mechanism lies 

in the members of the Orthomyxoviridae, Bunyaviridae, and Arenaviridae families. They do not 

encode their own methyltransferases but have evolved the cap-snatching mechanism to steal host 

RNA cap-1 structures to prime viral mRNA synthesis 525. 

Host RNA species such as tRNA and rRNA also undergo other types of post-

transcriptional modifications. Internal RNA modification such as the incorporation of modified 

nucleosides has been shown to constitute a marker of self RNA 500. Synthetic 5’-

triphosphorylated RNAs containing pseudouridine (Ψ), 2-thiouridine (s2U), or 2’-O-methylated 

uridine show a significant reduction in activating RIG-I 248, which is mechanistically attributable 
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to impaired RIG-I filament formation 261. RNA modification with 5-methylcytosine (m5C), N6-

methyladenosine (m6A), 5-methyluridine (m5U), Ψ or s2U also reduces or abrogates activation 

of TLR3, TLR7, and TLR8 526. Modified nucleosides including s2U, 2’-deoxyuridine (2’-dU) 

and 4-thiouridine (s4U) abrogate PRK activation in the context of both 5’-triphosphorylated 

ssRNA and dsRNA, whereas m5U, m6A, and Ψ only diminish PRK activation in the ssRNA 

context 527. Although accumulating studies identify the modification of flaviviruses and IAV 

genomic RNA with nucleosides such as m6A, their depletion does not correlate with increased 

IFN and ISG expression 528, 529. Therefore, the exact contribution of internal viral RNA 

modification to nonself discrimination warrants further investigation. 

Viral proteins bearing dsRNA binding activities have been shown to conceal viral 

RNA from RLR recognition. These include the NS1 protein of IAV, VP35 proteins of Ebola 

virus and Marburg virus, E3L protein of vaccinia virus, and the accessory protein 4a of Middle 

East respiratory syndrome coronavirus (MERS-CoV) 530-535. Moreover, the 44-nt viral leader 

RNA of RSV is shielded by the cellular La antigen (SS-B) from RIG-I recognition 536. 

Interestingly, RIG-I and MDA5 have been shown to efficiently displace dsRNA-bound viral 

proteins, such as NS1 and E3L, and thereby prime PKR activation. This function is even 

effective in the absence of the CARD domains, provided an intact ATPase activity 301. How this 

effector-like function of RLRs fits into the proposed “RNA shielding” mechanism is currently 

unclear. The fact that negative-strand RNA viruses employ encapsidation to limit dsRNA 

formation is also regarded as a shielding mechanism 220. Improper encapsidation as a result of 

imbalanced nucleocapsid protein/genomic RNA ratio did lead to MDA5 and PKR activation 

during human parainfluenza virus type 1 infection 537. However, RIG-I is still capable of 

recognizing the genomic panhandle structures in the context of viral nucleocapsids 123, 538. 

1.2.3.2 Direct inhibition of PRR activation 

To disarm PRR sensing of viral RNA and DNA ligands, many viruses encode viral 

proteins that directly act on the sensor proteins and/or the downstream adaptors required for their 

activation and signaling transduction. The V proteins of paramyxoviruses have been shown to 

directly target the helicase domain of MDA5 to unfold its ATP-hydrolysis site 227, 539, 540, or the 

CARD domains of RIG-I to disrupts it downstream signaling to MAVS 541. The Z proteins of 

pathogenic arenaviruses also interact with the CARD domains of RIG-I and MDA5, thereby 

disrupting the interaction between RLRs and MAVS 542, 543. The IAV NS1 protein and human 
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metapneumovirus glycoprotein G are also direct binding partners of RIG-I and have been shown 

to inhibit RIG-I activation and IFN induction 249, 544-546. The virally encoded proteinases from the 

Picornaviridae and Flaviviridae can directly cleave RLRs and their downstream adaptors for 

immune evasion. The 3Cpro and 2Apro proteinases of poliovirus, coxsackievirus B3, enterovirus 

71, and EMCV have been shown to cleave RIG-I and MDA5, respectively 547-549. However, one 

study showed contradictory results that MDA5 cleavage during poliovirus infection was 

independent of 3Cpro and 2Apro, but relied on proteasome and caspase activation 550. LGP2 has 

been shown to be cleaved by the leader protease (Lpro) of foot-and-mouth disease virus (FMDV) 

551. MAVS can also be cleaved by multiple viral proteinases. These include the 2Apro of 

poliovirus, coxsackievirus B3, enterovirus 71, and human rhinovirus 1a 548, 552; the 3ABC 

precursor of hepatitis A virus 3Cpro and the 3Cpro of coxsackievirus B3 and rhinovirus 1a 552-554; 

and the NS3-NS4A proteases of HCV and GB virus B 255, 258, 555, 556. Interestingly, the NS2B-

NS3 protease of dengue virus cleaves the DNA sensor adaptor STING rather than MAVS 557, 558. 

This is surprisingly correlated with the fact that dengue virus infection induces cGAS sensing of 

mitochondrial DNA 559. The NS2B alone also mediates cGAS degradation via an autophagy-

lysosomal pathway 559. Optimal RLR activation requires a cellular dsRNA binding cofactor, the 

protein activator of the interferon-induced protein kinase (PACT). It directly binds to the C-

terminal domains of RIG-I/MDA5 and can potentiate their activation even in the absence of 

RNA ligands 560. Moreover, PACT facilitates MDA5 binding to and oligomerization along 

dsRNA 561. Viral dsRNA binding proteins including the Ebola virus VP35, HSV-1 Us11, MERS-

CoV 4a, and IAV NS1 have all been reported to associate with PACT and disrupt its interaction 

with RIG-I thereby suppressing IFN induction 562-565.  

Since ubiquitination constitutes a pivotal post-translational modification regulating 

PRR activation, both RNA and DNA viruses encode viral proteins to target the host E3 ubiquitin 

ligases or encode viral deubiquitinases to directly remove the K63-linked ubiquitin chains from 

the activated PRRs and/or their downstream adaptors. RIG-I activation requires K63-linked 

ubiquitination of its N-terminal CARD domains by TRIM25 and the C-terminal repressor 

domain by Riplet 274, 275, 277, 281, 566. The IAV NS1 protein has been well characterized to interact 

with TRIM25 and Riplet in a host-species dependent manner and thereby inhibits RIG-I 

ubiquitination and activation 567, 568. The HCV NS3-NS4A protease complex also suppresses 

Riplet-mediated K63-linked RIG-I ubiquitination 275. Interestingly, dengue viruses serotype 2 
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harbors a unique mechanism to antagonize RIG-I activation through modulating TRIM25. The 

virally encoded subgenomic flavivirus RNA interacts with TRIM25 in a sequence-dependent 

manner and prevents TRIM25 deubiquitylation by ubiquitin-specific peptidase 15 (USP15) 569, 

570. RNA viruses including coronaviruses, arteriviruses, and picornaviruses encode papain-like 

proteases (PLPs) harboring deubiquitinase activities. The PLPs of human coronavirus NL63, 

severe acute respiratory syndrome coronavirus (SARS-CoV), and porcine epidemic diarrhea 

virus have been shown to deubiquitinate RIG-I and/or STING thereby inhibiting IFN induction 

571-574. The shorter form of leader protease (Lbpro) of FMDV and the PLP2 of equine arteritis 

virus also target RIG-I for deubiquitylation 575, 576. The tegument proteins ORF64 of KSHV and 

murine gammaherpesvirus 68, and the viral polymerase of HBV also bear deubiquitinase 

activities which act on RIG-I or STING 577-579. Other than ubiquitination, it has been 

demonstrated that the dephosphorylation of RIG-I and MDA5 by cellular phosphatases PP1α or 

PP1γ is required for their activation 284. The V proteins of paramyxoviruses such as measles virus 

and Nipah virus directly bind to PP1α and PP1γ through a C-terminal conserved PP1-binding 

motif thereby preventing MDA5 dephosphorylation and activation 580. Moreover, measles virus 

activates the C-type lectin DC-SIGN which signals through Raf-1 to induce the association of 

PP1 inhibitor I-1 with PP1 in dendritic cells. This leads to the inability of PP1 to 

dephosphorylate RIG-I and MDA5 and thus suppresses IFN induction 581. 

1.2.3.3 Relocalization and compartmentalization 

Upon nonself recognition, the activated PRRs require to engage with respective 

downstream adaptor proteins for signaling transduction. These adaptor proteins can be tethered 

to specific subcellular organelles such as the mitochondrion and endoplasmic reticulum, which 

necessitates the translocation of signaling-competent PRRs. Thus, virus-induced PRR 

relocalization or inhibition of translocation represents important viral countermeasures against 

PRR signaling transduction. Viruses from the Pneumoviridae, Paramyxoviridae, Bunyaviridae, 

Filoviridae, Coronaviridae, and Rhabdoviridae families have been shown to induce the 

formation of cytoplasmic inclusion bodies (IBs) which serve as the viral RNA synthesis factories 

582-588. These structures are enriched in viral RNA agonists and have been shown to antagonize 

RLR activation through different mechanisms. Human RSV nucleoprotein sequesters MDA5 and 

MAVS into IBs thereby attenuating type I IFN response 589. The non-structural protein NSs of 

severe fever thrombocytopenia syndrome virus also relocalizes RIG-I, TRIM25, 
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TBK1/IKKε/IRF3, and STAT1/2 into IBs to inhibit IFN induction as well as IFN signaling 590-

593. Similarly, the M protein of SARS-CoV sequesters RIG-I, TBK1/IKKε, and TRAF3 into IBs 

and antagonizes IFN induction 594. On the other hand, viral IBs may negatively impact IFN 

induction through modulating the formation of stress granules (SGs), which are dense mRNA-

protein aggregates containing RNA stalled in translation initiation 595. As a type of cellular stress, 

viral infection can induce PKR-mediated SG assembly containing signaling molecules of the 

RLR pathway, such as RIG-I, MDA5, and TRIM25 596-598. These SGs have been shown to serve 

as a critical antiviral platform for IFN induction by IAV, EMCV, and Newcastle disease virus 596, 

597, 599. Accordingly, SGs can be blocked for formation through the inhibition of PKR activation 

by IAV NS1 protein 600, or through the cleavage of SG components such as G3BP by the 3C 

proteinases of poliovirus and EMCV 599, 601. Moreover, viral IBs can also block SG formation; 

HPIV3 suppresses SG formation through concealing newly synthesizing viral RNA in IBs 602, 

while Ebola virus sequesters SG components (such as eIF3, eIF4G, PABP, and G3BP) into IBs 

and disrupts SG formation by viral VP35 protein 603. Recently, it has also been shown that the 

translocation of RIG-I to the mitochondrial MAVS can be directly targeted by viral proteins. The 

mitochondrial targeting chaperone 14-3-3ε protein binds to RIG-I and serves as an essential 

component of the RIG-I translocon 604. The NS3 proteins of dengue virus and West Nile virus 

contain a highly conserved phosphomimetic motif interacting with 14-3-3ε, and thus block the 

formation of RIG-I translocon leading to impaired IFN induction 605. 

IFI16 senses DNA viruses in the nucleus followed by translocation into the cytoplasm 

to engage STING for type I IFN induction or ASC for inflammasome assembly 432, 434, 435, 438-440. 

The immediate-early ICP0 protein of HSV-1 has been shown to sequester IFI16 and 

phosphorylated IRF3 into ICP0-containing nuclear foci for degradation, thus inhibiting IFN 

induction 436, 606. The viral protein kinase pUL97 of HCMV interacts with and phosphorylates 

IFI16 whereby contributing to IFI16 cytoplasmic translocation. IFI16 is subsequently 

mislocalized to the cytoplasmic virus assembly complex via multivesicular bodies and is 

incorporated into newly assembled virions 607. Nonetheless, whether hijacking IFI16 into the 

virus particles represents a mechanism of immune evasion remains unknown. In contrast, the 

HCMV tegument protein pUL83 has been shown to sequester the IFI16 pyrin domain and 

suppress nuclear IFI16 oligomerization thereby antagonizing IFN response 608. 
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Viruses of the Flaviviridae family induce extensive rearrangements of host cell 

membranes to form viral replication factories. These remodeled structures are generally 

invaginated vesicles within the ER but can be unique as single- or double-membrane vesicles 

which are in cluster termed membranous web formed during HCV infection 609, 610. In contrast to 

viral IBs in which host sensor/adaptor proteins are sequestered for immune evasion, membranous 

replication factories serve as a selective cytoplasmic compartment to physically segregate viral 

RNA agonists from RLRs. This strategy has been indirectly demonstrated for infections with 

tick-borne encephalitis virus, dengue virus, and Japanese encephalitis virus, during which the 

differential onset of IFN induction correlates with the temporal cytoplasmic appearance of viral 

dsRNA leaked from ER-associated vesicles 611, 612. Direct evidence was provided by 

immunostaining of HCV-infected hepatocytes in which RIG-I and MDA5 were excluded from 

membranous vesicles enriched in viral replication machinery and dsRNA 613. The nuclear 

replication nature of IAV has also been proposed as a mode of compartmentalization whereby 

evading cytoplasmic RIG-I 614-616; however, the presence and functional role of nuclear-resident 

RIG-I in sensing nuclear IAV replication renders such immune evasion mechanism ineffective 

617. 
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CHAPTER 2 RATIONALE, HYPOTHESIS, AND OBJECTIVES 

2.1 Rationale 

RIG-I is one of the key cytoplasmic nonself RNA sensors whose activation leads to 

the induction of type I and type III IFN responses. It preferentially recognizes short dsRNA 

harboring a blunt end and a 5’-diphosphate or triphosphate group 248-251. Negative-strand RNA 

viruses, such as IAV, are mainly sensed by RIG-I yet do not generally produce a detectable 

amount of dsRNA during infection 220, 236, 237. Instead, their viral genomic RNA (vRNA) 

extremities can form a panhandle structure owing to partial complementarity whereby meets the 

dsRNA requirement for RIG-I activation 250, 472, 538. Moreover, paramyxoviruses generate trailer 

copy-back defective-interfering (DI) RNA containing a fully complementary panhandle structure 

618. The IAV DI RNA, on the other hand, contains mostly internal deletions without alternations 

in the terminal noncoding regions, and thus shares the same panhandle signature with the full-

length viral genome 619. It has been shown that RIG-I associates with IAV virion-derived vRNA 

249, as well as full-length and DI genomes during in vitro infections 620, 621. Full-length vRNA and 

antigenomic RNA (cRNA) are the major physiological agonists activating RIG-I, and their 

immunostimulatory activity is sensitive to dsRNA specific nuclease RNase III 620. Nonetheless, it 

remains unsubstantiated whether RIG-I association with and activation by IAV vRNA are 

directly mediated by the genomic panhandle structure. Furthermore, the proximal stem of the 

IAV panhandle structure contains dsRNA destabilizing elements including wobble base pairs 

and bulge loop 622, 623, which have been shown to be structurally tolerated by RIG-I 250. However, 

how these elements affect RIG-I recognition and activation in the context of authentic IAV 

panhandle structure remains unexplored, although compositional analyses have revealed their 

critical roles in regulating viral promoter activity 622, 624, 625. Thus, understanding the contribution 

of these elements to RIG-I activation in relation to viral promoter activity would likely shed light 

on the mechanism by which IAV coordinates its viral RNA synthesis with the induction of host 

IFN responses. 

IAV differs from most of the other RNA viruses in a way that it replicates in the cell 

nucleus. It was believed that this nuclear replication nature of IAV represents a mechanism of 

immune evasion since RIG-I has been well characterized to localize and function in the 

cytoplasm 615, 616. Accordingly, RIG-I has been visualized to colocalize with incoming viral 

ribonucleoprotein complexes (vRNPs) which traverse the cytoplasm to reach the nucleus 626. A 



 
54 

focused study further shows that cytoplasmic RIG-I recognizes the genomic panhandle structure 

in the context of incoming vRNPs 123. Moreover, RIG-I interacts with the vRNP components, 

namely the viral polymerase and NP, and likely undergoes a partial nuclear translocation at the 

late stage of viral infection 627. However, none of these observations on RIG-I association 

markedly correlates with RIG-I activation and IFN induction. In contrast, prominent RIG-I 

activation during IAV infection requires de novo viral RNA replication 620, 628, which occurs 

exclusively within the nucleus. Notably, the existence and functional roles of RIG-I in the 

nucleus have yet to be discovered. Therefore, understanding the spatiotemporal RIG-I detection 

of IAV, presumably via the recognition of genomic panhandle structures, is not only necessary to 

further clarify the relative contributions of incoming vRNPs and de novo viral RNA synthesis to 

IFN induction but also provides insight into the cellular niches where RIG-I sensing takes place. 

Additionally, it has been proposed that aberrant viral RNA products may also constitute an arm 

of physiological viral agonists activating RIG-I 616, 628. How these RNA species meet the ligand 

characteristics of RIG-I and integrate into its spatiotemporal detection is also of particular 

interest to build a comprehensive picture of the dynamic interplay between IAV and RIG-I 

mediated host IFN responses. 

2.2 Hypothesis 

The panhandle signatures of the IAV genomic RNA and aberrant viral RNA contribute 

to the spatiotemporal activation of RIG-I, which takes place in cellular compartments including 

but not limited to the cytoplasm. 

2.3 Objectives 

 To examine the direct involvement of IAV genomic panhandle structure and the 

implication of its imperfect complementarity in RIG-I activation and type I IFN 

induction. 

 To investigate the spatiotemporal detection by RIG-I of IAV panhandle structure 

during infection by exploring a plausible role of RIG-I in the nucleus. 

 To explore the contribution of small aberrant viral RNA to RIG-I activation under 

cellular constraints that likely potentiate a malfunctioned viral polymerase. 
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3.1 Abstract 

Retinoic acid-inducible gene I (RIG-I) is an important innate immune sensor that 

recognizes viral RNA in the cytoplasm. Its nonself recognition largely depends on the unique 

RNA structures imposed by viral RNA. The panhandle structure residing in the influenza A virus 

(IAV) genome, whose primary function is to serve as the viral promoter for transcription and 

replication, has been proposed to be a RIG-I agonist. However, it has never been proved 

experimentally. Here, we employed multiple approaches to determine if the IAV panhandle 

structure is directly involved in RIG-I activation and type I interferon (IFN) induction. First, in 

porcine alveolar macrophages, we demonstrated that viral genomic coding region is dispensable 

for RIG-I-dependent IFN induction. Second, using in vitro synthesized hairpin RNA, we showed 

that the IAV panhandle structure could directly bind to RIG-I and stimulate IFN production. 

Furthermore, we investigated the contribution of the wobble base pairs, mismatch, and unpaired 

nucleotide within the wild-type panhandle structure to RIG-I activation. Elimination of these 

destabilizing elements within the panhandle structure promoted RIG-I activation and IFN 

induction. Given the function of the panhandle structure as the viral promoter, we further 

monitored the promoter activity of these panhandle variants and found that the viral replication 

was moderately affected whereas the viral transcription was impaired dramatically. In all, our 

results indicate that the IAV panhandle promoter region adopts a nucleotide composition that is 

optimal for balanced viral RNA synthesis and suboptimal for RIG-I activation.
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3.2 Introduction 

The retinoic acid-inducible gene-I (RIG-I) and melanoma differentiation-associated 

protein 5 (MDA5) represent two major RIG-I-like receptors (RLRs) that provide an important 

cytoplasmic line of defense against RNA viruses in mammalian cells. These two DExD/H-box 

RNA helicases share similar domain architecture and detect distinct but overlapping virus 

families 231, 237, 629. Activation of either receptor relays the antiviral signals to mitochondrial 

antiviral-signaling protein (MAVS), interferon regulatory factors (IRFs) and NF-κB, leading to 

the production of type-I interferons (IFNs) 230. In recent years, extensive research has shed light 

on the mechanisms of action of RIG-I and its ligand characteristics. It is now widely recognized 

that canonical RNA elements required for optimal RIG-I activation include blunt-ended RNA 

duplex and 5’ triphosphate moiety 248, 250, 251. Additionally, some non-canonical RNA structures 

are also potent in RIG-I activation, such as poly-U/UC tract, 3’-monophosphate, AU-rich 

regions, and the most recently discovered 5’-diphosphates 241, 480, 492, 503, 630, 631.  

Recent studies on negative-strand RNA viruses spanning Bunyaviridae, 

Orthomyxoviridae, Paramyxoviridae, and Rhabdoviridae have proposed that the 5’-

triphosphates-containing panhandle structure formed from viral RNA is required for RIG-I 

activation 221, 250, 264, 538, 620. The double-strandedness of the panhandle structure is derived from 

the self-complementarity of the viral genome extremities 250. This structure is also present in the 

defective interfering (DI) RNAs derived from aberrant viral replication 621. Unlike a fully 

complementary double-stranded region (such as that from Sendai virus DI RNA), the viral 

genomic panhandle structures are only partially complementary, containing non-Watson-Crick 

base pairs, mismatches, and bulge elements. 

The influenza A virus (IAV) genomic panhandle structure was visualized 

microscopically two decades ago and its RNA secondary structure has been experimentally 

determined 623, 632-634. It is well-known as the viral promoter region and its nucleotide 

composition has been studied extensively with regard to the promoter activity 622, 625, 635. 

However, its role in RIG-I activation remains unclear. Two recent studies characterizing 

physiological RIG-I agonists during IAV infection demonstrated that RIG-I associates with both 

full-length viral genomes (preferentially shorter genome segments) and DI genomes 620, 621. Both 

RIG-I ligands concur on the presence of the genomic panhandle structure, indicating its 

involvement in RIG-I activation. Compared to other viruses, the conserved IAV panhandle 
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structure among all eight genome segments contains relatively shorter double-stranded region 

(around 16 bp). It can be further divided into three elements: a proximal stem (5’ positions 1-9 

and 3’ positions 1-9) and a distal stem (5’ positions 11-16 and 3’ positions 10-15) linked through 

an unpaired adenosine (5’ position 10) 636. While the distal stem is fully complementary, the 

base-pairing of the proximal stem is imperfect, containing two wobble base pairs (G:U) and one 

mismatch (A:C) 623. As such, the IAV panhandle structure appears not to be an optimal RIG-I 

ligand. It is therefore of great interest to analyze the impact of this imperfect complementarity on 

RIG-I activation. 

In this study, we examined if the IAV panhandle structure is directly involved in RIG-I 

activation and IFN induction. We provided direct evidence that the IAV panhandle structure is 

sufficient for RIG-I activation in vitro and in primary alveolar macrophage (PAM). To gain a 

further insight into the contribution of the wobble base pairs and mismatch in the panhandle 

proximal stem and the unpaired adenosine to RIG-I activation, we eliminated these elements by 

introducing panhandle-stabilizing mutations into the wild-type (WT) panhandle structure. We 

found that panhandle variants harboring these mutations displayed stronger activity in RIG-I 

activation and IFN induction. Meanwhile, monitoring the impact of these mutations on viral 

promoter activity revealed that the viral replication was moderately affected whereas the viral 

transcription was impaired dramatically. These results indicate that the WT panhandle promoter 

region adopts a nucleotide composition that is optimal for balanced RNA synthesis and 

suboptimal for RIG-I activation.
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3.3 Materials and methods 

3.3.1 Ethics statement 

All animals used in this research project were cared for and used in accordance with 

the Guidelines of the Canadian Council on Animal Care, the Regulations of the University of 

Saskatchewan Committee on Animal Care and Supply, and in accordance to the “3R principles”. 

The experimental procedures were approved by the University of Saskatchewan Animal 

Research Ethics Board with an Animal Use Protocol no. 20030100. 

3.3.2 Cells and viruses 

PAMs were isolated from the lung lavage of 4-5-week-old SIV seronegative piglets 

according to a standard protocol described previously 637. The isolated PAMs were characterized 

by flow cytometric analysis staining with a FITC-conjugated mouse-anti pig macrophages 

monoclonal antibody clone BA4D5 (AbD Serotec) and cultivated in RPMI 1640 medium 

supplemented with 20% fetal bovine serum (FBS), 1% HEPES, 50 μg/ml gentamicin and 

1×Antibiotic-Antimycotic (Invitrogen). Madin-Darby canine kidney (MDCK) and human 

embryonic kidney 293T (HEK293T) cells were maintained in minimal essential medium (MEM) 

and Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, respectively. 

Chicken embryonic fibroblast DF-1 cells were maintained in DMEM at 39°C. Influenza A virus 

H1N1 strains A/Swine/Saskatchewan/18789/02 (SIV/Sk02), A/Halifax/210/09 (Halifax210) and 

A/Texas/36/91 (Tx91) were propagated in MDCK cells. A/Puerto Rico/8/34 (PR8) was 

propagated in 11-day-old embryonated chicken eggs. An NS1 mutant virus (SIV/Sk02 NS1 1-

99) containing only the 1-99 amino acids of N-terminal NS1 was constructed by reverse genetics 

in the background of SIV/Sk02 and was propagated in Vero cells.  

3.3.3 Plasmid construction 

The set of pPOLI plasmids (in pDZ vector) encoding each of the eight RNA segments 

of Tx91 was generously provided by Dr. Adolfo Garcia-Sastre (Mount Sinai School of Medicine, 

New York). The pPOLI-NP-LUC plasmid was constructed by insertion of the firefly luciferase 

gene flanking with NP con-coding region in an antisense orientation between human RNA 

polymerase I promoter and terminator 638. All panhandle derivatives were constructed in the 

pPOLI-NP-LUC backbone by site-directed mutagenesis (Stratagene) and confirmed by DNA 
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sequencing. Truncations in the coding region of pPOLI-NP-LUC or pHH21-Tx91-NA were 

achieved by overlapping PCR. 

3.3.4 RNA methods 

In vitro transcription (IVT) of short hairpin RNA mimicking authentic IAV panhandle 

structure and its variants was performed using MEGAshortscript T7 Transcription Kit (Ambion) 

as per manufacturer's instructions. The DNA templates (Table 3.1) were modified with C2’-

methoxyls at the last two nucleotides of the 5’ termini and PAGE purified (Sigma) to ensure 

defined 3’-end of the RNA products 639. All synthesized RNA constructs were purified on 20% 

denaturing polyacrylamide gels and recovered by ZR small-RNA PAGE Recovery Kit (Zymo 

Research). Recovered RNA was diluted in 1× Annealing buffer (10 mM Tris-HCl, pH 7.8 and 

100 mM NaCl) and re-annealed at low concentration in a PCR machine by heating to 95°C for 5 

min and cooling to 4°C at 0.1°C/s. Viral RNA of four H1N1 strains was extracted from sucrose-

gradient purified virions using RNeasy Mini Kit (Qiagen). Dephosphorylation of viral RNA was 

carried out using calf intestinal alkaline phosphatase (CIAP) (NEB). All purified viral RNAs 

were visualized on 2.8% denaturing polyacrylamide gel by silver staining. Poly (I:C) was 

purchased from Sigma. A synthetic 19-mer 5’ppp-dsRNA and its control dsRNA were obtained 

from Invivogen. siRNA duplexes targeting porcine RIG-I, TLR3, and TLR7 were purchased 

from Qiagen (Sequences available upon request). Off-target siRNA was also obtained from 

Qiagen. As indicated, transfection of viral RNA, reconstituted RNA, or siRNA was performed 

using either Lipofectamine 2000 or Lipofectamine RNAiMAX reagents (Invitrogen) as per 

manufacturer's instructions. 

3.3.5 Protein expression and purification 

The purification of human RIG-I was performed as described elsewhere with 

modification 261. Briefly, the pET-50b-hRIG-I construct (courtesy of Dr. Sun Hur, Harvard 

Medical School, Boston) was expressed in BL21(DE3) at 18°C for 20 h following induction with 

0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG). The cells were lysed at 35,000 psi in the 

binding buffer (50 mM Tris, pH 7.5, 500 mM NaCl, 10% glycerol, 20 mM imidazole, 1 mM 

DTT) and the protein was purified through Ni Sepharose 6 Fast Flow (GE Healthcare). The 

monomeric RIG-I was then separated from the oligomeric contaminants by Superdex 200 10/300 

GL gel filtration and the NusA tag was cleaved off with HRV3C protease (EMD Millipore) at 
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4°C for 16 h in the cleavage buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM DTT). The NusA 

tag was further removed by a HiTrap Heparin HP column (GE Healthcare). The protein was 

concentrated to 1 mg/ml in the storage buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM DTT, 

20% glycerol), aliquoted, and stored at -80°C. 

3.3.6 Electrophoretic mobility shift assay (EMSA) 

Re-annealed IAV panhandle RNA and its variants (5 pmol) were incubated with 

increasing amount of purified RIG-I (0-15 pmol) in a total of 25 μl helicase buffer (20 mM Tris-

HCl, pH 7.8, 1.5 mM MgCl2, 1.5 mM DTT) at 37°C for 30 min. The reaction was stopped by 

adding the gel loading dye, purple (6×), no SDS (NEB) and the mixture was resolved on 4-20% 

Mini-PROTEAN TBE gel (Bio-Rad). The gel was visualized by SYBR Gold staining and the 

densitometric analysis was performed using Image J (NIH). Data were fit to the one-site specific 

binding with Hill slope equation and the dissociation constant (Kd) and Hill coefficient (n) were 

calculated using GraphPad Prism 6. 

3.3.7 ATPase activity assay 

RIG-I ATPase activity assay was performed as previously described with minor 

modification 640. Purified RIG-I (10 pmol) was incubated with increasing amounts of re-annealed 

RNA (0-2.5 pmol) or purified viral RNA (with or without CIAP treatment) in a total of 25 μl 

helicase buffer at 37°C for 30 min. ATP (Invitrogen) was then supplemented to a final 

concentration of 1 mM. Reactions were further incubated at 37°C for 15 min and developed with 

100 μl of BIOMOL Green reagent (Enzo Life Sciences) for 5 min at room temperature. Free 

phosphate quantitation was determined from a standard curve by measuring optical density at 

620 nm. Data were fit to the Michaelis-Menten equation and the Michaelis-Menten constant 

(KM) was calculated using GraphPad Prism 6. 

3.3.8 Luciferase reporter assay 

The luciferase reporter assay was performed as previously described with minor 

modification 641. Briefly, UMNSAH/DF-1 cells which do not express RIG-I endogenously were 

grown in 6-well plate (2.5×105 cells/well) and transfected with 0.5 μg of pcDNA-dRIG-I or 

empty vector, 1 μg of pGL3-chIFNβ (courtesy of Dr. Katharine E. Magor, University of Alberta, 

Edmonton), and 0.05 μg of pTK-rLuc for 30 h. The transfected cells were then lifted and seeded 
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into 48-well plate at a density of 6×104 cells/well. After 16 h, re-annealed panhandle RNA (20 

pmol) or the synthetic 19-mer 5’ppp-dsRNA and 5’OH-dsRNA (Invivogen) were transfected 

using Lipofectamine RNAiMAX reagents (Invitrogen) and the relative luciferase activity was 

determined at 20 h.p.t using the Dual-Luciferase Reporter Assay System (Promega). 

3.3.9 RNP reconstitution and strand-specific RNP pull-down 

RNP reconstitution was performed as described elsewhere 620. Briefly, one million 

HEK293T cells were co-transfected with four POLII-driven plasmids expressing each of the 

viral RNA dependent RNA polymerase (RdRp) subunits (PB2, PB1, and PA) and NP, as well as 

a POLI-driven plasmid expressing either wild-type viral mimetic vRNA or derivatives using 

TransIT-LT1 reagent (Mirus). Cells were harvested at 48 h post-transfection (h.p.t.) and total 

RNA was extracted using a RNeasy Plus Mini Kit (QIAGEN). Strand-specific RNP isolation 

was performed as described elsewhere with minor modification 38. Briefly, pPOLI-NA 

(A/WSN/33) plasmid carrying vRNA-PP7 tag (courtesy of Dr. Ervin Fodor, Sir William Dunn 

School of Pathology, University of Oxford) was used in substitution of the pPOLI-NP-LUC in 

RNP reconstitution. A plasmid expressing the PP7 coating protein (pcDNA-PP7CP-Strep, 

courtesy of Dr. Ervin Fodor, permission obtained from Dr. J. Robert Hogg, National Heart, 

Lung, and Blood Institute, National Institutes of Health, Bethesda) was co-transfected to capture 

the reconstituted vRNP. Cells were harvested at 60 h.p.t. and subjected to affinity purification 

using Strep-Tactin Superflow resin (IBA). The purified RNP complex was confirmed by 

immunoblotting for viral RdRp and NP, and RNA was extracted and tested for 

immunostimulatory activity in PAMs. 

3.3.10 ELISA 

Supernatants from transfected PAMs were harvested at 24 h.p.t. and detected for IFNα 

production as previously described with modifications 642. Briefly, 96-well Immulon 2HB 

microtiter plates (Thermo) were coated with mouse anti-recombinant porcine IFNα K9 (R&D 

#27100-1) MAb at a concentration of 1 μg/ml in coating buffer overnight at 4°C and blocked 

with blocking buffer (TBS containing 0.05% Tween 20 and 1% nonfat milk) for 1 h. IFNα 

standard and samples diluted in blocking buffer were applied into each well and incubated for 2 

h. Biotinylated mouse anti-recombinant porcine IFNα F17 (R&D #27105-1) MAb was then 

added to wells at a concentration of 0.25 μg/μl and incubated for 1 h. After subsequent 
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incubation with streptavidin alkaline phosphatase (Jackson) for 1 h, plates were developed by 

adding 1 mg/ml PNPP in PNPP buffer. Reactions were stopped by the addition of 0.3 M EDTA 

and the optical density at 405 nm with reference at 490 nm was measured by an xMark 

microplate reader (Bio-Rad). The IFNα concentration of the samples was determined from the 

standard curve. 

3.3.11 Strand-specific quantitative real-time PCR 

Absolute quantitation of the viral mimetic vRNA, cRNA, and mRNA in the total 

reconstituted RNA was performed using a hot-start RT with tagged primer method as previously 

described 643. Briefly, RNA standards for viral mimetic vRNA, cRNA, and mRNA were 

synthesized by in-vitro transcription using T7 promoter-containing PCR products amplified from 

pPOLI-NP-LUC plasmid (MEGAscript T7 Transcription Kit, Ambion). The molecular copies of 

synthetic RNA standard were determined using the corresponding size of the RNA transcripts 

(i.e. 1747 nt for vRNA and cRNA; 1742 nt for mRNA). Two-hundred nanograms of total 

reconstituted RNA were reverse transcribed using 10 pmol of 5’-end tagged-RT primers in the 

presence of 32.5% saturated trehalose using Superscript III reverse transcriptase (Invitrogen) at 

60°C for 1 h. Real-time PCR was performed in 20 μl reaction consisting of 2 μl of 10-fold 

diluted cDNA, 500 nM primers, and 1× Power SYBR Green PCR Master Mix (Applied 

Biosystems) on StepOnePlus Real-Time PCR System (Applied Biosystems). Ten-fold serial 

dilutions of synthetic RNA standards over eight orders of magnitude (1010-103 copies/μl) were 

used to generate a standard curve. All primer sequences are available in Table 3.2. 

3.3.12 RNA modeling 

In silico RNA secondary structure prediction was conducted using the Mfold web 

server with default setting as previously described 644. A pool of twenty predicted structures for 

each panhandle variant was examined manually and the predominant terminal structure with 

minimal free energy was selected for illustration. 

3.3.13 Immunoblotting 

Viral PB2 and NP proteins were probed with homemade rabbit antisera. The standard 

immunoblotting protocol was performed as previously described 645 and the nitrocellulose 

membranes were visualized with an Odyssey infrared imaging system (LI-COR). 
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3.3.14 Statistical analysis 

The statistical significance of differences was calculated using GraphPad Prism 6 

(GraphPad Software, Inc., USA) with One-way or Two-way ANOVA followed by the 

Bonferroni post-test to obtain the p-value. Data are shown as mean ± SEM of three independent 

experiments performed in triplicates unless otherwise indicated. Significant differences between 

groups are denoted by an asterisk (p < 0.05), two asterisks (p < 0.01), or three asterisks (p < 

0.001). 
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Table C.1. DNA template sequences for T7 in vitro transcription of IAV panhandle 

structures. 

Name Sequence (5’-3’) 

Class III T7 

promoter 

AATTTAATACGACTCACTATAGG 

WT-hp 
[mG][mG]CAAAAGCAGGGTACGAATACCCTTGTTTCTACCTAT

AGTGAGTCGTATTAAATT 

5’Complete-hp 
[mG][mG]CAAAAGCAGGGTACGAATACCCTTGCTTTTGCCTAT

AGTGAGTCGTATTAAATT 

3’Complete-hp 
[mG][mG]TAGAAACAGGGTACGAATACCCTTGTTTCTACCTAT

AGTGAGTCGTATTAAATT 

5’dA10-hp 
[mG][mG]CAAAAGCAGGGTACGAATACCCTGTTTCTACCTATA

GTGAGTCGTATTAAATT 

3’i10U-hp 
[mG][mG]CAAAAGCAAGGGTACGAATACCCTTGTTTCTACCTA

TAGTGAGTCGTATTAAATT 
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Table C.2. Quantitative real-time PCR primers used in this study. 

Primer name Sequence (5’-3’) 

Strand-specific qPCR, RNA standard synthesis 

luc-vRNA-Fw AGCAAAAGCAGGGTAGATAATCAC 

T7-luc-vRNA-Bw 
GGATCCTAATACGACTCACTATAGGGGTAGAAACAAGGGT

ATTTTTCTT  

T7-luc-c/mRNA-Fw 
GGATCCTAATACGACTCACTATAGGGAGCAAAAGCAGGGT

AGATAATCAC  

luc-cRNA-Bw AGTAGAAACAAGGGTATTTTTCTT 

luc-mRNA-Bw TTTTTTTTTTTTTTTTCTTTACACGG 

Strand-specific qPCR, Reverse transcription 

vRNA-luc-RT2 GGCCGTCATGGTGGCGAATTTGGCAGAAGCTATGAAACG 

vRNA-luc-RTUni 

(PP7) 

GGCCGTCATGGTGGCGAATTCACTCACTGAGTGACATCAA

AATC 

cRNA-luc-RT 
GCTAGCTTCAGCTAGGCATCAGTAGAAACAAGGGTATTTT

TCTTT 

mRNA-luc-RT 
CCAGATCGTTCGAGTCGTTTTTTTTTTTTTTTTTCTTTACAC

GG 

Strand-specific qPCR, Real-time PCR, Absolute quantitation 

vRNAtag-Fw GGCCGTCATGGTGGCGAAT 

vRNA-luc-Bw2 GCGCAACTGCAACTCCGATA 

vRNA-luc-Bw3 (PP7) CCACCTCGATATGTGCATCTG 

m/cRNA-luc-Fw TGTGGACGAAGTACCGAAAG 

cRNAtag-Bw GCTAGCTTCAGCTAGGCATC 

mRNAtag-Bw CCAGATCGTTCGAGTCGT 

PP7-NA, Relative quantitation 

WSN-NA Fw CCTTAATGAGCTGCCCTGTC 

WSN-NA Bw GAAATTCCGATTGTTAGCCAGC 

h18S RNA Fw GTAACCCGTTGAACCCCATT 

h18S RNA Bw CCATCCAATCGGTAGTAGCG 

RNA reconstitution, Relative quantitation 

NP-Luc Fw GCTGGGCGTTAATCAAAGAG 

NP-Luc Bw CGCTTCCGGATTGTTTACAT 

TX-91 NP Fw TGCAGAGAAACCTCCCATTT 

TX-91 NP Bw TTCTGCCCTCATGTCTGATG 

TX-91 NS Fw CACCTGTGTTGGAAAGCAAA 

TX-91 NS Bw GGAGGCCATGGTCATTCTAA 

siRNA knockdown, Relative quantitation 

Porcine RIG-I Fw CGCCACAGATTCTTGTGAAC 

Porcine RIG-I Bw GGCAGTGAGTCTGAAGATCC 

Porcine TLR-3 Fw GAACCATGCACTCTGTTTGC 

Porcine TLR-3 Bw GCAGTTTGTGATGAAAGGCA 

Porcine TLR-7 Fw TCAGAGGCTCATGGATGAAA 
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Porcine TLR-7 Bw GGTGAGCCTGTGGATTTGTT 

IFN induction, Relative quantitation 

Porcine IFNα Fw CCACCTCAGCCAGGACAGAAGC 

Porcine IFNα Bw GGTCACAGCCCAGAGAGCAGATG 

Porcine IFNβ Fw GCACTGGCTGGAATGAAAC 

Porcine IFNβ Bw AGGCACAGCTTCTGTACTC 

Porcine HPRT Fw GGACTTGAATCATGTTTGTG 

Porcine HPRT Bw CAGATGTTTCCAAACTCAAC 
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3.4 Results 

3.4.1 The IAV genomic coding region is dispensable for IFN stimulatory activity 

It has been shown that RIG-I binds to IAV genomic RNA in vitro 249, albeit the 

conclusion that RIG-I associates with 5’ triphosphorylated ssRNA was further proved to be 

inappropriate because a dsRNA motif is also required for RIG-I activation 250, 251; however, it 

remains unknown if the panhandle structure within the genomic RNA meets the dsRNA 

requirement. Therefore, we sought to delineate which specific region within the viral genomic 

RNA is responsible for RIG-I activation. To this end, we first confirmed the immunostimulatory 

activity of virion-derived vRNA in primary porcine alveolar macrophages (PAMs). We chose 

these immune cells as they respond rapidly to RNA virus infection in the airway and robustly 

produce type I IFNs 646. More importantly, PAMs are essential in controlling IAV infection in 

pigs 647. To establish the PAM system, we examined the ability of PAMs to be infected by IAV 

and to produce type I IFNs. Infection with SIV/Sk02 significantly elevated mRNA levels of 

IFNα/β over the mock at 4 h.p.i.) (Fig. 3.1A). In parallel, infection with an isogenic NS1 mutant 

virus (SIV/Sk02 NS1 1-99) induced higher IFNα/β mRNA levels than the wild-type (WT) virus, 

confirming the IFN antagonizing role of NS1. We next extracted viral genomic RNA from 

purified virions of three H1N1 strains (i.e. SIV/Sk02, Halifax210, and Tx91) and tested their 

immunostimulatory activity in PAMs. As expected, transfection of viral genomic RNA induced 

strong IFNα production in PAMs in a dose-dependent but virus-strain-independent manner (Fig. 

3.1B). 

To determine if RIG-I is dominant in mediating IFN response to IAV genomic RNA in 

PAMs, we tested the dependency of 5’ triphosphate for vRNA-induced IFNα production. 

Treatment of vRNA with calf intestinal alkaline phosphatase (CIAP) largely abrogated its IFN 

stimulatory activity in PAMs (Fig. 3.1C). We also examined the effect of CIAP treatment on 

vRNA-stimulated ATPase activity of purified RIG-I. As expected, the dephosphorylated vRNA 

was unable to activate RIG-I ATPase activity (Fig. 3.1D). Moreover, we ruled out the 

involvement of endosomal TLR3/7 in vRNA-induced IFNα production by using chloroquine, 

which prevents endosomal acidification thereby inhibiting TLR enzymatic activity 648. 

Chloroquine treatment exerted a dose-dependent inhibitory effect on poly (I:C)-induced IFNα 

production which requires TLR3 in macrophage 649, but not that induced by vRNA (Fig. 3.1E). 

The specificity of chloroquine for endosomal TLRs was also confirmed by unchanged 
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interleukin-1β production induced by bacterial lipopolysaccharide (Fig. 3.1F), which is known to 

be mediated by TLR4 on the cell surface 650. Finally, we utilized siRNA to specifically 

knockdown RIG-I or TLR3/7 and found that only siRNA against RIG-I was able to significantly 

dampen IFNα induction by vRNA (Fig. 3.1G). It is noteworthy that primary macrophages are 

difficult to knockdown and we could only achieve around 50% gene silencing efficiency as 

examined by qRT-PCR (Fig. 3.1H). The protein levels were unable to be checked due to a lack 

of porcine antibodies. Nonetheless, our complementary experimental approaches were sufficient 

to demonstrate that RIG-I plays a dominant role in mediating IFN response to viral genomic 

RNA in PAMs. 

To further probe the specific region within viral genomic RNA that is responsible for 

IFN induction in PAMs, we utilized the RNA polymerase-I (Pol I)-based RNP reconstitution 

system to produce structurally-defined IAV genomic RNA in vivo 651 (Fig. 3.2A). We tested this 

system by reconstituting each of the eight viral segments followed by transfection of PAMs with 

reconstituted RNA. As with the virion-derived vRNA, reconstituted viral RNA was also potent 

in stimulating RIG-I-dependent IFNα production in PAMs (Fig. 3.2B and C). Next, we examined 

the requirement of the viral coding region in IFN induction. Serial truncation of the NA coding 

sequence to half (loop810) or one-sixteenth (loop96) of its original length (FL) did not affect its 

IFN stimulatory activity (Fig. 3.2D). In addition, exclusion of the RNA species smaller than 200 

nucleotides (nt) by fractionation largely diminished IFNα induction by loop96 RNA (146 nt in 

length), but not loop810 RNA (860 nt) and FL RNA (1463 nt) (Fig. 3.2D). This demonstrates 

that IFN response to reconstituted RNA was attributed specifically to the viral RNA of respective 

size, but not other cellular RNA species. Comparable results were also obtained from a similar 

set of truncation variants in the backbone of NP-LUC construct (Fig. 3.3), demonstrating that 

this effect is not segment-specific. Taken together, these results suggest that the viral coding 

region is dispensable for the IFN stimulatory activity, and that the IFN stimulatory region most 

likely resides in the 5’ and 3’ non-coding regions (NCRs) of vRNA.
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Fig. 3.1. RIG-I-dependent IFN production in PAMs induced by virion-derived vRNA. 

(A) PAMs were infected with SIV/Sk02 and its isogenic NS1 mutant virus. SIV/Sk02 NS1 1-99 

at a multiplicity of infection of 1 for 4 h. The levels of IFN-α/β mRNA were quantified by qRT-

PCR. (B) PAMs were transfected with increasing amounts of virion-derived vRNA from three 

IAV H1N1 strains (SIV/Sk02, Halifax210, and Tx91). IFN-α production was determined at 24 

h.p.t. via an ELISA. The integrity and identity of these vRNA were examined on 2.8% 

polyacrylamide–7 M urea gels and visualized by silver staining. (C) PAMs were transfected with 

virion-derived vRNA from PR8 (50 ng) with or without CIAP treatment. IFN-α production was 

determined at 24 h.p.t. The vRNA integrity was examined on a 2.8% denaturing gel. (D) ATPase 

activity of purified hRIG-I was determined in the presence of increasing amounts of either 

untreated or CIAP-treated PR8 vRNA. (E) PAMs were left untreated or pretreated with 10 μM or 

20 μM chloroquine for 1 h, followed by transfection with PR8 vRNA (50 ng) or poly(I·C) for 8 h 

in the presence of inhibitor. IFN-α production was determined in an ELISA. (F) PAMs pretreated 

with chloroquine were stimulated with LPS (1 μg/ml) for 8 h, and IL-1β production was 

determined by ELISA. (G) PAMs were transfected with 20 nM off-target siRNA (siOT) or 

siRNA against porcine RIG-I, TLR3, or TLR7 for 24 h, followed by transfection with PR8 

vRNA (50 ng) for 24 h. IFN-α production was determined in an ELISA. (H) The knockdown 

efficiency of siRNA was examined by qRT-PCR. Data were normalized to the housekeeping 

gene hypoxanthine phosphoribosyltransferase, and expression was calculated by using the 

ΔΔCT method relative to the result with siOT.  
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Fig. 3.2. The IFN stimulatory region lies within the vRNA noncoding region. 

(A) Schematic diagram of the RNA Pol I-based RNP reconstitution system used to synthesize the 

structurally defined panhandle vRNA in vivo. The viral coding region (CR, in an antisense 

orientation) flanked by the 5′ and 3′ NCR of the IAV segment was inserted between the RNA Pol 

I promoter and terminator. Detailed nucleotide composition of the panhandle structure is 

illustrated according to a previous report (25). Symbols for base pairs: solid line, Watson-Crick 

base pair; broken line, mismatch; dot, wobble base pair. (B) PAMs were transfected with RNA 

(100 ng) extracted from reconstituted vRNP representing each of the eight IAV segments for 24 

h. Reconstituted RNA from the Pol I vector (vec) and poly(I·C) were used as negative and 

positive controls, respectively. IFN-α production was determined in an ELISA. (C) PAMs were 

transfected with 20 nM off-target siRNA (siOT) or siRNA against porcine RIG-I, TLR3, or 

TLR7 for 24 h, followed by transfection with reconstituted RNA from the NP segment for 24 h. 

IFN-α production was determined in an ELISA. (D) PAMs were transfected with either total or 

fractionated (>200 nt) reconstituted RNA (100 ng) derived from Tx91-NA constructs containing 

different lengths of the coding region, FL, loop810, or loop96, for 24 h. IFN-α production was 

determined in an ELISA.  

https://jvi.asm.org/content/89/11/6067#ref-25
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Fig. 3.3. IFN induction in PAMs by reconstituted RNA is independent of the genomic 

coding sequence and nucleotide composition. 

(A) PAMs were transfected with 100 ng of total or >200 nt fraction of reconstituted RNA from full-

length (FL, 1721 nt), loop810 (1/2, 878 nt), or loop96 (1/16, 164 nt) NP-LUC constructs. (B) PAMs 

were transfected with 100 ng of total reconstituted RNA from FL, loop810, or respective constructs 

with the inverted coding region (CRi). IFN-α production was measured by ELISA at 24 h.p.t. and 

expressed in fold change over the WT panhandle induced level. 
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3.4.2 The IAV panhandle structure is sufficient for RIG-I activation 

The NCRs of the eight viral segments differ in length but all contain conserved 12 and 

13 nucleotides at the 3’ and 5’ terminus, respectively 652. The dsRNA formed by the partial 

complementarity of these conserved nucleotides is further extended by a fully complementary 

region (2 – 3 bp) whose sequence is segment-specific among all IAV subtypes 652. To provide 

direct evidence that this panhandle structure is able to activate RIG-I and relay the signal to IFN 

induction, we synthesized a structurally well-defined hairpin RNA mimicking the authentic 

panhandle structure by IVT. This 35-nt long hairpin RNA (designated WT-hp) contains the 

conserved 3’ and 5’ nucleotides followed by the segment-specific region from the NP segment, 

except that the first conserved base pair was switched from A:U to G:C for a better IVT yield 

(Fig. 3.5A). We also paid particular attention to ensure its blunt-ended and double-stranded 

nature, which was achieved by using DNA template with 2’O-methyl modification and 

connecting the RNA 3’ and 5’ arms at the distal end with a stabilizing UUCG tetraloop 639 (Fig. 

3.4). We first analyzed the RIG-I binding property of the panhandle RNA (WT-hp) by EMSA. 

We found that WT-hp was able to form a high-molecular-weight complex with RIG-I (Fig. 

3.5B). In addition, because EMSA only revealed one shifted band of complex, this interaction 

most likely reflects a binding scenario of 1:1 stoichiometry as previously reported using 

synthetic RNA of similar size 466. By holding the concentration of WT-hp at a constant value (0.2 

μM), titration of RIG-I concentration over a 0 – 0.6 μM range determined the Kd value to be 

312.5 ± 13.7 nM with a Hill coefficient n = 5.41 (Fig. 3.5C). Next, we determined if the binding 

of WT-hp to RIG-I activates its ATPase activity. A constant amount of RIG-I (0.4 μM) was 

incubated with increasing concentration of WT-hp (0 – 0.1 μM) at saturating ATP (1 mM). We 

found that WT-hp is able to stimulate RIG-I ATPase activity with a Michaelis constant KM = 

42.6 ± 5.1 nM (Fig. 3.5D). Last, we confirmed the ability of WT-hp to induce a RIG-I-dependent 

IFN response in chicken DF-1 cells given their deficiency in endogenous RIG-I expression 641. 

Only when co-transfecting duck RIG-I did WT-hp stimulate the chicken IFNβ promoter activity 

(Fig. 3.5E). Taken together, these results show a clear association between the WT panhandle 

RNA and RIG-I-mediated IFN induction.  
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Fig. 3.4. Purified human RIG-I (hRIG-I) protein and hairpin panhandle RNAs used in this 

study.  

(A) Purified hRIG-I was resolved on 10% SDS-PAGE and stained with Coomassie Brilliant Blue 

(CBB). The full-length hRIG-I is 102 kDa. (B) Purified IVT hairpin RNAs were resolved on 20% 

polyacrylamide gel with 8M urea and stained with SYBR Gold (Invitrogen). 
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3.4.3 Panhandle-stabilizing mutations promote RIG-I activation and IFN induction 

The panhandle structures of most negative-strand RNA viruses are only partially 

complementary 250, 472. Very limited data obtained with authentic viral sequences, such as that of 

Rabies and VSV, led to the conclusion that RIG-I tolerates partial complementarity in initiating 

IFN response 250, 653. Indeed, we have demonstrated that the partially complementary IAV 

panhandle structure is able to bind to and activate RIG-I. However, whether this partial 

complementarity contributes as efficiently as full complementarity to RIG-I activation and IFN 

induction is unknown. The proximal stem of the panhandle structure contains two wobble base 

pairs (G:U) at positions 3 and 5, and one mismatch (A:C) at position 8. This region is followed 

by an unpaired adenosine at 5’-end position 10 that results in a bulge structure together with the 

A:C mismatch at position 8 622 (Fig. 3.5A). We synthesized two sets of panhandle-stabilized 

variants to address the contribution of these elements to RIG-I activation. In one set, transition 

mutations were introduced from either the 5’ end (5’Complete-hp) or 3’ end (3’Complete-hp) of 

the panhandle to eliminate the wobble base pairs and the mismatch at position 3/5 and position 8, 

respectively (Fig. 3.5A). In the other set, the unpaired adenosine was either deleted from the 5’ 

end (5’dA10-hp) or paired with a uridine inserted from the 3’ end (3’i10U-hp) (Fig. 3.5A). As 

compared to the WT-hp RNA, two variants with fully complementary proximal stem (5’ and 

3’Complete-hp) exhibited higher affinity to RIG-I (Kd = 195.3 ± 3.9 nM and 245.3 ± 10.5 nM, 

respectively) than WT-hp (Fig. 3.5B and C). In contrast, the 5’dA10 and 3’i10U mutants had 

comparable Kd as the WT-hp (276.2 ± 8.2 nM and 291.2 ± 17.9 nM, respectively), indicating a 

similar affinity (Fig. 3.5B and C). We further determined the ATPase activity of RIG-I 

stimulated by these panhandle variants. Remarkably, all variants stimulated RIG-I ATPase 

activity more efficiently than the WT-hp (Fig. 3.5D). Moreover, in line with their RIG-I binding 

property, the 5’ and 3’Complete variants had much lower Michaelis constant than the WT-hp 

(KM = 8.1 ± 0.8 nM and 14.4 ± 2.8 nM, respectively), and the 5’dA10 and 3’i10U mutants 

displayed similar KM as the WT-hp (33.1 ± 4.1 nM and 42.1 ± 3.4 nM, respectively) (Fig. 3.5D). 

We further compared the IFN stimulatory activity of these panhandle variants to the WT-hp in 

DF-1 cells. While the Complete variants were superior to the WT in IFNβ induction, the 

debulged mutants (5’dA10 and 3’i10U) displayed comparable IFN stimulatory activity to the 

WT (Fig. 3.5E). Taken together, these results demonstrate that the degree of complementarity of 
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the panhandle proximal stem plays a critical role in activating RIG-I, and that the internal bulge 

structure has a minimal effect on RIG-I activation. 

 



 
78 

Fig. 3.5. The panhandle structures bind to and activate RIG-I in vitro.  

(A) In silico-predicted hairpin WT panhandle structure and its variants. Transition and 

deletion/insertion mutations in the Complete and debulged variants are highlighted in yellow and 

green, respectively. (B) Representative gels showing EMSA results for hRIG-I with the WT and 

mutant panhandle structures without ATP. (C) Summary of EMSA results, fitted into the specific 

binding with Hill slope function (one site). (D) Effects of WT and mutant panhandle RNA 

binding on the ATPase activity of hRIG-I. Data fitting was performed with the Michaelis-

Menten function. (E) Stimulation of the chicken IFN-β promoter in DF-1 cells by the WT and 

mutant panhandle RNA with or without duck RIG-I (dRIG-I) cotransfection. A synthetic 19-mer 

5′ppp-dsRNA and its control dsRNA (5′OH-dsRNA) were used as controls. Data were 

normalized to the internal Renilla luciferase activity, and statistical significance was determined 

relative to the WT panhandle.  
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3.4.4 Full-length vRNA containing panhandle-stabilizing mutations promotes IFN 

induction 

We further analyzed the IFN stimulatory activity of the panhandle-stabilized variants 

in the context of full-length genome. To this end, we synthesized full-length panhandle variants 

in vivo by the RNP reconstitution system and selectively isolated the vRNA species from the 

reconstituted RNA using a recently developed strand-specific RNA tagging approach 38. This 

approach relies on introducing a PP7 tag into the vRNA coding region and the high-affinity 

binding of a PP7 coating protein (PP7CP) to the PP7 tag. We first verified this system by 

reconstituting the NA segment with a PP7 tag inserted in the NA stalk region 38. As previously 

reported, The PP7CP pull-down fraction from the reconstituted cells contains exclusively vRNA 

in the form of vRNP (Fig. 3.6A left panels and 3.6B). The identity of the purified reconstituted 

NA vRNA was further confirmed to match the size of virion-derived NA segment by denaturing 

polyacrylamide gels (Fig. 3.6C). Remarkably, the reconstituted NA vRNA stimulated IFNα 

production in PAMs as efficiently as the virion-derived vRNA (Fig. 3.6D). These results 

reinforced the notion that the reconstituted vRNA recapitulates the virion-derived vRNA in IFN 

stimulatory activity 620. We next introduced the PP7 tag into the Pol I-driven plasmids carrying 

the panhandle-stabilizing mutations in the backbone of NP-luciferase (NP-LUC) construct, 

where the NP coding region is replaced by a firefly luciferase gene while the 3’ and 5’ NP NCRs 

were retained. We chose this construct because it provides a reporter system to examine the 

effect of panhandle mutations on viral promoter activity (discussed later). We then isolated 

mutant vRNPs from reconstituted cells and extracted full-length vRNAs harboring the 

panhandle-stabilizing mutations (Fig. 3.6A right panel). Notably, transfection of PAMs with 

equal molar amounts of these panhandle variants stimulated significantly higher levels of IFNα 

production than the WT (Fig. 3.6E). Interestingly, we consistently observed that the superiority 

of the full-length panhandle-stabilizing variants in IFN stimulation in PAMs was more 

pronounced than that of the hairpin RNA in DF-1 reporter cells, particularly for the debulged 

mutants (Fig. 3.5E and 3.6E). Nonetheless, our results clearly demonstrate that the panhandle-

stabilizing mutations confer enhanced IFN stimulatory activity to the WT panhandle structure 

existing either alone or in the context of the full-length viral genome.  
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Fig. 3.6. Panhandle-stabilizing mutations promote IFN stimulatory activity in the context of 

full-length vRNA in PAMs. 
(A) The PP7CP pulldown fraction was examined by Western blotting against viral NP and PB2 

proteins. (B) The relative levels of vRNA, cRNA, and mRNA in the PP7CP pulldown fraction 

from the A/WSN/33 NA segment were quantified by qRT-PCR. Data were normalized to 18S 

rRNA and are expressed based on the ΔΔCT method relative to the result with the Pol I vector 

control. (C) RNA extracted from the PP7CP pulldown fraction was resolved on a 4% 

polyacrylamide–7 M urea gel and visualized by SYBR Gold staining. Virion-derived PR8 vRNA 

was loaded in parallel as a size marker. Of note, the NA segments of WSN33 and PR8 are of 

similar sizes (1,409 versus 1,413 nt). (D) PAMs were transfected with PP7CP pulldown vRNA 

or PR8 vRNA (50 ng) for 24 h. IFN-α production was determined in an ELISA. (E) PAMs were 

transfected with an equal molar amount (3 × 107 copies) of purified vRNA harboring panhandle-

stabilizing mutations for 24 h. IFN-α production was determined in an ELISA and is expressed 

as the fold change over the WT vRNA-induced level.  
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3.4.5 Panhandle-stabilizing mutations do not impair viral replication 

The IAV panhandle structure serves as the viral promoter region that is crucial for 

viral transcription and replication. We have demonstrated that the panhandle structure is a RIG-I 

agonist and could be modified to possess enhanced IFN stimulatory activity. To gain a further 

insight into the impact of the panhandle-stabilizing mutations on the viral promoter activity, we 

examined the promoter activity of the panhandle-stabilizing variants in the backbone of the NP-

LUC construct. By directly measuring firefly luciferase expression in reconstituted cells, we 

found that the Complete mutants showed reduced luciferase activity, indicating impaired viral 

mRNA synthesis (Fig. 3.7A). In comparison, the debulged mutants were abrogated in viral 

mRNA synthesis, which is in line with previous reports 625, 654. To more comprehensively 

monitor the influence of these mutations on viral RNA synthesis, we quantified the levels of viral 

vRNA, cRNA, and mRNA in the total reconstituted RNA from each panhandle variant. 

Consistent with the luciferase reporter results, the 5’dA10/3’i10U mutations abolished mRNA 

synthesis, whereas 5’Complete/3’Complete mutations reduced viral mRNA levels (Fig. 3.7B). 

Moreover, while both 5’dA10 and 3’i10U mutations augmented vRNA synthesis (Fig. 3.7C), the 

3’i10U variant showed a moderate reduction in cRNA synthesis (Fig. 3.7D). The cRNA levels 

for the 5’ end variants were not determined due to the primer incompatibility with mutations in 

the vRNA 5’ NCR. For the Complete variants, we revealed the distinct impact of 3’ and 5’ 

complementary mutations on vRNA synthesis. While the 3’Complete mutant showed increased 

vRNA synthesis, the 5’Complete mutant was largely impaired in vRNA production (Fig. 3.7C). 

This difference could result from the critical role of the 5’-end guanosine at position 5 in viral 

polymerase binding 625. Moreover, the 3’Complete mutant produced comparable levels of cRNA 

to the WT (Fig. 3.7D). Taken together, we found that most panhandle-stabilizing mutations 

(except for the 5’Complete mutant) did not dramatically affect viral replication, although the 

transcription levels were all impaired.  
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Fig. 3.7. Panhandle-stabilizing mutations do not impair viral replication. 

(A) Firefly luciferase expression from the NP-LUC constructs was measured directly from 

reconstituted HEK293T cells and normalized to internal Renilla luciferase activity. (B, C, and D) 

The absolute levels of viral mimetic mRNA (B), vRNA (C), and cRNA (D) in total reconstituted 

RNA from the Complete and debulged panhandle variants were quantified by strand-specific 

qRT-PCR. Of note, the number of copies of vRNA template produced from cellular RNA Pol I 

transcription was determined by omitting the PB2 subunit in reconstitution. This number was 

subtracted from the total RNA copy number.  
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3.4.6 The segment-specific region within the panhandle distal stem has little contribution 

to IFN induction 

We further extended our study to analyze the contribution of the panhandle distal stem 

to IFN induction. This region is fully complementary and contains a 3-bp long conserved 

promoter region (5’ positions 11-13 and 3’ positions 10-12) and a contiguous 3-bp long segment-

specific region (5’ positions 14-16 and 3’ positions 13-15). Because alteration of the conserved 

promoter region significantly impacts viral promoter activity as previously reported 655, we only 

examined the segment-specific region by introducing transversion mutations to sequentially 

disrupt the base-pairing (Fig. 3.8A). Compared to the WT panhandle, variants carrying 

successive transversion mutations in the 3’ end of the segment-specific region (3’U15C, UA15-

14CC, and UAC15-13CCA) had sequential impairment in vRNA and cRNA synthesis (Fig. 3.8B 

and C). The 5’ variants (5’A16C, UA15-16GC, and GUA14-16UGC) also showed reduced 

vRNA levels but a sequential reduction was not seen (Fig. 3.8B). Moreover, successive 

mutations in either strand resulted in a sequential reduction in viral mRNA levels (Fig. 3.8D). To 

further address the IFN stimulatory activity of these panhandle variants, we transfected PAMs 

with equal molar amounts of vRNA from these variants. It is noteworthy that here we used total 

reconstituted RNA for transfection and any difference in the RNA mass amount was 

compensated by supplementing control 293T total RNA to ensure consistent transfection 

efficiency. We found that all variants harboring segment-specific mutations induced comparable 

IFNα production to the WT panhandle (Fig. 3.8E). Of note, we also took into account the 

inclusion of viral cRNA and mRNA in the total reconstituted RNA. It has been shown that in 

RNP reconstitution settings, viral genomic or antigenomic RNA, but not mRNA, is responsible 

for RIG-I-mediated IFN induction 620. We were also able to demonstrate that viral mRNA is 

dispensable for IFN induction because transfection with reconstituted RNA from 5’dA10 and 

3’i10U mutants, both of which did not produce mRNA, was competent in IFN induction (Fig. 

3.9). Interestingly, transfection of PAMs with equal molar amounts of combined vRNA and 

cRNA from the segment-specific variants induced a similar pattern of IFNα production as 

transfection with vRNA alone (Fig. 3.8F vs. 3.8E), suggesting a minor contribution of cRNA to 

IFN induction. Taken together, these results demonstrate that the base-pairing of the vRNA 

segment-specific region plays a minor role in RIG-I activation and IFN induction.  
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Fig. 3.8. Minor contribution of the distal segment-specific region to vRNA-induced IFN 

production. 

(A) In silico-predicted WT panhandle structure. The segment-specific region is boxed, and 

sequential introduction of transversion mutations is illustrated by an arrow. (B, C, and D) The 

absolute levels of viral mimetic vRNA (B), cRNA (C), and mRNA (D) in total reconstituted 

RNA from panhandle variants carrying sequential segment-specific mutations were quantified by 

strand-specific qRT-PCR. (E and F) PAMs were transfected with an equal molar amount of 

vRNA (4 × 107 copies) (E) or combined vRNA and cRNA (total, 4 × 107 copies) (F) from 

panhandle variants carrying sequential segment-specific mutations for 24 h. IFN-α production 

was determined in an ELISA, and results are expressed as the fold change over the WT 

panhandle-induced level.  
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Fig. 3.9. IFN induction in PAMs by reconstituted RNA does not require viral mRNA. 

PAMs were transfected with equal mass amounts (100 ng) of total reconstituted RNA from 

panhandle variants carrying 5'A deletion or 3'U insertion at position 10. IFN-α production was 

measured by ELISA at 24 h.p.t. and expressed in fold change over the WT panhandle induced level. 
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3.5 Discussion 

The indispensable role of RIG-I in IFN response to IAV infection has long been 

observed 236, 237; however, the nature of the RIG-I ligands from IAV is not well understood. In 

accordance with the well-accepted criteria for optimal RIG-I activation, it has been speculated 

that the panhandle structure formed from the viral genome extremities meets the dsRNA 

requirement in addition to the 5’ triphosphates 249, 250, 620, 621, 656. In the present study, we 

employed multiple approaches to determine if the IAV panhandle structure is directly involved 

in RIG-I activation and IFN induction. We first established a physiologically relevant IFN 

production platform in PAMs and demonstrated that vRNA-induced IFN response is highly 

dependent on RIG-I (Fig. 3.1). Using the well-established RNP reconstitution system, we 

synthesized truncated viral RNA in vivo and demonstrated that the genomic coding region is 

dispensable for IFN induction (Fig. 3.2 and 3.3). We do not preclude the possibility that the 

presence of a full-length viral coding sequence may enhance IFN stimulatory activity, although 

this possibility is very slim, as the viral coding region is encapsidated by NP through virus life 

cycle. The observation that internally truncated vRNA is competent in IFN induction is also in 

agreement with previous deep sequencing results that IAV DI genomes constitute one arm of 

RIG-I ligands in addition to full-length genomic RNA during infection 620, 621. We further 

synthesized the authentic IAV panhandle structure in vitro and provided direct evidence that the 

panhandle structure is able to bind to and activate RIG-I in a 1:1 stoichiometry (Fig. 3.5). These 

results clearly demonstrate that the IAV panhandle structure is competent in and sufficient for 

RIG-I activation. 

Recognition of dsRNA ligands by RIG-I is sequence-independent and does not require 

full complementarity 252. The panhandle proximal stem and the unpaired adenosine are 10-bp in 

length, which exactly fits in the coverage range of monomeric RIG-I 261, 466. In an attempt to 

scrutinize the effect of this imperfect complementarity on RIG-I activation, we analyzed two sets 

of panhandle variants carrying panhandle-stabilizing mutations. Strikingly, these variants had 

enhanced or comparable RIG-I binding and activating ability in vitro (Fig. 3.5). Moreover, in the 

context of the full-length viral genome, these variants exhibited superior IFN stimulatory activity 

to the WT panhandle, demonstrating that the WT panhandle structure has the potential to be 

more immunostimulatory (Fig. 3.6). In support of our observation, a recombinant virus harboring 

G3A/C8U double mutation in the panhandle 3’ arm, stimulates higher levels of IFN production 
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than the WT virus, attributable to the generation of more potent RIG-I-associated 

immunostimulatory RNA species 657. Considering the basic function of the panhandle structure 

as the viral promoter, we extended our analysis to assess the influence of these panhandle 

mutations on viral promoter activity. By accurately quantifying the levels of viral RNA species 

produced by these panhandle-stabilized variants, we found that most of these mutations 

promoted viral vRNA synthesis while impaired mRNA production to various extents (Fig. 3.7). 

This imbalanced RNA synthesis, coupled with enhanced IFN stimulatory activity of these 

variants over the WT panhandle, are obviously detrimental to virus survival from the perspective 

of the virus and the host as well. This indicates that the WT panhandle promoter region adopts a 

nucleotide composition to be optimal for balanced viral transcription and replication, and 

suboptimal for RIG-I activation. Moreover, adopting the bulge element (5’ unpaired adenosine) 

in the WT panhandle structure has other impacts on virus life cycle, such as the specificity in the 

packaging of vRNP, but not cRNP into the virion 658. 

Compared to the proximal stem, the distal stem of the panhandle structure is fully 

complementary. By sequentially disrupting the base-pairing of the distal segment-specific region, 

we demonstrate that the complementarity of this region plays a minor role in RIG-I activation 

(Fig. 3.8). This observation, in conjunction with the significant impact of the panhandle-

stabilizing mutations on RIG-I activation, highlights a dominant role of the panhandle proximal 

stem in RIG-I activation. In the context of virus infection, viral genomic RNA exists in the form 

of vRNP, in which the genome extremities are covered by the viral polymerase. Research over 

decades has proposed alternative models for the viral-polymerase-bound promoter region. These 

include the “corkscrew” and the “fork” conformations 636, 659. Most recently, the crystal 

structures of the complete viral polymerase bound to the vRNA promoter revealed the presence 

of a 5’ intrastrand “hook” structure. By contrast, no internal structure was seen in the 3’ strand 29, 

30. Nonetheless, these models concur on the double-strandedness of the panhandle distal stem 

and only differ in the configuration of the proximal strands, indicating that in the context of 

vRNP, it is the configuration of the promoter proximal strands that determines RIG-I 

recognition. Remarkably, a recent study taking advantage of the three-dimensional stochastic 

optical reconstruction microscopy (STORM) technique clearly visualized an association of RIG-I 

with incoming IAV vRNP at the mitochondria 626. This is also in line with a previous report 

demonstrating that RIG-I recognizes incoming bunyavirus vRNP 538. These results imply that 
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RIG-I is able to capture a certain RNA configuration imposed by the promoter proximal strands, 

which is most likely the panhandle configuration. Moreover, an additional study also 

demonstrated a direct activation of dsRNA-dependent PKR by Influenza B virus vRNP, 

reinforcing the accessibility of the panhandle structure to host cellular proteins 660. Nonetheless, 

the exact mechanism by which RIG-I gains access to the panhandle structure, particularly if 

RIG-I could displace or competent with the viral polymerase for dsRNA binding, is unclear. Of 

note, the formation of a panhandle configuration does not overturn the presence of other 

alternative models. Indeed, it has been suggested that the panhandle model serves as the initial 

RNA configuration for viral polymerase binding, while the corkscrew/fork conformations only 

represent the promoter structure during certain stages of virus life cycle 634. Furthermore, a 

dynamic equilibrium between the panhandle and the corkscrew conformation may also exist to 

support efficient viral transcription and replication 661. Overall, it would be rational to expect that 

recognition of IAV genome termini by RIG-I occurs during a dynamic conformational change of 

the promoter region. This recognition might be coupled with viral transcription and replication 

that involve active viral polymerase and other host factors. This is of particular interest since 

RIG-I has been observed to partially relocalize into the cell nucleus during late stages of 

infection 627; however, if this relocalization event correlates with IFN induction requires further 

investigation. 

In addition to the full-length and DI genome in the form of vRNP, recent attempts to 

identify authentic RIG-I ligands during IAV infection have raised the possibility that some 

aberrant viral RNA species contribute to IFN induction 628. Although the nature of these RNA 

species remains to be determined, it is plausible to speculate that some of these RNA species 

have panhandle-forming potential. In fact, deep sequencing analyses have identified that IAV 

produces high levels of small viral RNA (svRNA) since the early stages of infection 662, 663. 

These svRNAs were 18-27 nt in size whose sequences were mapped to the exact 5’ end of vRNA 

662, 663. Remarkably, even in the presence of 5’ triphosphates, transfection with chemically 

synthesized svRNA failed to induce IFN response 662. This implies that the contribution of 

svRNA to IFN response, if any, requires binding to a complementary strand to gain the dsRNA 

structure required for RIG-I activation. Interestingly, deep sequencing results have also revealed 

a modest enrichment of small viral RNA species derived from 3’ end of vRNA and cRNA 663, 

which appear to be good candidates in forming panhandle structures with the 5’ svRNA. 
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In summary, despite the controversy over the nature of the authentic RIG-I ligand(s) 

from IAV, we assert that the panhandle structure constitutes one of the fundamental attributes 

among these ligands. The fact that the panhandle-stabilizing mutations promote RIG-I activation 

and dampen viral transcription indicates that the WT panhandle promoter region adopts a 

nucleotide composition that is suboptimal for RIG-I activation and optimal for balanced viral 

RNA synthesis. 
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TRANSITIONS BETWEEN CHAPTER 3 AND CHAPTER 4 

In Chapter 3, it was demonstrated that IAV genomic panhandle structure is directly 

involved in RIG-I activation and IFN induction. The partial complementarity of the wild-type 

panhandle proximal stem reduces the extent of RIG-I activation, thereby representing an inherent 

mechanism of mitigating innate immune recognition. Nonetheless, RIG-I has evolved to tolerate 

such imperfect complementarity. Furthermore, the panhandle-stabilizing mutations, which 

increase the double-strandedness of the wild-type panhandle structure, lead to a significant 

impairment of the transcription arm, but not the replication arm of the viral promoter activity. 

These results, for the first time, provide a mechanistic insight into how the IAV panhandle 

structure coordinates viral RNA synthesis with the induction of host innate immune response. It 

turns out that the IAV panhandle promoter region adopts a nucleotide composition to achieve an 

optimal balance of viral RNA synthesis and suboptimal RIG-I activation, both of which are 

beneficial to virus survival from an evolutionary perspective. 

Despite the substantiation of its involvement in RIG-I activation, how the IAV 

panhandle structure as contained in the native vRNP complex is sensed by RIG-I remains 

unclear. A further complication arises from the nuclear replication nature of IAV, which differs 

from most of the other RNA viruses. Therefore, an in-depth understanding of the spatiotemporal 

sensing by RIG-I of IAV replication is of the utmost importance. In Chapter 4, I sought to solve 

the long-standing question as to how the cytoplasmic RNA sensor RIG-I senses the nuclear-

replicating IAV. 
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4.1 Abstract 

The nucleus represents a cellular compartment where the discrimination of self from 

nonself nucleic acids is vital. While emerging evidence establishes a nuclear nonself DNA 

sensing paradigm, the nuclear sensing of nonself RNA, such as that from nuclear-replicating 

RNA viruses, remains unexplored. Here we report the identification of nuclear-resident RIG-I 

actively involved in nuclear viral RNA sensing. The nuclear RIG-I, along with its cytoplasmic 

counterpart, senses influenza A virus (IAV) nuclear replication leading to a cooperative 

induction of type I interferon response. Its activation signals through the canonical signaling axis 

and establishes an effective antiviral state restricting IAV replication. The exclusive signaling 

specificity conferred by nuclear RIG-I is reinforced by its inability to sense cytoplasmic-

replicating Sendai virus and appreciable sensing of Hepatitis B virus pregenomic RNA in the 

nucleus. These results refine the RNA sensing paradigm for nuclear-replicating viruses and 

reveal a previously unrecognized subcellular milieu for RIG-I-like receptor sensing. 



 
93 

4.2 Introduction 

The constant challenge of the vertebrate cells by invading pathogens drives the 

evolution of innate immune systems to rapidly detect and respond to nonself molecules, such as 

the virus-derived nucleic acids 664. Depending on their intracellular localization, distinct 

germline-encoded pattern-recognition receptors (PRRs) engage specialized adaptors to initiate 

immune signaling cascades from within different cellular compartments. To date, it has been 

well defined the roles of PRRs, including the Toll-like receptors (TLRs), retinoic acid inducible 

gene I (RIG-I)-like receptors (RLRs), and cyclic GMP-AMP synthase (cGAS), in endosomal and 

cytosolic sensing of viral DNA and RNA 665, 666. However, the nuclear-replicating property of 

nearly all DNA viruses has shifted the PRR sensing paradigm towards the cell nucleus 437. 

Emerging evidence delineates the functional roles of DNA sensors including IFI16 and cGAS in 

nuclear sensing of the Herpesviridae family, including Herpes simplex virus 1, human 

cytomegalovirus, Epstein-Barr virus, and Kaposi sarcoma-associated virus 434, 436, 440, 667. In 

contrast, most RNA viruses replicate within the cytoplasmic compartment. One of the primary 

RNA sensors, RIG-I, is well characterized as a cytosolic sensor of viral RNAs bearing 5’ di- or 

triphosphates and juxtaposed short base-paired stretches 457. Its activation initiates signaling 

cascades via the mitochondrial antiviral-signaling protein (MAVS), leading to the production of 

type I interferons (IFNs) which in turn up-regulate other antiviral interferon-stimulated genes 

(ISGs) 236, 237. Interestingly, the members of the Orthomyxoviridae family represent a few RNA 

viruses replicating in the nuclear compartment 1; however, the existence of a nuclear RNA 

sensing paradigm remains unexplored. 

Apart from the IFN antagonism exerted by a plethora of virus-encoded IFN 

antagonistic proteins targeting IFN induction and IFN signaling axes 614, 668, virus-mediated 

compartmentalization has recently become another immune evasion strategy. The members of 

the Flaviviridae family, including tick-borne encephalitis virus and hepatitis C virus, induce the 

formation of compartmentalized membrane structures to sterically segregate their viral agonists 

from PRRs 611, 613. This strategy conceals the viral replication site from the cytosolic RLRs, 

thereby minimizing the likelihood of nonself RNA sensing. Likewise, the nuclear replication of 

the Orthomyxoviridae family has also been hypothesized to act as an immune evasion strategy 

due in part to the cytoplasmic localization of classical RNA sensors such as RIG-I 615, 616; 
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however, this has never been experimentally substantiated. On the other hand, the host may have 

evolved a nuclear RNA sensing mechanism to counteract such immune evasion.  

Influenza A virus (IAV) is the most-studied member of the Orthomyxoviridae family 

whose genome transcription and replication are closely associated with nuclear machinery 669. It 

stimulates type I IFN expression in infected cells via a nearly strict RIG-I-dependent signaling 

cascade 236, 670. This RIG-I dependency underscores a long-standing question as to how the 

cytosolic RNA sensor RIG-I senses the nuclear replicating IAV. To date, the only RIG-I agonist 

characterized for influenza virus is the panhandle structure residing in either full-length or 

defective-interfering (DI) viral genomes 250, 620, 621. We also reported that the IAV panhandle 

structure mediates and is mainly responsible for RIG-I activation and IFN induction in vitro 465. 

Nonetheless, the spatiotemporal detection of the panhandle structure by RIG-I during the course 

of IAV infection remains unknown, particularly the accessibility of the ligands to RIG-I given 

the nuclear replication nature of IAV. Although an apparent interaction of cytoplasmic RIG-I 

with incoming viral ribonucleoprotein (vRNP) was visualized, no clear correlation with IFN 

induction was observed 123, 626. Moreover, IAV differs from influenza B virus (IBV) in the 

kinetics of IFN induction; while IBV activates IFN signaling immediately after infection, IAV 

evades early recognition and induces IFN production at the late stage of infection 671, 672. 

Furthermore, IFN induction upon IAV infection could not be detected when viral RNA synthesis 

is inhibited 628. These observations strongly suggest that RIG-I is capable of sensing IAV during 

the course of its nuclear replication, though the nature of the viral RNA species recognized 

remains unclear. 

Here we investigate the spatiotemporal activation of RIG-I in relation to IFN induction 

during IAV infection and refine the RIG-I sensing paradigm for IAV. We identify nuclear-

resident RIG-I that is actively involved in sensing IAV replication in the nucleus, resulting in a 

cooperative IFN induction along with its cytoplasmic counterpart. Nuclear RIG-I initiates a 

MAVS-dependent canonical signaling cascade and is effective in establishing an antiviral state 

that restricts IAV infection. Furthermore, nuclear RIG-I remains inactive upon infection with 

cytoplasmic-replicating Sendai virus (SeV) but exhibits signaling specificity towards nucleus-

derived viral agonists, such as the pregenomic RNA (pgRNA) of hepatitis B virus (HBV). Our 

findings unravel a previously unrecognized nuclear pool of RIG-I sensing nuclear viral RNA and 

implicate a novel subcellular milieu for RLR sensing. 
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4.3 Materials and methods 

4.3.1 Cell culture  

Madin-Darby canine kidney (MDCK, ATCC, #CRL-2936) and human embryonic 

kidney (HEK293T, ATCC, #CRL-3216) cells were maintained in minimal essential medium 

Eagle (MEM, Sigma) and Dulbecco's modified Eagle’s medium (DMEM, Sigma) supplemented 

with 10% FBS and 50 μg/mL gentamicin, respectively. The MDCK cell line inducibly 

expressing the NS1 protein of A/Puerto Rico/8/34 (PR8) was constructed by lentiviral 

transduction of MDCK cells with a Tet-On inducible lentiviral vector containing the PR8 NS1 

open reading frame (ORF). The MDCK-NS1 cell line was cultured in MEM supplemented with 

10% tetracycline-free FBS (Clontech), 50 μg/mL gentamicin and 5 μg/mL puromycin 

(Invivogen). Human lung epithelial (A549, ATCC, #CRM-CCL-185) cells and its derivative 

knock-out (KO) cells were maintained in Ham's F-12K (Kaighn's) medium (Gibco) containing 

10% FBS and 50 μg/mL gentamicin. A549 RIG-I KO and RIG-I-MAVS double KO (DKO) cells 

inducibly expressing scrambled tagged (SLN)-, NES-, NLS-RIG-I, and RIG-I with K270A 

mutation were cultured in F-12K with 10% tetracycline-free FBS, gentamicin, and 2 μg/mL 

puromycin. Human hepatoma Huh-7.5 cells and Huh-7 cells stably transfected with an empty 

vector or a greater-than-unit-length HBV genome (pawy1.2) carrying a luciferase reporter were 

maintained in DMEM supplemented with 10% FBS, with the stable cell lines additionally 

supplemented with 100 μg/mL hygromycin B (Invivogen). All cell cultures were maintained at 

37ºC in a humidified 5% CO2 atmosphere and were monthly tested for mycoplasma 

contamination. 

4.3.2 DNA constructs and transfection 

The human RIG-I ORF was amplified from the pEF-flagRIG-I 226 and subcloned into 

pCMV-3xFLAG. To generate compartment-specific RIG-I constructs, a monopartite SV40 large 

T antigen nuclear localization signal (PKKKRKV) and a nuclear factor erythroid 2-related factor 

2 nuclear export signal (LKKQLSTLYL) were inserted between the 3xFLAG tag and RIG-I 

ORF respectively, giving rise to pCMV-3xFLAG-NLS-RIG-I and pCMV-3xFLAG-NES-RIG-I. 

In parallel, an inverted NLS sequence (NLPLFLR) was inserted at the same location and 

designated SLN-RIG-I as a scrambled control. Site-directed mutagenesis on pCMV-3xFLAG-

NLS-RIG-I (T55I, K270A, and K888E) or on viral polymerases in the backbone of pcDNA3.1 
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(PB2-R142A, PB2-E361A, PB1-D445A/D446A, PA-D108A, and PA-E410A) was introduced by 

overlapping PCR. Episomal constructs, with Tet-On inducible expression of 3xFLAG-SLN-, 

NES-, NLS-, or K270A-RIG-I, were constructed by cloning the respective ORFs downstream of 

a minimal CMV promoter that is behind a tetracycline responsive element (TRE promoter). This 

vector also contains expression cassettes for the transactivator rtTA, puromycin resistance, and 

the Epstein-Barr virus nuclear antigen 1 (EBNA1). For RIG-I KO, an annealed oligonucleotide 

pair encoding the 20-nt guide sequences (GGGTCTTCCGGATATAATCC) targeting the exon 1 

of human RIG-I was ligated in between the two BbsI sites of the CRISPR/Cas9 plasmid 

pSpCas9-2A-Puro (PX459) v2.0 (Addgene #62988). The correct sequence of all constructs was 

confirmed by DNA sequencing (Eurofins). The sequences of cloning primers are listed in Table 

4.1. Transient transfection of 293T and Huh-7.5 cells was performed using TransIT-LT1 (Mirus 

Bio) and jetPEI (Polyplus) as per manufacturer’s instructions, respectively. 

4.3.3 Viruses and reverse genetics 

The recombinant viruses were generated by the eight-plasmid reverse-genetics system 

as previously described with slight modification 673. The set of pHW plasmids (pHW191-198) 

encoding the eight A/Puerto Rico/8/34 (H1N1) segments was used as the backbone for mutant 

virus generation. PA-X/NS1 double-deficient PR8 (PAfsΔNS1) contains the PA segment with 

abolished +1 ribosomal frameshifting for X-ORF translation 10, and the NS segment with the 

intron region deleted. Rescue of PA-X/NS1 double-deficient virus was performed in co-cultured 

MDCK-NS1/293T cells in Opti-MEM (Gibco) containing 0.2% bovine serum albumin (BSA), 1 

μg/mL L-1-tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-trypsin and 1 μg/mL 

doxycycline (Dox, Sigma). The rescued virus was propagated and titrated in MDCK-NS1 cells. 

The genome authenticity of segments 3 and 8 of the mutant virus was verified by RT-PCR 

followed by DNA sequencing. The widely-used PR8ΔNS1 virus (ΔNS1-ms) 674 was propagated 

in MDCK-NS1 cells. A/Victoria/3/75 (H3N2) and a low pathogenic A/chicken/British 

Columbia/CN-6/2004 (H7N3) were propagated in MDCK cells and embryonated chicken eggs, 

respectively. Sendai virus (Cantell strain) was obtained from ATCC (VR-907) and propagated in 

embryonated chicken eggs. All virus infections were performed at the indicated multiplicity of 

infection (MOI) by incubating the virus inoculum diluted in Dulbecco's Phosphate-Buffered 

Saline containing calcium and magnesium (DPBS +/+, Hyclone) with cells for 1 h. The 

inoculum was then removed and replaced with plain medium containing 0.2% BSA and 1 μg/mL 
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TPCK-trypsin (or 0.25 μg/mL for A549 cells and its derivatives). TPCK-trypsin was omitted 

from the culture medium for single-cycle infections. 

4.3.4 A549 cells inducibly expressing compartment-specific RIG-I 

The CRISPR-Cas9 system was employed to generate RIG-I KO, MAVS KO, and RIG-

I-MAVS DKO A549 cells 675. Briefly, A549 cells were transfected with pSpCas9-2A-Puro 

(PX459) v2.0 plasmid harboring the sgRNA sequence using lipofectamine 3000 transfection 

reagent (Invitrogen) as per manufacturer’s instructions. At 24 hours post-transfection (h.p.t.), 

cells were subjected to puromycin selection at a concentration of 2 μg/mL. Two days later (72 

h.p.t), puromycin was removed from the culture medium to avoid genome integration of the 

CRISPR plasmid. After two weeks, monoclonal cell lines were isolated by limiting dilution at a 

density of 0.5 cells/well followed by clonal expansion for 3 weeks. Fourteen selected clones 

were characterized by examining RIG-I expression level induced by SeV infection (100 

HAU/mL) and IFNβ1a treatment (500 U/mL, IF014, Millipore). Genomic DNA was further 

extracted from two of the selected clones using a DNeasy Blood & Tissue Kit (Qiagen) and 

amplified for the region flanking RIG-I exon 1. One monoclonal cell line (KO3) exhibited a 

homozygous single-nucleotide insertion within the sgRNA targeting site. To generate MAVS KO 

and RIG-I-MAVS DKO A549 cells, wild-type A549 or the KO3 cells were transfected with 

plasmids harboring three sgRNA sequences targeting human MAVS (Santa Cruz). Monoclonal 

cell lines were selected by limiting dilution and characterized by the ablation of MAVS 

expression. The monoclonal RIG-I KO (KO3) and RIG-I-MAVS DKO (DKO4) cell lines were 

further used to construct reconstituted A549 cell lines inducibly expressing compartment-specific 

RIG-I. To avoid any off-target effect conferred by lentiviral vector-based delivery of exogenous 

gene expression, we chose a non-integrating episomal expression approach to construct these cell 

lines. The KO3 and DKO4 cells were transfected with episomal plasmids expressing FLAG-

tagged SLN-, NES-, NLS-, or K270A-RIG-I under the control of a TRE promoter followed by 

selection with 2 μg/mL puromycin for 4 weeks. After the establishment of persistent episomal 

replication, the stable cell lines were characterized by examining FLAG-RIG-I expression and 

localization in the presence or absence of 1 μg/mL doxycycline. 
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4.3.5 Co-immunoprecipitation and immunoblotting 

A549 or HEK293T cells were infected with indicated viruses or RNP reconstituted 

followed by crosslinking in PBS (-/-) containing 1 mM dithiobis[succinimidyl propionate] (DSP, 

Sigma) for 30 min on ice. Cells were subjected to cellular fractionation as described elsewhere 

676 and the nuclear pellets were extracted at 4ºC for 30 min with a buffer containing 50 mM Tris-

HCl (pH 7.4), 200 mM NaCl, 1% NP-40, 1 mM EDTA, 50 μg/mL RNase A, and 1×cOmplete 

protease inhibitors (Roche). The nuclear extracts were further pre-cleared with 20 μl protein G 

Dynabeads (Invitrogen) at 4ºC for 30 min. For co-immunoprecipitation, 35 μl protein G 

Dynabeads were conjugated with 3 μg of either mouse IgG1 isotype control (CST) or mouse 

anti-RIG-I antibody (1C3, Millipore) at 4ºC for 1 h. Pre-cleared lysates were then incubated with 

the conjugated beads at 4ºC for 16 h. On the next day, the beads were washed 4 times with the 

wash buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA) and eluted in 

1×Laemmli buffer containing 355 mM β-mercaptoethanol. Immunoblotting was performed as 

previously described 465. Briefly, protein samples were resolved by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto nitrocellulose membranes, 

and probed with indicated primary antibodies including rabbit anti-RIG-I (EPR18629, Abcam, 

1:500), mouse anti-FLAG (M2, Sigma, 1:1000), rabbit anti-FLAG (CST, 1:1000), rabbit anti-

Phospho-IRF3 (Ser396) (D6O1M, CST, 1:1000), rabbit anti-IRF3 (D6I4C, CST, 1:1000), mouse 

anti-GFP (4B10, CST, 1:1000), mouse anti-α-tubulin (Abcam, 1:1000), mouse anti-β-actin 

(8H10D10, CST, 1:1000), rabbit anti-Lamin B1 (ab16048, Abcam, 1:1000), and rabbit anti-

histone H3 (D1H2, CST, 1:1000). Rabbit polyclonal antisera against IAV PB2, PA, NP, and M1 

were raised in-house, and rabbit polyclonal antibody against IAV NS1 (PA5-32243, 1:500) was 

obtained from Pierce. For cellular fractionation, α-tubulin and histone H3 were used as markers 

for the cytoplasmic and nuclear fractions, respectively. Following incubation with donkey anti-

rabbit IRDye 680RD and donkey anti-mouse IRDye 800CW secondary antibodies (LI-COR), 

membranes were visualized with an Odyssey infrared imaging system (LI-COR). 

4.3.6 RNA immunoprecipitation (RIP) 

For RIP, Huh-7-HBV-payw1.2-Luc cells were DSP-crosslinked and an aliquot was 

saved for input RNA extraction. The remaining cells were subjected to cellular fractionation. The 

nuclear pellets were extracted with a buffer containing 50 mM Tris-HCl (pH 7.4), 200 mM NaCl, 
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1% NP-40, 1 mM EDTA, 100 μg/mL E. coli tRNA (Roche), 100 U/mL RNasin (Promega), and 

1×EDTA-free protease inhibitors at 4ºC for 1 h. The nuclear extracts were pre-cleared with 

protein G Dynabeads for 30 min and incubated with IgG1- or RIG-I antibody conjugated 

Dynabeads overnight at 4ºC. The beads were extensively washed with the wash buffer 

containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 100 μg/mL 

tRNA and 40 U/mL RNasin, followed by proteinase K digestion in a buffer containing 20 mM 

Tris-HCl (pH 7.4), 100 mM NaCl, 2 mg/mL proteinase K (NEB), 1% NP-40, 0.1% SDS, 100 

U/mL RNasin, 100 μg/mL tRNA, and 1 mM EDTA at 37ºC for 1.5 h. The immunoprecipitated 

and input RNA were extracted using the TRIzol Reagent (Ambion) as per manufacturer's 

instructions and were reverse transcribed using oligo(dT) and random primers with SuperScript 

IV Reverse Transcriptase (Invitrogen). The levels of HBV pgRNA in IgG1 and RIG-I 

immunoprecipitates were determined by qRT-PCR using specific primers targeting the ɛ regions 

of pgRNA as previously described 300. The levels of GAPDH pre-mRNA in both 

immunoprecipitates were determined in parallel as a negative control. The amount of each 

immunoprecipitated RNA was normalized to that in the input RNA and was expressed as fold 

enrichment in the nuclear RIG-I immunoprecipitate relative to the IgG1 control. 

4.3.7 Immunofluorescence and RNA FISH 

A549 or HEK293T cells were grown on poly-L-lysine coated 8-well or 16-well 

chamber slides (Nunc), and infected or transfected as indicated. At indicated time points post-

infection or post-transfection, cells were rinsed twice with DPBS (+/+) and fixed with 4% 

formaldehyde (methanol-free) in DPBS (+/+) for 10 min at room temperature (RT). The cells 

were subsequently permeabilized with 0.2% Triton X-100 for 5 min and blocked with 5% BSA 

in DPBS (+/+) at RT for 1 h. Following incubation with primary antibodies including goat anti-

IAV (AB1074, Millipore, 1:2000), mouse anti-IAV NP (AA5H, AbD Serotec, 1:500), rabbit 

anti-IRF3 (D6I4C, CST, 1:400), mouse anti-RIG-I (1C3, Millipore, 1:250), mouse anti-FLAG 

(M2, Sigma, 1:500), mouse anti-MAVS (E-3, Santa Cruz, 1:200), goat anti-FLAG (ab1257, 

Abcam, 1:500) and rabbit anti-β-tubulin (9F3, CST, 1:100), the cells were washed and incubated 

with secondary antibodies diluted in 5% BSA for 1 h. Secondary antibodies used include donkey 

anti-mouse Alexa Fluor 488, donkey anti-rabbit Alexa Fluor 546, donkey anti-rabbit Alexa Fluor 

594, and donkey anti-goat Alexa Fluor 633 (Invitrogen, 1:500). After nuclear staining with 4',6-

diamidino-2-phenylindole (DAPI) for 5 min, the cells were washed four times with DPBS (+/+), 
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once with RNase-free water, and mounted in ProLong Gold antifade mountant (Invitrogen). The 

fluorescence in situ hybridization (FISH) analysis was performed as previously described with 

modifications 52, 677. Briefly, following secondary antibody staining, the cells were subjected to 

another fixation step with 4% formaldehyde in DPBS (+/+) for 10 min, washed once, and 

equilibrated with 2×SSC (300 mM sodium chloride, 30 mM sodium citrate) with 10% 

formamide for 10 min. To detect IAV vRNA in infected or RNP-reconstituted cells, a pool of 39 

probes against viral M segment was custom designed (Stellaris, Biosearch Technologies) and the 

cells were incubated with 125 nM Quasar 670-conjugated probes in a hybridization buffer (10% 

dextran sulfate, 2 mM vanadyl-ribonucleoside complex (VRC), 0.02% RNA-free BSA, 1 mg/mL 

E. coli tRNA, 2×SSC, and 10% formamide) in a humidified chamber at 28ºC for 16 h. On the 

next day, the cells were washed with 2×SSC containing 10% formamide and 2 mM VRC, stained 

with DAPI, and mounted as described above. Confocal microscopy was carried out using a Leica 

TCS SP8 confocal microscope, equipped with a Diode (405 nm), an Argon (458, 476, 488, 496, 

514 nm), a DPSS (561 nm), and a Helium/Neon (633 nm) lasers. Image processing, 

quantification, and colocalization analysis were performed using the Fiji version of ImageJ 

(NIH). 

4.3.8 RNP reconstitution and luciferase reporter assay 

The RNP reconstitution was performed as previously described 465. To monitor viral 

polymerase activity in the presence of compartment-specific RIG-I, HEK293T cells were 

transfected with the set of plasmids encoding the vRNP components (pcDNA-PB2, -PB1, -PA, -

NP, and pHH21-NP-fLuc), a constitutively expressing Renilla luciferase reporter plasmid (pTK-

rLuc), alongside with plasmids expressing various RIG-I (pCMV-3xFLAG-SLN/NES/NLS-RIG-

I) or GFP. To measure IFNβ promoter activation upon RNP reconstitution, 293T cells were 

transfected with plasmids as above except that the pHH21-NP-fLuc was replaced by pHH21 

plasmids encoding each of the authentic viral RNA (pHH21-PB2 to NS), and a human IFNβ 

promoter-driven luciferase reporter plasmid (p125Luc) was supplemented. Transcription-

defective (PB2-E361A, PA-D108A) or replication-defective (PB2-R142A, PA-E410A) 

polymerase constructs were also included in place of the wild-type polymerase to determine the 

requirement of viral transcription and replication for IFNβ promoter activation upon RNP 

reconstitution. The relative luciferase activity (RLU) was determined at 24 h.p.t using the Dual-

Luciferase Reporter Assay System (Promega). To test the signaling competency of N-terminally 
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tagged RIG-I constructs, 293T cells were transfected with various RIG-I plasmids or GFP 

together with p125Luc and pTK-rLuc for 6 h. The cells were further left untreated or stimulated 

with a 19-bp 5’ppp-dsRNA (Invivogen) using Lipofectamine RNAiMAX (Invitrogen) for 18 h. 

For IFNλ1 promoter activation by HBV, 293T cells were transfected with wild-type HBV 

(payw1.2) or ΔHBx HBV (payw1.2*7) genome 678 along with pGL4.18-λ1(-1070/+46) and pTK-

rLuc in the presence of compartment-specific RIG-I or GFP. The relative luciferase activity was 

determined at the indicated time points after transfection. 

4.3.9 Cellular fractionation, strand-specific qRT-PCR, and qRT-PCR 

HEK293T cells were transfected with plasmids encoding vRNP components in 

conjunction with GFP or indicated RIG-I constructs for 24 h. Reconstitution in the presence of a 

catalytically inactive PB1 subunit (PB1a, D445A/D446A) was performed in parallel to set the 

background RNA levels. Reconstituted cells were washed twice in PBS (-/-) and resuspended in 

a hypotonic buffer containing 10 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 1 mM 

DTT, 1×EDTA-free protease inhibitors, and 100 U/mL RNasin. After incubation on ice for 10 

min, NP40 was added to a final concentration of 0.5% and the cell membrane was disrupted by 

vortexing at high speed for 15 seconds. The disrupted cells were immediately spun down at 

3,500 ×g for 10 min and the supernatant was saved as the cytoplasmic fraction. The pellet was 

washed once more with the hypotonic buffer and saved as the nuclear fraction. Both fractions 

were resuspended in the TRIzol Reagent and subjected to RNA extraction per manufacturer’s 

instruction. Extracted RNA from both fractions were resuspended in equal volume of water and 

stored at -80°C. Strand-specific qRT-PCR was performed as previously described with 

modification 465. Briefly, 5% of both cytoplasmic and nuclear RNA fractions were reverse 

transcribed using tagged strand-specific primers for viral RNA species or oligo(dT) plus random 

primer for total RNA. Fold change of viral RNA levels was normalized to the cytoplasmic 

GAPDH mRNA levels and expressed using the ΔΔCt method relative to the nuclear RNA 

fraction of the PB1a reconstitution. Successful cellular fractionation was determined by 

immunoblotting for Lamin B1 and α-tubulin in the nuclear and cytoplasmic fractions, 

respectively. Additionally, the exclusive presence of GAPDH pre-mRNA in the nuclear, but not 

the cytoplasmic fraction, served as a control at the RNA level. To determine mRNA levels of 

IFNB1 and C-X-C motif chemokine 10 (CXCL10; IP10) induced by the ΔNS1-ms virus or 

IFNL1 induced by HBV replication, total RNA was extracted from infected or transfected cells 
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using an RNeasy Plus Mini Kit (Qiagen) as per manufacturer's instructions. Reverse transcription 

was carried out using oligo(dT) and SuperScript IV Reverse Transcriptase. qPCR was performed 

using Power SYBR Green PCR Master Mix (Applied Biosystems) on a StepOnePlus Real-Time 

PCR System (Applied Biosystems). Relative mRNA expression was normalized to mRNA levels 

of housekeeping genes (GAPDH for IAV infection or GUSB for HBV genome transfection) and 

expressed using the ΔΔCt method relative to the conditions as indicated. The sequences of all 

qPCR primers are listed in Table 4.2. 

4.3.10 RNA interference 

The Silencer Select siRNA negative control and siRNA against human MAVS (sense: 

5’-GGGUUCUUCUGAGAUUGAAtt-3’; antisense: 5’-UUCAAUCUCAGAAGAACCCag-3’) 

were obtained from Invitrogen. Briefly, HEK293T and inducible A549 cells were transfected 

with 10 nM siRNAs using Lipofectamine RNAiMAX (Invitrogen) and TransIT-X2 reagents 

(Mirus Bio), respectively. At 24 h or 40 h post-transfection, cells were reconstituted with vRNP 

or infected with the mutant virus as indicated. 

4.3.11 Statistical analysis 

The statistical significance of differences was calculated using GraphPad Prism 7 

(GraphPad Software, Inc., USA) with an unpaired Student’s t-test, One-way or Two-way 

ANOVA followed by the Tukey or Sidak post-hoc test to obtain the p-value. Data are shown as 

mean ± SD of three independent experiments performed in triplicates unless otherwise indicated. 

Significant differences between groups are denoted by * if p < 0.05, ** if p < 0.01, *** if p < 

0.001, or **** if p < 0.0001.  
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Table D.1. Cloning and sequencing primers used in this study. 

Site-directed mutagenesis 

Construct Forward (5’ to 3’) Reverse (5’ to 3’) 

PB1- 

D445A/D

446A 

GGGATGGTCTTCAATCCTCTGCCG

CTTTTGCTCTGATTGTGAATGCAC 

GTGCATTCACAATCAGAGCAAA

AGCGGCAGAGGATTGAAGACCA

TCCC 

PB2-

R142A 

CCATTTTAGAAACCAAGTCAAAA

TAGCTCGGAGAGTTGACATAAAT

CCT 

AGGATTTATGTCAACTCTCCGAG

CTATTTTGACTTGGTTTCTAAAA

TGG 

PB2-

E361A 

ATAAGAGTGCATGAGGGATATGC

AGAGTTCACAATGGTTGGGAG 

CTCCCAACCATTGTGAACTCTGC

ATATCCCTCATGCACTCTTAT 

PA-

D108A 

GAGAAACCAAAGTTTCTACCAGC

TTTGTATGATTACAAGGAGAATA

G 

CTATTCTCCTTGTAATCATACAA

AGCTGGTAGAAACTTTGGTTTCT

C 

PA-

E410A 

CTTGCAAGTTGGATTCAGAATGC

GTTTAACAAGGCATGCGAACTG 

CAGTTCGCATGCCTTGTTAAACG

CATTCTGAATCCAACTTGCAAG 

RIG-I-

T55I 
GAGGCTGCCATACTTTTTCTC CATTGGGCCCTTGTTGTTTTTC 

RIG-I-

K270A 
AGGTTGTGGAGCAACCTTTGTTTC 

GTAGGAGCACATATTATTGTGTT

TTTTCC 

RIG-I-

K888E 

TCCAGTTATAgAAATTGAAAGTTT

TGTG 
ATCTCAAATGTCTTGTACTTC 

Compartment-specific RIG-I 

RIG-I-

SLN 

TCTTAGGGGAGGAGGTATGACCA

CCGAGCAGCGACG 

AAAAGAGGAAGGTTCGCGGCCG

CAAGCTTGTC 

RIG-I-

NES 

CACACTGTACCTCGGAGGAGGTA

TGACCACCGAGCAGCGACG 

CTCAGCTGCTTCTTGAGCGCGGC

CGCAAGCTTGTC 

RIG-I-

NLS 

GAAGGTTGGAGGAGGTATGACCA

CCGAGCAGCGACG 

CTCTTTTTCTTAGGCGCGGCCGC

AAGCTTGTC 

CRISPR sequencing 

U6 GAGGGCCTATTTCCCATGATTCC  

RIG-I 

Indel 
CCGCCGCTAGTTGCACTTTC CCCAGAAGCCTCTGCTCATCTC 

DI detection 

PR8-NA 
AGCAAAAGCAGGAGTTTAAAATG

AATCC 

AGTAGAAACAAGGAGTTTTTTG

AACAGAC 
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Table D.2. qRT-PCR primers used in this study. 

Strand-specific qRT-PCR 

RT primers Sequences (5’ to 3’) 

PR8 NA-

vRNA RT 
GGCCGTCATGGTGGCGAATCTATAATGACTGATGGCCCGAGT 

PR8 NA-

cRNA RT 
GCTAGCTTCAGCTAGGCATCAGTAGAAACAAGGAGTTTTTTGAAC 

PR8 NA-

mRNA RT 
CCAGATCGTTCGAGTCGTTTTTTTTTTTTTTTTTGAACAGACTAC 

PCR primers Forward (5’ to 3’) Reverse (5’ to 3’) 

PR8 NA-

vRNA 
GGCCGTCATGGTGGCGAAT TTCGAACCATGCCAATTGTC 

PR8 NA-

cRNA 
CTGTATGAGGCCGTGCTTCTG GCTAGCTTCAGCTAGGCATC 

PR8 NA-

mRNA 
CTGTATGAGGCCGTGCTTCTG CCAGATCGTTCGAGTCGT 

qRT-PCR 

Target gene Forward (5’ to 3’) Reverse (5’ to 3’) 

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 

Pre-GAPDH CTGGCTTTCCCATAATTTCC CCAGTAGAGGCAGGGATGAT 

GUSB GGTGCTGAGGATTGGCAGTG CGCACTTCCAACTTGAACAGG 

IFNB AAACTCATGAGCAGTCTGCA 
AGGAGATCTTCAGTTTCGGAG

G 

IFNL1 CGCCTTGGAAGAGTCACTCA  GAAGCCTCAGGTCCCAATTC 

IP10 CCTGCTTCAAATATTTCCCT CCTTCCTGTATGTGTTTGGA 

IAV NP GTCTTCGAGCTCTCGGAC CCTCTGCATTGTCTCCGAA 

SeV N 
GCTGAACGGTTAGAGGAGGAA

AC 
CGTGATCGACACCGTTATTGC 

HBV pgRNA TGTTCAAGCCTCCAAGCT GGAAAGAAGTCAGAAGGCAA 
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4.4 Results 

4.4.1 Genuine presence of nuclear-resident RIG-I 

RNA sensors are among the core vertebrate ISGs which exhibit very low basal 

expression but are highly up-regulated by IFN 456. In a focused exploration for the nuclear 

existence of the otherwise cytoplasmic RNA sensor RIG-I, we subjected A549 cells to SeV 

infection or IFNβ stimulation to globally upregulate RIG-I levels. The subcellular distribution of 

RIG-I was examined by immunofluorescence and subcellular fractionation. To ensure any 

observed RIG-I localization by immunofluorescence was genuine, RIG-I KO A549 cells were 

generated by CRISPR/Cas9-mediated genome editing (Fig. 4.1) and the specificity of RIG-I 

antibodies from different sources was carefully monitored by observing RIG-I staining in RIG-I 

KO A549 cells stimulated with SeV (Fig. 4.2a). In the course of infection, SeV stimulated 

increasing amount of endogenous RIG-I expression, concomitant with increased levels of 

interferon regulatory factor 3 (IRF3) nuclear translocation (Fig. 4.3a and Fig. 4.2b). Similarly, 

significant upregulation of RIG-I expression was observed in IFNβ-primed cells (Fig. 4.2b). 

Noticeably, a distinct nuclear staining of RIG-I was consistently observed, albeit at a much-

reduced level compared with cytoplasmic RIG-I (Fig. 4.3a and Fig. 4.2b). In THP-1 cells and 

HeLa cells ectopically expressing a FLAG-tagged RIG-I, nuclear RIG-I staining was also 

detected using either RIG-I antibody or a highly specific monoclonal antibody against the FLAG 

epitope (Fig. 4.2c and 4.2d). To further authenticate the microscopic observation, SeV-infected 

or IFNβ-primed A549 cells were subjected to cellular fractionation and the presence of nuclear 

RIG-I was consistently revealed (Fig. 4.3b and 4.3c, lanes 1-4). In addition, we examined 

whether the nuclear localization of RIG-I requires its downstream mitochondrial adaptor MAVS. 

To this end, MAVS KO A549 cells were generated which could be efficiently primed by IFNβ for 

RIG-I upregulation (Fig. 4.3c, lanes 5-8), but were abolished in SeV-induced IRF3 

phosphorylation and RIG-I upregulation due to a lack of MAVS-dependent IFN induction (Fig. 

4.2e). As with that in WT A549 cells, nuclear RIG-I was also detected in MAVS KO cells primed 

with IFNβ (Fig. 4.3c), demonstrating that the nuclear localization of RIG-I was independent of 

MAVS. 

To further corroborate the presence of RIG-I in the nucleus, RIG-I was expressed with 

a FLAG tag together with a well-established nuclear export signal (NES) 679. We asked whether 

the NES would redirect RIG-I out of the nucleus and negate the observed nuclear localization. 
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To obviate potential interference from endogenous RIG-I, RIG-I KO A549 cells were 

complemented with stably maintained episomal constructs inducibly expressing a scrambled- 

(SLN-) or NES-tagged RIG-I. In response to doxycycline (Dox), these cells expressed high 

levels of respective RIG-I proteins (Fig. 4.3d). In contrast to SLN-RIG-I which showed 

consistently detectable nuclear staining, NES-RIG-I exhibited negligible nuclear localization 

(Fig. 4.3d). These cells were subsequently infected with IAV to examine whether virus infection 

induces RIG-I redistribution. Interestingly, IAV infection did not appear to change RIG-I 

localization, as both SLN- and NES-RIG-I exhibited the similar cellular distribution in infected 

cells compared to mock infection (Fig. 4.3d and 4.3e). Pearson’s correlation coefficient analysis 

further confirmed a significantly greater colocalization of SLN-RIG-I with DAPI staining in the 

nucleus than that of NES-RIG-I (Fig. 4.3f). As a control, colocalization between nuclear IAV 

proteins and DAPI staining remained unchanged in infected cells expressing either SLN- or 

NES-RIG-I (Fig. 4.3g). Collectively, these results demonstrated the genuine presence of RIG-I in 

the nucleus, which prompted us to further explore a plausible contribution of nuclear RIG-I to 

the sensing of nuclear viral RNA, particularly that of nuclear-replicating IAV. 
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Fig. 4.1. Characterization of RIG-I KO A549 cells. 

(a) Sequencing chromatograms of chromosome 9 genomic region flanking the sgRNA targeting 

site (boxed) revealed a single-nucleotide insertion into the RIG-I exon 1. 

(b) A549 WT, RIG-I KO, or 293T cells were transfected with GFP expressing plasmids driven 

by IFNβ promoter (prIFNβ) or CMV promoter (prCMV) for 6 h followed by SeV infection (50 

HAU/mL) for 16 h. GFP expression was examined and imaged by fluorescence microscopy 

(Leica DMI6000B). The scale bar corresponds to 50 μm. A549 RIG-I KO cells failed to express 

IFNβ promoter-driven GFP in response to SeV infection but had unaffected expression of Pol II 

(CMV)-driven GFP. 

(c) Cell lysates from (B) were subjected to immunoblotting and probed for GFP expression. 

(d) A549 WT or RIG-I KO cells were left uninfected or infected with SeV (100 HAU/mL) or 

ΔNS1-ms (MOI = 5) for 8 h. Expression levels of RIG-I, phosphorylated IRF3, total IRF3, and 

M1 were examined by immunoblotting.  
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Fig. 4.2. Antibody validation and genuine presence of RIG-I in the nucleus of other cell 

lines. 

(a) Validation of RIG-I antibodies for immunofluorescence. A549 WT or RIG-I KO cells were 

left uninfected or infected with SeV (50 HAU/mL) for 16 h. Cells were fixed, permeabilized, and 

subjected to immunofluorescence with RIG-I antibodies (Ab) from various vendors, including 

monoclonal mouse-anti-RIG-I (1C3) (Millipore), monoclonal rabbit-anti-RIG-I (EPR18629) 

(Abcam), and polyclonal goat-anti-RIG-I (C15) (Santa Cruz). 

(b) A549 cells were infected with SeV (50 HAU/mL) or stimulated with IFNβ (500 U/mL) for 

16 h. Immunofluorescence was performed with the RIG-I antibody (1C3). The nuclear regions 

were outlined to highlight the nuclear RIG-I staining. 

(c) THP-1 cells were differentiated with 100 nM phorbol 12-myristate 13-acetate (PMA) for 3 

days before infection with WT or ΔNS1-ms PR8 virus for 8 h. Cells were subjected to 

immunofluorescence for RIG-I (green) and IRF3 (red). 

(d) HeLa cells were transfected with FLAG-tagged RIG-I for 16 h. Cells were subjected to 

immunofluorescence for FLAG-RIG-I (green). Nuclei were stained with DAPI (blue). The boxed 

area was enlarged and the nuclear regions were outlined to highlight the nuclear RIG-I staining 

(c and d). The scale bar corresponds to 25 μm. 

(e) Characterization of MAVS KO A549 cell line. A549 WT or MAVS KO cells were left 

uninfected or infected with SeV (50 HAU/mL) for 8 h. Expression levels of RIG-I, MAVS, 

phosphorylated IRF3 and total IRF3 were monitored by immunoblotting.  
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Fig. 4.3. Genuine presence of RIG-I in the cell nucleus. 

(a) A549 cells were infected with Sendai virus (SeV) at 50 HAU/mL. At indicated time points 

post-infection, cells were subjected to immunofluorescence for RIG-I (green) and IRF3 (red). 

Nuclei were stained with DAPI (blue). The boxed area was enlarged and the nuclear regions 

were outlined to highlight the nuclear RIG-I staining. Scale bar = 25 μm.  

(b) A549 cells were left uninfected or infected with SeV (50 HAU/mL) for 16 h. Cells were 

subjected to cellular fractionation and the presence of RIG-I in the cytoplasmic (Cyto) and 

nuclear (Nuc) fractions was determined by immunoblotting. α-tubulin and histone H3 served as 

the markers for the cytoplasmic and nuclear fractions, respectively.  

(c) A549 WT or MAVS KO cells were left untreated or primed with human IFNβ (500 U/mL) for 

16 h. Cellular fractionation was performed as in b, and the presence of RIG-I and MAVS in both 

fractions was determined by immunoblotting.  

(d, e) A549 RIG-I KO cell lines inducibly expressing SLN-RIG-I or NES-RIG-I were left non-

induced (−Dox), or induced with 1 μg/mL doxycycline (+Dox) for 4 h followed by mock (d) or 

WT PR8 infection (e, MOI = 5) for 14 h. Cells were subjected to immunofluorescence for 

FLAG-RIG-I (green) and IAV (red). Nuclei were stained with DAPI (blue). Scale bar = 25 μm. 

Colocalization of FLAG/DAPI channels, and IAV/DAPI channels was analyzed using ImageJ 

and the colocalizing pixels were represented in cyan and magenta, respectively.  

(f, g) Pearson’s correlation coefficients were calculated from at least three random fields with 

~20 cells. Data are shown as mean ± SD. Significant differences were determined by an unpaired 

Student’s t-test. **p < 0.01; n.s. not significant  
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4.4.2 Nuclear RIG-I constantly binds IAV vRNPs in the nucleus 

RIG-I activation is generally inhibited during wild-type (WT) IAV infection unless the 

major IFN antagonistic protein NS1 is disrupted 674, 680. In contrast to that observed during SeV 

infection (Fig. 4.3a), endogenous RIG-I expression remained at basal levels in A549 cells 

infected with NS1-deficient IAV (ΔNS1-ms) during a single-cycle infection (Fig. 4.4a). Upon 

prolonged infection, endogenous RIG-I levels remained low in the infected cells, whereas RIG-I 

upregulation was evident in non-infected neighboring cells, indicating an antiviral state primed 

by the IFN produced from the infected cells (Fig. 4.5a). Since the low level of RIG-I in IAV-

infected cells greatly hampered the tracking of its distribution by immunofluorescence, we 

sought to generate a recombinant mutant virus deficient of both NS1 and another viral protein 

PA-X which poses a strong shutoff activity that globally suppresses host protein expression 10. 

We were able to rescue a double-deficient virus (PAfsΔNS1), whose PA and NS segments carry 

X-ORF frameshifting mutations and NS1-ORF deletion, respectively. PAfsΔNS1 was 

significantly attenuated in growth in IFN competent cells but replicated to a level that was two-

log lower than the WT and ΔNS1-ms viruses in MDCK cells expressing NS1. Although no 

greater RIG-I upregulation was observed in infected cells during a single-cycle (Fig. 4.4b) or 

prolonged infection (Fig. 4.5a), PAfsΔNS1 stimulated IRF3 nuclear translocation as efficiently 

as ΔNS1-ms (Fig. 4.4a and 4.4b). Of note, IRF3 nuclear translocation was abolished in RIG-I 

KO A549 cells infected with either virus, demonstrating a strict activation of the RIG-I signaling 

pathway by both viruses (Fig. 4.5b). Interestingly, a comparison between the two RIG-I-

activating mutant viruses revealed distinct patterns of vRNP distribution. Using either 

fluorescence in situ hybridization (FISH) specifically detecting the M segment vRNA or the viral 

NP protein as a vRNP indicator, we observed substantial vRNP retention for PAfsΔNS1 in the 

nucleus during a single-cycle infection, whereas ΔNS1-ms exhibited vRNP distribution in both 

the nucleus and cytoplasm (Fig. 4.4a, 4.4b and 4.5b). Despite such a significant difference in 

vRNP localization, the kinetics of IRF3 activation induced by the two viruses resembled each 

other (Fig. 4.4c). Moreover, monitoring the vRNA localization in relation to IRF3 nuclear 

translocation revealed that RIG-I activation was closely associated with the nuclear vRNA 

accumulation; IRF3 activation was first detectable at 4 h.p.i and increased up to 8 h.p.i, 

concomitant with the course of nuclear vRNA accumulation of PAfsΔNS1 (Fig. 4.4b). Taken 

together, that PAfsΔNS1 manifested impaired vRNP nuclear export yet stimulated IRF3 nuclear 
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translocation as efficiently as ΔNS1-ms indicated a nuclear sensing event by the nuclear-resident 

RIG-I. 

To sense nuclear viral RNA synthesis, the nuclear RIG-I would possibly interact with 

IAV vRNP to gain closer proximity to the immunostimulatory RNA species, such as the vRNA 

and cRNA 465, 620. We performed cellular fractionation followed by co-immunoprecipitation to 

examine whether nuclear RIG-I associates with vRNPs. During WT or ΔNS1-ms infection, 

endogenous nuclear RIG-I interacted with vRNPs as efficiently as cytoplasmic RIG-I (Fig. 4.4d). 

Given the relative amount of immunoprecipitated proteins, nuclear RIG-I associated with even 

more vRNPs than the cytoplasmic RIG-I (Fig. 4.4d). Nuclear RIG-I association with vRNPs was 

likewise detected for seasonal H3N2 (A/Victoria/3/75) and avian H7N3 (A/chicken/British 

Columbia/CN-6/2004) viruses (Fig. 4.4e), ruling out a subtype-specific effect. To evaluate the 

relative temporal contribution of the two cellular pools of RIG-I to vRNP association, we 

monitored the extent of vRNP binding by cytoplasmic and nuclear RIG-I at early and late time 

points after WT virus infection. While cytoplasmic RIG-I associated with limited levels of 

vRNPs at 6 h.p.i, the interaction between nuclear RIG-I and vRNPs was noticeably higher (Fig. 

4.4f, lane 3 vs. lane 6). At 14 h.p.i, the cytoplasmic RIG-I showed increased levels of vRNP 

association compared to that at 6 h.p.i (Fig. 4.4f, lane 3 vs. lane 9), while nuclear RIG-I 

manifested constant vRNP association (Fig. 4.4f, lane 6 vs. lane 12). These observations fit in the 

time frame of the IAV life cycle during which the incoming vRNPs are rapidly imported into the 

nucleus where the nuclear RIG-I accounts for the early recognition. With the increased nuclear 

export of progeny vRNPs, both pools of RIG-I are involved in vRNP interaction at the late stage 

of infection. Collectively, these results demonstrated a sustained interaction of nuclear-resident 

RIG-I with vRNP in the IAV life cycle, particularly at early time points when the abundance of 

cytoplasmic RIG-I agonists is limited.  
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Fig. 4.4. Nuclear-resident RIG-I constantly binds IAV vRNPs in the nucleus. 

(a, b) A549 cells were infected with ΔNS1-ms or PAfsΔNS1 virus at an MOI of 10. At indicated 

time points post-infection, cells were subjected to immunofluorescence for RIG-I (green) and 

IRF3 (cyan), and FISH for vRNA of the M segment (red). Nuclei were stained with DAPI (blue). 

The insets highlight the distinct vRNA distribution of the two mutant viruses. Scale bar = 25 μm.  

(c) Percentage of A549 cells with IRF3 nuclear translocation upon ΔNS1-ms and PAfsΔNS1 

infections was quantified from at least three random fields with ~100 cells for each time point 

after infection.  

(d) A549 cells were infected with WT PR8 or ΔNS1-ms (Δ) at an MOI of 5. At 8 h.p.i, cells were 

subjected to cellular fractionation and both cytoplasmic (Cyto) and nuclear (Nuc) fractions were 

immunoprecipitated (IP) with the RIG-I antibody or an IgG isotype control. The 

immunoprecipitates were analyzed by immunoblotting for RIG-I, NP, and NS1. α-tubulin and 

histone H3 served as the markers for the cytoplasmic and nuclear fractions, respectively. The 

heavy chains of IP antibodies are indicated by an asterisk (*).  

(e) Co-immunoprecipitation in the nuclear fractions of A549 cells infected with A/Victoria/3/75 

(H3N2) or A/chicken/British Columbia/CN-6/2004 (H7N3) was performed as in (d).  

(f) A549 cells were infected with WT PR8 (MOI = 2) for 6 or 14 h. Cells were subjected to 

cellular fractionation and co-immunoprecipitation in both the cytoplasmic and nuclear fractions 

was performed as in (d)   
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Fig. 4.5. RIG-I dependent IAV sensing upregulates RIG-I expression in neighboring cells. 

(a) A549 cells were left uninfected or infected with WT, ΔNS1-ms, or PAfsΔNS1 PR8 virus 

(MOI = 2) for 14 h. Cells were subjected to immunofluorescence for RIG-I (green) and IAV 

(red). Nuclei were stained with DAPI (blue). 

(b) WT or RIG-I KO A549 cells were left uninfected or infected with WT and the panel of 

mutant PR8 viruses (MOI = 10) for 8 h. Immunofluorescence was performed to determine the 

localization of viral NP protein (green) and IRF3 nuclear translocation (red). Nuclei were stained 

with DAPI (blue). The scale bar corresponds to 25 μm.  
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4.4.3 Nuclear-localized RIG-I senses nuclear viral RNA replication 

To further scrutinize the functional role of nuclear RIG-I in RNA sensing, we took 

advantage of the IAV RNP reconstitution system, which recapitulates nuclear RNA synthesis 

with the minimal set of viral proteins 681. Consistent with that in infected A549 cells (Fig. 4.4d), 

a nuclear pool of RIG-I was detected in RNP reconstituted 293T cells ectopically expressing a 

FLAG-tagged RIG-I which also bound to nuclear vRNPs (Fig. 4.6a). The RNA species extracted 

from the nuclear RIG-I immunoprecipitates were immunostimulatory when transfected into 293T 

reporter cells (Fig. 4.6b). We next examined the cellular localization of viral RNA species in 

RNP reconstituted cells, particularly that of the essential RIG-I agonists (vRNA and cRNA) as 

previously reported 465, 620. While a portion of viral mRNA was exported to the cytoplasm, full-

length vRNA and cRNA of the NA segment were strictly confined to the nuclei of reconstituted 

cells (Fig. 4.7a). Reconstitution in the presence of a catalytically inactive PB1 (PB1a) served as 

the baseline for quantification of viral RNA levels 682. Similarly, the FISH analysis revealed 

exclusive nuclear staining of M vRNA upon M segment reconstitution (Fig. 4.7b). 

Accordingly, we specifically examined whether a nuclear-localized RIG-I responds to 

IAV RNA synthesis leading to IFN induction. RIG-I was tagged with an SV40 large T antigen 

nuclear localization signal (NLS) to direct it to the nucleus (Fig. 4.7b). While SLN- and NES-

tagged RIG-I responded efficiently to the cytoplasmic delivery of a synthetic RIG-I ligand, NLS-

RIG-I remained inactive upon stimulation (Fig. 4.7c). Next, 293T cells were reconstituted with 

each of the eight viral segments in the presence of SLN-, NLS-RIG-I, or GFP. None of these 

constructs affected IAV polymerase activity (Fig. 4.8a). Although SLN-RIG-I overexpression 

resulted in a detectable residual level of IFNβ promoter activation, reconstitution of the PA, HA, 

NA, and M segments significantly enhanced IFN induction (Fig. 4.7d). In contrast, NLS-RIG-I 

itself showed minimal IFN induction but responded significantly to the reconstitution of most 

segments, except for the NP and NS segments (Fig. 4.7e). This IFN suppression by NP and NS 

reconstitutions was also observed in the presence of SLN-RIG-I (Fig. 4.7d). While the 

expression of NS1 conferred the inhibitory effect, NP protein alone did not impede dsRNA-

induced IFN induction (Fig. 4.8b). However, IFNβ promoter activation by NA reconstitution was 

suppressed by NP expression in a dose-dependent manner (Fig. 4.8c), suggesting that the NP 

level negatively regulates the generation of immunostimulatory RNA. Nonetheless, these results 

demonstrated that NLS-RIG-I was competent in sensing viral RNA synthesis in the nucleus. 
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Next, we examined the requirement of viral transcription and replication for NLS-

RIG-I activation. Reconstitution in the presence of transcription-defective polymerases (PB2-

E361A and PA-D108A) 39, 683 was able to generate viral RNA species stimulating NLS-RIG-I. In 

contrast, no apparent IFNβ promoter activation was detected for reconstitution with replication-

defective polymerases (PB2-R142A and PA-E410A) 684, 685 (Fig. 4.7f). All mutant polymerases 

expressed to similar levels as the WT polymerase (Fig. 4.9a).  Quantification of viral RNA levels 

produced by mutant polymerases further revealed that the levels of IFNβ promoter activation 

were proportional to that of the full-length vRNA (Fig. 4.7f and 4.7g). This correlation was 

further confirmed by a dose-dependent activation of IFNβ promoter with an increasing amount 

of vRNA expressing plasmids (Fig. 4.8d). Notably, compared to SLN- and NES-RIG-I which 

consistently showed basal levels of activity, NLS-RIG-I exhibited superior signaling capacity in 

sensing augmented viral replication associated with transcription-defective polymerases (Fig. 

4.7f and 4.7g). It is noted that no DI RNA was detected upon NA reconstitution (Fig. 4.9b). 

Collectively, these results demonstrated that the nuclear-localized RIG-I senses nuclear viral 

RNA replication and is able to elicit greater IFN response possibly by gaining closer proximity 

to immunostimulatory viral RNA. 
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Fig. 4.6. Nuclear RIG-I associates with vRNP of IAV in RNP reconstitution. 

(a) 293T cells were RNP reconstituted with the M segment in the presence of FLAG vector or 

FLAG-RIG-I for 24 h. Cells were subjected to cellular fractionation and the nuclear fractions 

were immunoprecipitated (IP) with the FLAG antibody. Expression levels of FLAG-RIG-I, PB1, 

and NP were determined by immunoblotting. α-tubulin and histone H3 served as the markers for 

the cytoplasmic and nuclear fractions, respectively. The heavy chains of IP antibodies are 

indicated by an asterisk (*). 

(b) 293T cells were RNP reconstituted with the Pol I vector or M segment in the presence of 

FLAG-RIG-I. FLAG immunoprecipitates from the nuclear fractions were extracted with TRIzol 

Reagent (Invitrogen) and the associated RNA (50 ng) was tested for immunostimulatory activity 

in 293T cells transfected with p125Luc and pTK-rLuc. RLUs were determined at 24 h after RNA 

transfection and expressed as fold change relative to the Pol I vector control. Data are shown as 

mean ± SD of two independent experiments. A significant difference was determined by an 

unpaired Student’s t test. **p < 0.01.  
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Fig. 4.7. Nuclear RIG-I senses nuclear viral replication during RNP reconstitution. 

(a) 293T cells were RNP reconstituted (PR8 NA segment) in the presence of GFP, SLN-RIG-I, 

or NLS-RIG-I for 24 h and were subjected to cellular fractionation. The levels of viral RNA 

species in the cytoplasmic (Cyto) and nuclear (Nuc) fractions were determined by strand-specific 

qRT-PCR. Fold change is expressed using the ΔΔCt method relative to the nuclear RNA fraction 

of the PB1a reconstitution.  

(b) RNP reconstituted 293T cells (PR8 M segment) were subjected to immunofluorescence for 

FLAG-RIG-I (green) and FISH for M vRNA (red) at 24 h.p.t. Nuclei were stained with DAPI 

(blue). Scale bar = 10 μm.  

(c) 293T cells were cotransfected with plasmids encoding GFP or various RIG-I constructs along 

with p125Luc and pTK-rLuc followed by transfection with a 19-bp 5′ppp-dsRNA. RLUs are 

expressed as fold change relative to the GFP group without RNA stimulation (lane 1). 

Expression levels of FLAG-RIG-I/2CARD and GFP were determined by immunoblotting. 

Significant differences between mock-transfected and dsRNA-transfected cells expressing GFP 

or either RIG-I constructs were determined by two-way ANOVA followed by Sidak post-test.  

(d, e) 293T cells were RNP reconstituted with a Pol I vector or each of the eight viral segments 

in the presence of GFP, SLN-RIG-I, or NLS-RIG-I for 24 h. RLUs are expressed as fold change 

relative to the Pol I vector reconstitution with GFP. Significant differences between 

reconstitutions with viral segments and Pol I vector were determined by one-way ANOVA 

followed by Tukey post-test.  

(f) 293T cells were RNP reconstituted (PR8 NA segment) using either inactive (PB1a), WT, 

transcription-defective (T-), or replication-defective (R-) polymerases in the presence of GFP, 

SLN-RIG-I, NES-RIG-I, or NLS-RIG-I for 24 h. RLUs are expressed as fold change relative to 

the PB1a reconstitution in the presence of GFP.  

(g) The levels of viral RNA species in RNP reconstituted cells (f) were determined by strand-

specific qRT-PCR and are expressed as percentage changes compared to the reconstitution using 

WT polymerase. Data are shown as mean ± SD of three experiments. ***p < 0.001; 

****p < 0.0001; n.s. not significant  
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Fig. 4.8. Levels of NP expression affect the generation of immunostimulatory RNA during 

RNP reconstitution. 

(a) 293T cells were cotransfected with four Pol II-driven plasmids (50 ng each) expressing viral 

polymerase subunits (PB2, PB1, and PA) and NP, a Pol I-NP-fLuc plasmid expressing reporter 

vRNA (50 ng), pTK-rLuc (10 ng), along with plasmids encoding GFP, SLN-, NES-, or NLS-

RIG-I (100 ng). Reconstitution in the presence of a catalytically inactive PB1 subunit (PB1a) 

served as a negative control. RLUs were determined at 24 h.p.t and expressed as percentage 

changes compared to the GFP group. 

(b) 293T cells were cotransfected with pCMV-FLAG-RIG-I (50 ng), p125Luc (100 ng), pTK-

rLuc (10 ng), and increasing amount of Pol II-driven GFP, NP, or NS1 (50, 100, and 200 ng) for 

6 h followed by stimulation with the 19-bp 5’ppp-dsRNA (100 ng) for 18 h. RLUs were 

expressed as fold change relative to the GFP (50 ng) control without RNA stimulation. Cell 

lysates were subjected to immunoblotting for FLAG-RIG-I, GFP, NP, and NS1 expression. 

(c) 293T cells were RNP reconstituted with Pol I vector or PR8 NA segment (50 ng) in the 

absence or presence of increasing amount of pcDNA-NP (50, 100, and 200 ng) along with 

pCMV-FLAG-SLN- or NLS-RIG-I (100 ng), p125Luc (100 ng), and pTK-rLuc (10 ng). RLUs 

were measured at 24 h.p.t and expressed as fold change relative to the Pol I vector reconstitution 

in the presence of 50 ng pcDNA-NP and 100 ng pcDNA-GFP (lane 1). Cell lysates were 

subjected to immunoblotting for FLAG-RIG-I, GFP, NP, and PA expression. 

(d) 293T cells were RNP reconstituted with Pol I vector (50 ng) or increasing amount of Pol I-

NA (50, 100, and 200 ng) along with plasmids encoding GFP, SLN-, NES- or NLS-RIG-I (100 

ng), p125Luc (100 ng), and pTK-rLuc (10 ng). RLUs were measured at 24 h.p.t. and expressed 

as fold change relative to the Pol I vector reconstitution in the presence of GFP. Data are shown 

as mean ± SD of three independent experiments performed in triplicates. 

  



 
125 

 

 

 

 
 

Fig. 4.9. Expression levels of mutant IAV polymerases and DI genome detection in RNP 

reconstitution. 

(a) Expression levels of GFP, FLAG-RIG-I, and mutant IAV polymerases in Fig. 3f were 

determined by immunoblotting. 

(b) Total RNA was extracted from 293T cells RNP reconstituted with Pol I vector or PR8 NA 

segment using TRIzol and subjected to RT-PCR using NA segment-specific primers located in 

the 3’ and 5’ non-coding regions (NCR) to detect the full-length (FL) and defective-interfering 

(DI) RNA simultaneously. Viral genomic RNA extracted from PR8-infected culture supernatants 

after passages at a low MOI (0.001) and a high MOI (10 for three consecutive passages) was 

amplified and served as controls for the absence and presence of DI RNA derived from the NA 

segment, respectively.  
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4.4.4 Nuclear RIG-I senses IAV via the canonical signaling axis 

In the context of viral infection, we assessed the ability of nuclear RIG-I to sense IAV 

replication. RIG-I KO A549 cell lines inducibly expressing NLS-RIG-I and RIG-I with K270A 

mutation were constructed, with the latter serving as a signaling-inactive control 226. As the 

ectopic expression of RIG-I for an extended period of time elicits autonomous IFN response 

thereby inhibiting viral infection, we limited the Dox-induced RIG-I expression in inducible 

A549 cells to 4 hours. These cell lines, alongside with the SLN- and NES-RIG-I expressing cell 

lines, were subsequently infected with PAfsΔNS1 or ΔNS1-ms and probed for IRF3 nuclear 

translocation. Consistent with that in RNP-reconstituted 293T cells, complementation of RIG-I 

KO A549 cells with NLS-RIG-I mediated IRF3 nuclear translocation as efficiently as the SLN- 

and NES-RIG-I, whereas K270A-RIG-I did not respond to IAV infection (Fig. 4.10a). Although 

PAfsΔNS1 exhibited confined vRNA to the nucleus, it elicited comparable levels of IRF3 

activation to that of ΔNS1-ms infection (Fig. 4.10a). Given the low levels of endogenous nuclear 

RIG-I in wild-type cells, we titrated Dox concentration on NLS-RIG-I expressing cells to match 

its expression comparable to the physiological levels (Fig. 4.11a). Upon ΔNS1-ms infection, low 

levels of NLS-RIG-I expression mediated efficient IFNβ and IP10 induction in a Dox dose-

dependent manner (Fig. 4.11b and 4.11c). Strikingly, compared to RIG-I KO cells, even trace 

amount of NLS-RIG-I remained active in sensing IAV infection and inducing antiviral gene 

expression (Fig. 4.11d-g). Next, we compared the kinetics of IRF3 activation mediated by 

compartment-specific RIG-I in response to PAfsΔNS1 virus infection. Although IRF3 activation 

in cells expressing either RIG-I peaked at 7 h.p.i, both NES- and NLS-RIG-I expressing cell 

lines exhibited delayed IRF3 activation during 4 to 6 h.p.i (Fig. 4.10b and 4.10c), suggesting 

cooperative roles of cytoplasmic and nuclear RIG-I in sensing IAV replication. 

We next delineated the signaling cascade involved in nuclear RIG-I sensing. In RNP 

reconstitution, we validated that NLS-RIG-I activation as determined by IFNβ promoter 

activation correlated with IRF3 phosphorylation and expression of antiviral genes such as IFNβ 

and IP10 (Fig. 4.10d and 4.12). Point mutations that abrogated three well-characterized RIG-I 

signaling motifs were introduced into NLS-RIG-I 226, 506, 566, 686. NA reconstitution in the 

presence of NLS-RIG-I with abolished ATPase activity (K270A), tripartite motif-containing 

protein 25 (TRIM25) interaction (T55I), or RNA binding (K888E) failed to induce IFNβ 

promoter activation (Fig. 4.10e). Knockdown of MAVS by siRNA diminished NLS-RIG-I 
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mediated IFNβ promoter activation by NA reconstitution in 293T cells (Fig. 4.10f) and IRF3 

phosphorylation in NLS-RIG-I expressing A549 cells infected with PAfsΔNS1 (Fig. 4.10g, lane 

15 vs. lane 18). To further demonstrate the requirement of MAVS for nuclear RIG-I sensing, 

RIG-I-MAVS double KO (DKO) A549 cell line was generated followed by episomal 

complementation with NLS-RIG-I (Fig. 4.13a). While RIG-I KO cells expressing NLS-RIG-I 

showed substantial IRF3 nuclear translocation upon PAfsΔNS1 infection, ablation of MAVS 

abolished NLS-RIG-I mediated IRF3 activation in RIG-I-MAVS DKO cells (Fig. 4.10h). 

Moreover, no apparent change in the subcellular localization of MAVS was observed in infected 

cells expressing compartment-specific RIG-I (Fig. 4.13b). These results demonstrated that the 

signaling pathway for NLS-RIG-I is consistent with the canonical RIG-I signaling axis for viral 

RNA sensing and IFN induction. 
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Fig. 4.10. Nuclear RIG-I senses IAV via the canonical signaling axis. 

(a) A549 RIG-I KO cell lines inducibly expressing SLN-RIG-I, NES-RIG-I, NLS-RIG-I, or 

K270A-RIG-I were induced with 1 μg/mL Dox for 4 h followed by infection with PAfsΔNS1 or 

ΔNS1-ms (MOI = 10) for 7 h. The cells were subjected to immunofluorescence for FLAG-RIG-I 

(green) and IRF3 (cyan), and FISH for M vRNA (red).  

(b) Dox-induced A549 cell lines were infected with PAfsΔNS1 virus (MOI = 10). At indicated 

h.p.i, the protein expression was determined by immunoblotting.  

(c) Kinetics of IRF3 phosphorylation (b) normalized to total IRF3 and β-actin levels were 

determined by densitometric analysis (ImageJ).  

(d, e) 293T cells were RNP reconstituted with Pol I vector or PR8 NA segment in the presence of 

GFP, SLN-RIG-I, or NLS-RIG-I (d), or in the presence of NLS-RIG-I harboring K270A, T55I, 

and K888E mutations (e) for 24 h. The protein expression was determined by immunoblotting 

(d). RLUs are expressed as fold change relative to the Pol I vector reconstitution in the presence 

of GFP (d, e).  

(f) 293T cells were transfected with 10 nM scramble siRNA (siScramble) or MAVS siRNA 

(siMAVS) for 24 h followed by RNP reconstitution in the presence of GFP or various RIG-I 

constructs for another 24 h. RLUs are expressed as that in d and e. Data are shown as mean ± SD 

of three experiments. Significant differences were determined by an unpaired Student’s t-test (d) 

or one-way ANOVA followed by Tukey post-test (e, f). ***p < 0.001; n.s. not significant.  

(g) Inducible A549 cell lines were transfected with 10 nM indicated siRNA for 40 h, followed by 

Dox induction (4 h) and PAfsΔNS1 infection (MOI = 10, 6 h). The protein expression was 

determined by immunoblotting.  

(h) A549 RIG-I KO and RIG-I-MAVS DKO cell lines complemented with NLS-RIG-I were left 

non-induced, or Dox-induced followed by mock or PAfsΔNS1 infection (MOI = 10, 8 h). 

Immunofluorescence was performed to detect FLAG-RIG-I (green), IRF3 (cyan), and IAV (red). 

Nuclei were stained with DAPI (blue). Scale bar = 25 μm (a, h) 
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Fig. 4.11. Physiologically comparable levels of nuclear RIG-I are sufficient for sensing IAV, 

but not SeV replication. 

(a) A549 RIG-I KO cells expressing NLS-RIG-I were induced with a range of Dox concentration 

(0 to 1 μg/mL) for 4 h and the expression levels of NLS-RIG-I in the whole cell extracts were 

compared with that of the endogenous nuclear RIG-I in the nuclear fractions of wild-type A549 

cells left non-infected or infected with WT PR8 or ΔNS1-ms (MOI = 5) for 6 h. Immunoblotting 

was performed to detect the levels of viral NP and NS1 proteins. RIG-I expression was probed 

by both RIG-I and FLAG antibodies, with the latter specifically detecting NLS-RIG-I which 

contains a tandem FLAG tag. α-tubulin and histone H3 served as the markers for the cytoplasmic 

and nuclear fractions, respectively. Three doses of Dox (marked in red) were selected for 

subsequent NLS-RIG-I induction to achieve comparable or slightly higher levels than the 

endogenous nuclear RIG-I.  

(b and c) A549 RIG-I KO cells expressing NLS-RIG-I were left non-induced or induced with the 

selected doses of Dox for 4 h, followed by mock or ΔNS1-ms infection (MOI = 1) for 14 h. The 

mRNA levels of IFNβ (b) and IP10 (c) were determined by qRT-PCR. Relative mRNA 

expression was normalized to GAPDH mRNA levels and expressed using the ΔΔCt method 

relative to the condition with infection but without Dox induction (Column 1). 

(d-g) A549 RIG-I KO cells expressing NLS-RIG-I were left non-induced or induced with 0.01 

μg/mL Dox for 4 h, followed by infection with ΔNS1-ms (MOI = 1) or SeV (50 HAU) for 14 h. 

In parallel, RIG-I KO cells were left uninfected or infected under the same conditions. The 

mRNA levels of IFNβ (d), IP10 (e), IAV NP (f), and SeV N (g) were determined by qRT-PCR. 

Relative mRNA expression was normalized to GAPDH mRNA levels and expressed using the 

ΔΔCt method relative to the uninfected RIG-I KO cells (Column 1). Data are shown as mean ± 

SD of two independent experiments.  
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Fig. 4.12. IFNβ promoter activation by compartment-specific RIG-I as determined by 

luciferase reporter assay correlates with antiviral gene expression. 

(a) 293T cells were RNP reconstituted with Pol I vector or PR8 NA segment in the presence of 

GFP, SLN-, NES-, or NLS-RIG-I for 24 h. RLUs were expressed as fold change relative to the 

Pol I vector reconstitution in the presence of GFP. Expression levels of FLAG-RIG-I, GFP, PB1, 

and NP were determined by immunoblotting. 

(b and c) 293T cells were RNP reconstituted as in (a) and the mRNA levels of IFNβ (b) and IP10 

(c) were determined by qRT-PCR. Relative mRNA expression was normalized to GAPDH 

mRNA levels and expressed using the ΔΔCt method relative to the Pol I vector reconstitution in 

the presence of GFP. Data are shown as mean ± SD of two independent experiments. 
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Fig. 4.13. MAVS localization upon IAV infection in the presence of compartment-specific 

RIG-I. 

(a) Characterization of RIG-I-MAVS DKO A549 cell line. A549 WT, RIG-I KO, or RIG-I-MAVS 

DKO cells were left uninfected or infected with SeV (50 HAU/mL) or ΔNS1-ms (MOI = 5) for 8 

h. Expression levels of RIG-I, MAVS, phosphorylated IRF3, total IRF3, and M1 were monitored 

by immunoblotting. 

(b) RIG-I KO A549 cells inducibly expressing SLN-, NES-, NLS-, or K270A-RIG-I were 

induced with 1 μg/mL Dox for 4 h followed by infection with the PAfsΔNS1 virus (MOI =10) 

for 6 h. Cells were subsequently subjected to immunofluorescence for MAVS (green), IRF3 

(cyan), and FLAG-RIG-I (red). Nuclei were stained with DAPI (blue). The scale bar corresponds 

to 25 μm.  
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4.4.5 Nuclear RIG-I elicits antiviral response restricting IAV 

We next sought to assess the antiviral effect conferred by nuclear RIG-I. The ΔNS1-

ms virus was chosen to monitor the antiviral response as it had a relatively complete viral life 

cycle, unlike the PAfsΔNS1 virus. At 14 h.p.i, ΔNS1-ms induced IFNβ and IP10 mRNA 

expression in RIG-I KO A549 cells expressing NLS-RIG-I, albeit to slightly lower levels than 

that in SLN- and NES-RIG-I expressing cells (Fig. 4.14a and 4.14b). Furthermore, NLS-RIG-I 

impeded viral protein accumulation as efficiently as SLN- and NES-RIG-I at 24 h.p.i (Fig. 4.14c, 

lane 10 vs. lanes 2 and 6, compared to non-Dox induced lanes). NLS-RIG-I expression also led 

to reduced virus titer, albeit to a lesser extent compared to SLN- and NES-RIG-I (Fig. 4.14d). No 

inhibitory effect on viral protein accumulation and titer was observed in RIG-I-MAVS DKO cells 

expressing either RIG-I (Fig. 4.14c and 4.14d). In line with previous studies 123, 301, the signaling-

inactive K270A mutant of RIG-I, albeit deficient in IFN-inducing capacity (Fig. 4.14a and 

4.14b), consistently exhibited an antiviral effect to some extent. Such signaling-independent 

activity also required MAVS (Fig. 4.14c and 4.14d). Collectively, these findings demonstrated 

that the nuclear-resident RIG-I was able to restrict IAV replication by inducing a MAVS-

dependent IFN response and antiviral immunity.  
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Fig. 4.14. Nuclear RIG-I restricts IAV infection. 

(a, b) A549 RIG-I KO cell lines inducibly expressing SLN-RIG-I, NES-RIG-I, NLS-RIG-I, or 

K270A-RIG-I were induced with 1 μg/mL Dox for 4 h, followed by infection with ΔNS1-ms 

(MOI = 1) for 14 h. The mRNA levels of IFNβ and IP10 (CXCL10) were determined by qRT-

PCR. Relative mRNA expression was normalized to GAPDH mRNA levels and expressed using 

the ΔΔCt method relative to the SLN (with Dox but without infection) condition.  

(c) Inducible A549 RIG-I KO or RIG-I-MAVS DKO cell lines were induced as in a and b, and 

infected with ΔNS1-ms (MOI = 0.1) for 24 h. Expression levels of FLAG-RIG-I, MAVS, PB1, 

NP, and M1 were monitored by immunoblotting.  

(d) Virus titers in the culture supernatants from c were determined by plaque assay in MDCK-

NS1 cells. Data are mean ± SD of three independent experiments. Significant differences were 

determined by one-way ANOVA followed by Tukey post-test (a, b) or an unpaired Student’s t-

test (d). *p < 0.05, **p < 0.01, ****p < 0.0001; n.s. not significant  
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4.4.6 Nuclear RIG-I shows compartment-specific signaling capacity 

We last assessed whether nuclear RIG-I confers signaling specificity towards viral 

agonists in the nucleus. To this end, we examined the ability of NLS-RIG-I to sense the 

cytoplasmic-replicating SeV. As with the conditions for IAV infection (Fig. 4.10a), RIG-I KO 

A549 cell lines complemented with the compartment-specific or signaling-inactive RIG-I were 

infected with SeV and probed for IRF3 nuclear translocation. At 8 h.p.i, while SeV stimulated 

IRF3 activation in SLN- and NES-RIG-I expressing cells, cells expressing NLS-RIG-I did not 

respond to SeV replication, resembling that in K270A-RIG-I expressing cells (Fig. 4.15a). This 

null responsiveness by NLS-RIG-I to SeV was further confirmed by quantifying the percentage 

of cells with the IRF3 nuclear translocation at the single-cell level (Fig. 4.15b), and IRF3 

phosphorylation across the infected cell population (Fig. 4.15c). At physiologically comparable 

levels, NLS-RIG-I also failed to sense SeV replication, whereas it efficiently induced antiviral 

gene expression in response to IAV infection (Fig. 4.11d-g). Together with the efficient IRF3 

activation upon IAV replication (Fig. 4.10a), these results demonstrated a compartment-specific 

functional sensing by nuclear RIG-I of nuclear-replicating, but not cytoplasmic-replicating 

viruses. 

To further extend the compartment-specific role of nuclear RIG-I to the sensing of a 

nuclear-replicating DNA virus, we chose hepatitis B virus (HBV) since its pregenomic RNA 

(pgRNA) has been characterized as a RIG-I agonist 300. During the HBV life cycle, pgRNA was 

transcribed from the viral covalently closed circular DNA (cccDNA) in the nucleus followed by 

nuclear export for reverse transcription 687. To explore the potential association of nuclear-

resident RIG-I with pgRNA, stable Huh-7 cells harboring an HBV genome were subjected to 

cellular fractionation and the nuclear extract was immunoprecipitated with the RIG-I antibody. 

As observed in IAV infection, endogenous RIG-I remained at basal levels in HBV replicon cells 

(Fig. 4.15d and 4.16a); however, the trace of nuclear-resident RIG-I efficiently associated with 

pgRNA as compared with the IgG control (Fig. 4.15e). Rather than type I IFN induction, HBV 

pgRNA sensing by RIG-I stimulated a type III IFN response 300. In Huh-7.5 cells whose genome 

encodes a signaling-incompetent endogenous RIG-I 240, ectopic expression of a WT RIG-I 

mediated efficient IFNλ1 mRNA production in response to transfection with the WT, but not the 

HBx-deficient HBV genome (Fig. 4.15f, left). This differential IFNλ1 induction correlated with 

the relative levels of pgRNA accumulated in transfected cells; the HBx-deficient HBV genome 
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produced significantly less pgRNA (Fig. 4.15f, right), consistent with a previous report 688. We 

next assessed whether nuclear RIG-I activation by HBV pgRNA contributes to type III IFN 

induction. SLN- and NES-RIG-I responded efficiently to pgRNA accumulation leading to IFNλ1 

promoter activation from 24 to 48 h.p.t (Fig. 4.15g) and ISRE promoter activation at 48 h.p.t in 

293T cells (Fig. 4.16b). In comparison, NLS-RIG-I exhibited minimal autonomous signaling 

activity but mediated noticeable IFNλ1 and ISRE promoter activation in 293T cells transfected 

with the HBV genome (Fig. 4.15g and Fig. 4.16b). Moreover, NLS-RIG-I sensing of pgRNA 

required its RNA binding activity, as RIG-I with K888E mutation 506, 686 was diminished in 

IFNλ1 and ISRE promoter activation (Fig. 4.16b and 4.16c). Consistent with that in 293T cells, 

NLS-RIG-I mediated IFNλ1 mRNA production from 48 to 72 h.p.t in HBV-transfected Huh-7.5 

cells, albeit to a lesser extent than SLN- and NES-RIG-I (Fig. 4.15h). Collectively, although the 

nuclear RIG-I was less potent than its cytoplasmic counterpart in pgRNA sensing and type III 

interferon induction, it was appreciably involved in sensing viral agonists derived from within 

the nucleus.  
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Fig. 4.15. Nuclear RIG-I exhibits compartment-specific signaling capacity. 

(a) A549 RIG-I KO cell lines inducibly expressing SLN-RIG-I, NES-RIG-I, NLS-RIG-I, or 

K270A-RIG-I were induced with 1 μg/mL Dox for 4 h, followed by infection with SeV 

(50 HAU/mL) for 7 h. Immunofluorescence was performed for FLAG-RIG-I (green) and IRF3 

(red). Nuclei were stained with DAPI (blue). Scale bar = 25 μm.  

(b) The percentage of cells positive for IRF3 nuclear translocation for each cell line (a) was 

calculated by quantifying ten random fields containing ~300 RIG-I-positive cells.  

(c) Dox-induced A549 cell lines were infected with SeV as in a. The protein expression was 

determined by immunoblotting.  

(d) The presence of RIG-I in both the cytoplasmic (Cyto) and nuclear (Nuc) fractions of stable 

Huh-7 cell lines was determined by immunoblotting.  

(e) RIP was performed using the nuclear extracts of Huh-7-pawy1.2 cells. The levels of HBV 

pgRNA and GAPDH pre-mRNA in IgG or RIG-I immunoprecipitates were determined by qRT-

PCR and are expressed as fold enrichment in the nuclear RIG-I immunoprecipitate relative to 

IgG.  

(f) Huh-7.5 cells were cotransfected with WT or ΔHBx HBV genome along with plasmids 

encoding GFP or RIG-I for 48 h. The levels of IFNλ1 mRNA and HBV pgRNA were determined 

by qRT-PCR. Fold change is expressed relative to the WT HBV transfection in the presence of 

GFP.  

(g) 293T cells were cotransfected with WT HBV genome along with plasmids encoding GFP or 

various RIG-I constructs, pGL-IFNλ1-fLuc, and pTK-rLuc. RLUs at indicated h.p.t are 

expressed as fold change relative to the mock transfection in the presence of GFP at 12 h.  

(h) Huh-7.5 cells were mock transfected or transfected with WT HBV genome in the presence of 

GFP or various RIG-I constructs. Kinetics of IFNλ1 mRNA and HBV pgRNA expression were 

determined by qRT-PCR. Fold change is expressed relative to the mock transfection in the 

presence of GFP at 24 h. Data are mean ± SD of two independent experiments and significant 

differences were determined by an unpaired Student’s t-test (e–h). *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001; n.s. not significant  
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Fig. 4.16. Sensing of HBV pgRNA by NLS-RIG-I requires its RNA binding activity. 

(a) Characterization of the Huh-7 cells stably transfected with an empty vector or a greater-than-

unit-length HBV genome (pawy1.2) carrying a firefly luciferase reporter (fLuc). 

(b) 293T cells were cotransfected with WT (pawy1.2) or ΔHBx (pawy1.2*7) HBV genome (200 

ng) along with plasmids encoding GFP, SLN-, NES-, NLS-, or NLS-K888E-RIG-I (100 ng), 

pGL-3xISRE-fLuc (100 ng), and pTK-rLuc (10 ng). RLUs were measured at 48 h.p.t. and 

expressed as fold change relative to the mock transfection in the presence of GFP. 

(c) 293T cells were cotransfected with WT (pawy1.2) or ΔHBx (pawy1.2*7) HBV genome (200 

ng) along with plasmids encoding NLS- or NLS-K888E-RIG-I (100 ng), pGL-IFNλ1-fLuc (100 

ng), and pTK-rLuc (10 ng). RLUs were measured at indicated time points post-transfection and 

expressed as fold change relative to the mock transfection in the presence of NLS-K888E-RIG-I 

at 12 h. Data are shown as mean ± SD of two independent experiments performed in triplicates 

(b, c).  
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Fig. 4.17. Proposed model for the formation of a perinuclear depot for nuclear RIG-I 

sensing of IAV replication. 

(1) Limited incoming vRNPs are sensed by cytoplasmic RIG-I (cRIG-I); (2) with the onset of 

nuclear viral replication, virus-derived PAMPs are captured by nuclear RIG-I (nRIG-I) and such 

signaling-competent complexes relay antiviral signals to MAVS located on perinuclear 

mitochondria once the nuclear membrane architecture (nuclear pores) is compromised; (3) 

progeny vRNPs following nuclear export provide additional PAMPs for cRIG-I sensing. 
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4.5 Discussion 

Our findings on nuclear-resident RIG-I provide advanced insight into the 

spatiotemporal detection of IAV by RIG-I, which has long been a puzzle given the nuclear 

replicating nature of IAV. To date, the time frame of RIG-I activation in the course of IAV 

infection has been attributed to at least three stages. These include RIG-I activation 1) by 

incoming vRNPs prior to nuclear import 123, 626; 2) during the course of viral RNA synthesis in 

the nucleus 628, and 3) by progeny vRNPs following their nuclear export 620. Among those, 

controversies remain regarding the relative contribution of the incoming vRNPs and the course 

of nuclear viral RNA synthesis to RIG-I activation. Although the incoming vRNPs immediately 

associate with RIG-I 123, 626, whether it leads to RIG-I activation and IFN induction remains 

unclear. In line with recent studies 628, 689, our data support the major contribution of nuclear viral 

RNA synthesis to RIG-I activation. Since RIG-I has been regarded as an exclusive cytoplasmic 

sensor, previous studies rationalized that the nuclear export of viral agonists is a prerequisite for 

RIG-I activation. Accordingly, this notion was supported by the observation that a chemical 

inhibitor causing nuclear retention of viral mRNA abolished IRF3 activation 628. However, while 

the nuclear retention of viral mRNA does not necessarily indicate that of other viral RNA 

species, treatment with the chemical inhibitor substantially diminished viral replication during 

which the essential agonists activating RIG-I are produced 465, 620. Given the identification of 

nuclear RIG-I in our study, we propose a shifting paradigm in which the RNA nuclear export is 

dispensable for RIG-I activation. While the nuclear export of viral agonists is required for the 

activation of cytoplasmic RIG-I, the nuclear RIG-I could directly sense the nucleus-derived viral 

agonists and initiate the onset of IFN induction. This additional layer of nonself surveillance in 

the nuclear compartment is particularly relevant for viruses that have a nuclear phase in their life 

cycles.  

During the course of IAV infection, the relative contributions of the two RIG-I pools 

are distinct, which fit in the time frame of the nucleocytoplasmic trafficking of vRNP. Nuclear 

RIG-I accounts for the early association with vRNP while both RIG-I pools are involved in 

vRNP interaction with the progression of vRNP nuclear export. Although vRNP association 

indicates closer proximity to the immunostimulatory RNA species such as the genomic vRNA, 

the early capture of vRNP by nuclear RIG-I did not facilitate a more rapid signaling activation. 

Either pool of RIG-I by itself mediated a delayed activation of IRF3 during a single-cycle 
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infection, suggesting a coordinated contribution by both the cytoplasmic and nuclear RIG-I to 

IAV sensing. Prior to the nuclear export of progeny vRNPs, while the cytoplasmic RIG-I 

provided limited sensing of incoming vRNP and/or undefined viral RNA species exported from 

the nucleus during nuclear viral replication, the nuclear RIG-I maximized the sensing by 6 h.p.i 

where nuclear viral RNA synthesis occurred at maximum capacity. During HBV replication, the 

nuclear RIG-I associated with pgRNA in the nucleus but only modestly induced type III 

interferons compared with the cytoplasmic RIG-I. As the nuclear RNA synthesis and export 

mechanisms of HBV differ substantially from that of IAV, the exact mode of nuclear RIG-I 

activation by HBV merits further investigation. 

Currently, no clear nucleocytoplasmic shuttling activity is defined for RIG-I. While a 

previous study proposed a RIG-I nuclear translocation model driven by its interaction with IAV 

vRNP components 627, we demonstrated nuclear localization of RIG-I even in the absence of 

viral infection. Mechanistically, nuclear RIG-I activation appears to require its shuttling out of 

the nucleus, as all its downstream adaptors, including TRIM25 and MAVS, are located in the 

cytoplasm. However, this translocation may not be absolutely required if a complete signaling 

cascade could be established within the nucleus. Interestingly, the recently identified nuclear 

TRIM25 fits into our finding, which would facilitate nuclear RIG-I activation 676. Upon IAV 

infection, no noticeable change in MAVS localization was observed, suggesting there is no 

reorganization of MAVS to facilitate interaction with activated nuclear RIG-I. Previous studies 

reported that MAVS filaments exhibited intertwined network with perinuclear distribution, 

indicating a close association with nuclear membrane 598, 690. Such intimate contact and even 

fusion of mitochondria with nuclear membrane have long been observed to provide an essential 

gateway for energy delivery dictating cellular mRNA transport 691. Thus, it is conceivable that 

the activated nuclear RIG-I interacts with the mitochondria and downstream adaptors at the 

nuclear membrane interface at regions of greater permeability. Interestingly, IAV infection 

induces Nup153 nucleoporin degradation resulting in nuclear pore enlargement to passively 

facilitate vRNP export 692. Therefore, we propose that during IAV infection, an altered nuclear 

membrane architecture may facilitate the formation of a sensing milieu for nuclear RIG-I at the 

perinuclear region (Fig. 4.17). Such perinuclear membrane-associated pattern also emerges for 

cytoplasmic RIG-I during acute SeV infection 598, 604. Moreover, the requirement of 
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compromised integrity of nuclear envelope has also been shown for herpesvirus-induced 

relocalization of host 5S ribosomal RNA pseudogene transcripts activating RIG-I 244. 

Overall, the identification and characterization of nuclear-resident RIG-I in relation to 

IAV infection provide the first evidence of a nonself RNA sensing paradigm in the nucleus. 

Compared to other members of the DExD/H-box RNA helicase family which are mostly nuclear 

shuttle or exclusively nuclear proteins 229, the nuclear localization of RIG-I likely implies a 

remnant function retained in the nucleus during its evolution towards the cytoplasmic 

compartment. Here we define such function as the active sensing of nucleus-derived viral RNA 

contributing to antiviral immunity. Understanding the nuclear roles for other RLRs and RNA 

sensors would facilitate the establishment of a complete nuclear RNA sensing paradigm and the 

coordination of RNA sensing pathways from cellular compartments culminating in virus 

restriction. 

4.6 Acknowledgment 

We thank S. Pleschka (Justus-Liebig University Giessen) for pMP plasmids harboring 

A/Victoria/3/75 (H3N2) segments, T. Fujita (Kyoto University) for pEF-flagRIG-I plasmid, F. 

Zhang (Broad Institute) for pSpCas9(BB)-2A-Puro (PX459) v2.0 plasmid, B. L. Slagle (Baylor 

College of Medicine) for payw1.2 and payw1.2*7 plasmids, T. Kameyama (Hokkaido 

University) for pGL4.18-λ1(-1070/+46) plasmid, and A. García-Sastre (Icahn School of 

Medicine at Mount Sinai) for the ∆NS1-ms virus. G.L. is partially supported by the Vaccinology 

and Immunotherapeutics (V&I) Scholarship from the School of Public Health, University of 

Saskatchewan. This work was supported by an NSERC grant to Y.Z. 



 
143 

TRANSITIONS BETWEEN CHAPTER 4 AND CHAPTER 5 

In Chapter 4, the existence of RIG-I in the nuclear compartment of cells was 

identified. The nuclear RIG-I, together with its cytoplasmic counterpart, coordinately sense IAV 

infection leading to the induction of type I IFN responses. The nuclear RIG-I constantly 

associates with nuclear vRNPs during IAV infection, and exhibits signaling specificity toward 

viral ligands derived within the nucleus. Interestingly, the signaling transduction of nuclear RIG-

I appears not to require its shuttling out of the nucleus, indicating that a complete upstream 

signaling axis could be established within the nucleus. 

One possibility for the cooperation of both cellular pools of RIG-I in maximizing IAV 

sensing is that they exhibit ligand specificity toward distinct but overlapping classes of viral 

agonists. Despite the identification of the full-length genomic RNA and DI RNA contributing to 

RIG-I activation, the full-spectrum of RIG-I ligands produced during IAV infection is not fully 

elucidated. Previous studies have proposed the potential contribution of aberrant viral RNA 

species to IFN induction; however, the nature of these RNAs remains unknown. In Chapter 5, I 

sought to investigate the involvement of aberrant viral RNA in RIG-I activation under cellular 

constraints impeding ongoing viral replication, which likely potentiates an erroneous viral 

polymerase activity. The immunostimulatory activity of these RNA species was also examined 

in the presence of compartment-specific RIG-I, which would likely provide a glimpse into the 

ligand specificity of the two cellular pools of RIG-I. 
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5.1 Abstract 

The germ-line encoded pattern-recognition receptors provide essential nonself immune 

surveillance within distinct cellular compartments. The retinoic acid-inducible gene I (RIG-I) is 

one of the primary cytosolic RNA sensors with an emerging role in the nucleus. It is involved in 

the spatiotemporal sensing of influenza A virus (IAV) replication, leading to the induction of 

type I interferons (IFN). Nonetheless, the physiological viral ligands activating RIG-I during 

IAV infection remain underexplored. Other than full-length viral genomes, the viral defective 

interfering (DI) genomes and unknown aberrant RNAs are potential RIG-I agonists, which are 

proposed to be erroneously generated by the viral polymerase under cellular constraints 

impeding ongoing viral replication. Here we interrogate the origins of RIG-I activating viral 

RNA under two such constraints that may potentiate a malfunctioning viral polymerase. Using 

chemical inhibitors that inhibit viral protein synthesis, we identify the incoming but not de novo 

synthesized DI genomes contributing to RIG-I activation. In comparison, deprivation of viral 

nucleoprotein (NP) leads to the production of aberrant viral RNA species activating RIG-I, but 

their nature is likely to be distinct from DI RNA. Moreover, RIG-I activation in response to NP 

deprivation is not adversely affected by expression of the nuclear export protein (NEP), which 

diminishes the generation of a major subset of aberrant viral RNA but facilitates the 

accumulation of small viral RNA (svRNA). Overall, our results indicate the existence of 

fundamentally different mechanisms of RIG-I activation under cellular constraints that impede 

ongoing IAV replication. 
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5.2 Introduction 

Nonself discrimination of invading pathogens relies on a multitude of pattern 

recognition receptors (PRRs) that specifically recognize and respond to pathogen-associated 

molecular patterns (PAMPs) 693. The virus-derived RNA molecules are a class of PAMPs whose 

intracellular deposition in vertebrate cells is detected by RNA sensors such as the RIG-I-like 

receptors (RLRs). RLRs are the major cytoplasmic RNA sensors recognizing nonself RNA 

derived from diverse virus families 236, 237. Their activation leads to the phosphorylation of 

transcription factors such as the interferon regulatory factor 3 (IRF3) which drives the expression 

of type I and/or type III interferons (IFNs) 230. Influenza A virus (IAV) bears a segmented, 

negative-strand RNA genome whose replication exclusively takes place in the cell nucleus 1. 

This unique site of replication differs from that of most RNA virus families but does not thereby 

endow IAV with RIG-I evasion. Over a decade, it has been clear that RIG-I plays an 

indispensable role in type I IFN induction by IAV 236, 237; however, it is until recently was an 

emerging role of RIG-I in the nuclear milieu identified which sheds light on its spatiotemporal 

detection of IAV replication 617. In contrast, the physiological RIG-I agonists produced from 

IAV remain underexplored. It is well acknowledged that the panhandle promoter structure 

residing in the IAV genomic or subgenomic RNA is mainly responsible for RIG-I activation and 

IFN induction 123, 250, 465, 620, 621. However, controversies remain in regard to the relative 

contribution of the full-length genome, detective-interfering (DI) RNA, and other aberrant viral 

RNA species to RIG-I activation during IAV infection 620, 621, 628.  

Ongoing IAV genome replication requires continuous viral protein synthesis to 

mediate the assembly of nascent viral ribonucleoprotein (vRNP) complexes 25. Therefore, IAV 

replication is sensitive to protein synthesis inhibitors such as cycloheximide (CHX) 628, 694, and 

transcription inhibitors such as actinomycin D (ActD) since IAV mRNA synthesis relies on the 

snatching of a 5’- cap structure from the donor RNA molecules transcribed by host RNA 

polymerase II 694-698. Although both inhibitors inhibit IAV replication, their effects on RIG-I 

activation by IAV remain controversial. CHX treatment during infection has been shown to 

either abrogate the generation of RIG-I stimulatory viral RNA species 620 or promote RIG-I 

activation through unclear mechanisms 628, 671, 699. ActD treatment completely blocked IRF3 

phosphorylation induced by IAV infection; the use of other transcription inhibitors, including 

alpha-amanitin and 5,6-dichloro-1-β-d-ribofuranosyl-benzimidazole (DRB), resulted in a similar 
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effect 628. Nonetheless, the immunostimulatory viral RNA species generated in the presence of 

CHX, or inhibited for synthesis by ActD, were undetermined. It also remains obscure whether 

these RNAs represent the known viral subgenomic RNA such as the DI genomes, or a class of 

novel aberrant RNA with unique genetic origin. 

The DI RNA is the major subset of IAV subgenomic RNA species produced during 

natural infection 700. It was historically discovered through in vitro passages of IAV stocks at a 

high multiplicity of infection (MOI) but was also recently detected in clinical human 

nasopharyngeal specimens in vivo 619, 701. Bearing a heterogeneous nature, DI RNA species 

primarily interfere with IAV genome replication by competing in vRNP assembly and genome 

packaging 619, 700. Additionally, DI RNA contributes to the induction of innate immune responses 

702; the prophylactic effects conferred by a cloned DI IAV on heterologous infections with non-

IAV respiratory viruses, but not on homologous infections with IAV, are critically dependent on 

its stimulation of type I IFN responses 703, 704. Moreover, reduced DI RNA accumulation has 

been correlated with impaired antiviral response and fatal cases of IAV infection 705. 

Intriguingly, IAV DI-like RNA species associate with RIG-I during in vitro infections and are 

potential viral RNAs erroneously produced in the presence of CHX 621, 628.  

In this study, we interrogate the origins of immunostimulatory viral RNA under 

distinct cellular constraints that inhibit ongoing viral replication. Chemical inhibition of viral 

protein synthesis reveals the incoming but not de novo synthesized DI RNA species contributing 

to RIG-I activation. Malfunctioned viral polymerase activity triggered by NP deprivation 

promotes de novo synthesis of viral RNA species activating RIG-I, but their nature is likely to be 

distinct from DI RNA. Expression of nuclear export protein (NEP) diminishes the generation of 

a major subset of small aberrant viral RNA under NP deprivation, yet has minimum effect on 

RIG-I activation likely owing to the emergence of small viral RNA (svRNA). Overall, our results 

indicate the existence of fundamentally different mechanisms of RIG-I activation under cellular 

constraints impeding ongoing IAV replication. 
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5.3 Materials and Methods 

5.3.1 Cells and viruses 

Madin-Darby canine kidney (MDCK) and human embryonic kidney (HEK) 293T cells 

were maintained in minimum essential medium (MEM, Sigma) and Dulbecco’s modified Eagle’s 

medium (DMEM, Sigma) supplemented with 10% FBS (Gibco) and 50 μg/mL gentamicin, 

respectively. Human lung carcinoma epithelial (A549) cells and A549 RIG-I KO cells were 

maintained in Ham’s F-12K (Kaighn’s) medium (Gibco) with 10% FBS and gentamicin. A549 

RIG-I KO cells inducibly expressing a nuclear export signal (NES)- or a nuclear localization 

signal (NLS)-tagged RIG-I were previously described 617 and were cultured in F-12K with 10% 

tetracycline-free FBS (Clontech) and 2 μg/mL puromycin (Invivogen). All cell cultures were 

maintained at 37ºC in a humidified 5% CO2 atmosphere. Influenza A virus strains A/Puerto 

Rico/8/34 (H1N1) (PR8), A/Halifax/210/2009 (H1N1) (Hfx09), A/Victoria/3/75 (H3N2) 

(Vic75), A/Swine/Texas/4199-2/98 (H3N2) (Tx98) and A/Chicken/British Columbia/CN-6/2004 

(H7N3) (BC04) were generated by the eight-plasmid reverse-genetics system as previously 

described 673. They were propagated in either 11-day-old embryonated chicken eggs or MDCK 

cells as indicated. Sendai virus (Cantell strain) was obtained from ATCC (VR-907) and 

propagated in embryonated chicken eggs. 

5.3.2 Chemical inhibitors, antibodies, and immunoblotting 

Cycloheximide (CHX) and actinomycin D (ActD) were obtained from Millipore-

Sigma and were used at working concentrations of 50 μg/mL and 1 μg/mL, respectively. 

Chemical inhibitors were added to the cells along with the virus inoculum and were present 

during the course of infection. Immunoblotting was performed as previously described 465 and 

the following antibodies were used: rabbit anti-RIG-I (EPR18629, Abcam), mouse anti-FLAG 

(M2, Sigma), rabbit anti-Phospho-IRF3 (Ser396) (D6O1M, CST), rabbit anti-IRF3 (D6I4C, 

CST), and mouse anti-β-actin (8H10D10, CST). Rabbit polyclonal antisera against IAV PB1, 

NP, and NS1 were raised in-house. Membranes were visualized with an Odyssey infrared 

imaging system (LI-COR). 
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5.3.3 DI preparation 

To prepare PR8 stocks with a low or a high DI content, MDCK cells were infected 

with the chicken egg allantoic fluid stock at a low (MOI = 0.001) or a high (MOI = 10) 

multiplicity of infection to generate the passage 1 virus stocks (designated PL1 and PH1, 

respectively). The PL1 stock was further passaged twice in MDCK at an MOI of 10-3 to generate 

the PL2 and PL3 stocks. In contrast, for the PH1 stock, an aliquot (1/10) was saved and the 

remainder was inoculated on MDCK cells to generate the PH2 stock. The same procedure was 

performed on PH2 to give the PH3 stock. The HA titers of PL1-PL3 and PH1-PH3 were determined by 

a hemagglutination assay and the DI contents of PH1-PH3 were examined by multi-segment RT-

PCR. 

5.3.4 Single- and multi-segment reverse transcription-PCR (S- and M-RTPCR) 

Viral genomic/subgenomic RNA was extracted from chicken egg allantoic fluids or 

MDCK cell culture supernatants using the TRIzol Reagent (Invitrogen) per manufacturer’s 

instructions. For S-RTPCR, the viral RNA was reverse transcribed with the Uni-12 primer (5’-

AGCAAAAGCAGG-3’) using the SuperScript IV reverse transcriptase (Invitrogen). The cDNA 

was treated with RNase H (Invitrogen) followed by PCR amplification with segment-specific 

primers for PB2, PB1, PA, and NA using the Q5 High-Fidelity DNA Polymerase (NEB). The 

primer sequences are available upon request. M-RTPCR was performed as described elsewhere 

with modifications 706. Reverse transcription of viral RNA was performed using the MBTuni-12 

primer (5’- ACGCGTGATCAGCAAAAGCAGG-3’) and SuperScript IV reverse transcriptase at 

42 °C. The cDNA was treated with RNase H and amplified with MBTuni-12 and MBTuni-13 

(5’-ACGCGTGATCAGTAGAAACAAGG-3’) primers using the HotStar HiFidelity polymerase 

(Qiagen). The PCR cycle parameters were 95°C for 5 min, 5 cycles of (94°C for 30 s, 45°C for 

30 s, and 68°C for 3 min), 31 cycles of (94°C for 30 s, 57°C for 30 s, and 68°C for 3 min), and 

final extension at 68°C for 10 min. 

5.3.5 RNA immunoprecipitation (RIP) 

The RIP was performed as previously described with minor modifications 617. Briefly, 

A549 cells were infected with the chicken egg allantoic fluid PR8 stock at an MOI of 50 in the 

presence CHX for 6 h. The cells were washed, trypsinized, and lysed in a buffer containing 50 

mM Tris-HCl (pH 7.4), 150 mM NaCl, 1.5 mM MgCl2, 1% NP-40, 1 mM EDTA, 100 μg/mL E. 
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coli tRNA (Roche), 100 U/mL RNasin (Promega), and 1×EDTA-free protease inhibitors at 4°C 

for 1 h. Meanwhile, 40 μl protein G Dynabeads (Invitrogen) were conjugated with 3 μg of either 

mouse IgG1 isotype control (CST) or mouse anti-RIG-I antibody (1C3, Millipore). The cleared 

lysates were subsequently incubated with the conjugated Dynabeads overnight at 4°C. The beads 

were vigorously washed with a buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 

0.5% NP-40, 1 mM EDTA, 100 μg/mL tRNA and 40 U/mL RNasin before digestion with 

proteinase K [20 mM Tris-HCl (pH 7.4), 100 mM NaCl, 2 mg/mL proteinase K (NEB), 1% NP-

40, 0.1% SDS, 100 U/mL RNasin, 100 μg/mL tRNA, and 1 mM EDTA] at 37°C for 1.5 h. The 

immunoprecipitated RNA was extracted with TRIzol and was subjected to S-RTPCR for PB2, 

PB1, PA, and NA segments using either the Uni-12 or Uni-13 as the RT primer. 

5.3.6 RNP reconstitution and luciferase reporter assay 

RNP reconstitution was performed as previously described 465. To measure the viral 

polymerase activity, 293T cells were co-transfected with Pol II plasmids encoding the wild-type 

(pcDNA-PB2, pcDNA-PB1, and pcDNA-PA) or the catalytically inactive viral polymerase 

(pcDNA-PB2, pcDNA-PB1-D445A/D446A 682, and pcDNA-PA), viral ribonucleoprotein 

(pcDNA-NP), and a Pol I plasmid encoding the Firefly luciferase gene (fLuc) flanked by the 5’ 

and 3’ non-coding regions of NP or NA segments (pHH21-NP-fLuc or pHH21-NA-fLuc) along 

with a plasmid constitutively expressing the Renilla luciferase (pTK-rLuc). When indicated, 

plasmids encoding GFP (pcDNA-GFP) or NEP (pCAGGS-NEP 707, a kind gift from M. 

Schwemmle, University of Freiburg) were supplemented to determine their effects on viral 

polymerase activities. For in-situ RIG-I activation, 293T cells were RNP reconstituted as 

described above except that the Pol I plasmid was substituted with that encoding the authentic 

viral segments (pHH21-PB2, PA, HA, or NA). Meanwhile, a plasmid encoding NLS-tagged 

RIG-I (pCMV-NLS-RIG-I) and an IFNβ promoter-driven plasmid encoding the Firefly luciferase 

(p125Luc) were supplemented. When indicated, the pcDNA-NP was omitted for the NP-free 

reconstitution condition, and the wild-type polymerase was replaced by either the transcription 

defective (pcDNA-PB2-E361A and PA-D108A) or the replication defective (pcDNA-PB2-

R142A and PA-E410A) polymerase constructs to examine the requirement of viral transcription 

and replication for RIG-I activation 39, 683-685. The plasmids encoding viral polymerases of 

A/Texas/36/91 (H1N1) (Tx91), A/Swine/Saskatchewan/18789/2002 (H1N1) (Sk02), Hfx09, 

Vic75, A/turkey/Ontario/6213/66 (H5N1) (ON6213), BC04, and A/British Columbia/1/2015 
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(H7N9) (BC15) were all constructed in the pcDNA backbone. The DNA transfection was 

performed using the TransIT-LT1 transfection reagent (Mirus Bio). To determine the 

immunostimulatory activity of extracted RNA, 293T cells were first transfected with p125Luc 

and pTK-rLuc for 24 h, followed by transfection with total or fractionated RNA using the 

Lipofectamine 2000 transfection reagent (Invitrogen). In all cases, the relative luciferase activity 

(RLU) was determined at 24 hours post-transfection (h.p.t) using the Dual-Luciferase Reporter 

Assay System (Promega) per manufacturer’s instructions. 

5.3.7 Northern blotting 

Northern blotting was performed as previously described with minor modifications 708. 

Briefly, total RNA was extracted from RNP reconstituted 293T cells at 48 h.p.t using the TRIzol 

Reagent. Thirty micrograms of total RNA were resolved on a 15% acrylamide/8 M urea 

denaturing gel followed by transferring onto the Hybond N+ membranes (Amersham) in a Trans-

Blot SD semi-dry transfer cell (Bio-Rad) at 1 mA/cm2 for 1.5 h. RNA was cross-linked to the 

nylon membrane at 120,000 μJ /cm2 for 1 min in a Stratalinker UV crosslinker (Stratagene). The 

membranes were pre-hybridized in the ULTRAhyb hybridization buffer (Ambion) at 42°C for 30 

min and hybridized with 1 nM 5’ biotinylated probes against NP-5’vRNA (5’-

AAAAATACCCTTGTTTCTACT-3’), NP-5’cRNA (5’-AGTGATTATCTACCCTGCTT-3’), or 

U6 (5’-GCCATGCTAATCTTCTCTGTATC-3’) at 42°C for 16 h. The membranes were washed 

2 × 5 min with a low stringency buffer (2× SSC, 0.1% SDS), 2 × 10 min with a high stringency 

buffer (0.1× SSC, 0.1% SDS) at 42°C, and developed using a Chemiluminescent Nucleic Acid 

Detection Module kit (Thermo Scientific) per manufacturer’s instructions. The membranes were 

visualized in a Molecular Imager VersaDoc MP 4000 system (Bio-Rad). The microRNA marker 

(N2102) was obtained from NEB. 

5.3.8 Primer extension analysis 

The primer extension analysis was performed as previously described with 

modification 709, 710. The 5’ infrared-labeled primers targeting the Hfx09 vRNA (5’-Tide Fluor 6-

GGTGCTGAGTTGCCATTTAC-3’), m/cRNA (5’-Tide Fluor 8-

TTCCAATTGTCATACAGACCG-3’), and 5S rRNA (5’-Tide Fluor 6-

TCCCAGGCGGTCTCCCATCC-3’) were obtained from Eurofins. Six micrograms (6 μg) of 

total RNA extracted from RNP-reconstituted 293T cells were mixed with 10 pmol of each primer 
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in a 6 μl reaction. The mixture was heated to 95°C for 5 min and cooled on ice for at least 1 min. 

An RT mixture in 4 μl was prepared to obtain 1× first-strand buffer, 10 mM DTT, 0.5 mM dNTP 

mix, and 100 U SuperScript IV reverse transcriptase after combining with the 6 μl-mixture. Both 

mixtures were heated to 50°C for 1 min before combined and incubated for 30 min at 50°C. The 

reaction was stopped by the addition of 8 μl loading buffer (90% formamide and 0.025% 

bromophenol blue) and heating to 95°C for 5 min. The products were resolved on a 12% 

acrylamide/8 M urea denaturing gel at 200 V for 1 h and visualized with an Odyssey infrared 

imaging system (LI-COR). 

5.3.9 Statistical analysis 

The statistical significance of differences was calculated using GraphPad Prism 7 

(GraphPad Software, Inc., USA) with Two-way ANOVA followed by the Sidak post-hoc test to 

obtain the p-value. Data are shown as mean ± SD of three independent experiments performed in 

triplicate unless otherwise indicated. Significant differences between groups are denoted by *p < 

0.05 or ****p < 0.0001. 
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5.4 Results 

5.4.1 IAV strains propagated in embryonated chicken eggs, but not in tissue cultures, 

activate RIG-I in the presence of CHX 

Inhibition of viral protein synthesis by CHX revealed the contribution of unknown 

RNA species other than progeny IAV genomic RNA to IFN induction 628, 671. In an attempt to 

identify the nature of such immunostimulatory RNA, we examined the CHX effect on IRF3 

phosphorylation induced by multiple IAV strains of different viral subtypes. These included 

human seasonal (Vic75-H3N2) and pandemic strains (Hfx09-H1N1pdm), as well as strains 

isolated from swine (Tx98-H3N2) and chicken (BC04-H7N3). Infection of A549 cells with 

either strain showed efficient accumulation of viral proteins at 8 hours post-infection (h.p.i) 

whereas CHX treatment blocked viral protein syntheses (Fig. 5.1A). In the absence of CHX, 

none of the strain tested stimulated IRF3 phosphorylation (Fig. 5.1A, lanes 3, 5, 7, 9, and 11), 

indicating efficient suppression by the respective NS1 protein. In contrast, CHX treatment 

revealed IRF3 activation by the PR8, Tx98, and BC04 strains (Fig. 5.1A, lanes 4, 10, and 12). 

Surprisingly, no IRF3 phosphorylation was detected for infection with the Hfx09 and Vic75 

strains even in the presence of CHX (Fig. 5.1A, lanes 6 and 8), suggesting that CHX unmasking 

of IRF3 activation is not a universal effect.  

In a search for the common feature shared by the three IRF3-activating strains (PR8, 

Tx98, and BC04), we found that they were phylogenetically unrelated but were all propagated in 

embryonated chicken eggs (allantoic fluid stocks). In comparison, the other two strains (Hfx09 

and Vic75) were propagated in MDCK cells and had no passage history in eggs. To confirm this 

effect, we directly compared PR8 stocks derived from chicken eggs or MDCK cells for IRF3 

activation in the presence of CHX. The IRF3 phosphorylation was readily detectable in CHX-

treated A549 cells infected with the allantoic fluid stock (designated “af” hereafter), but not the 

MDCK tissue culture supernatant (designated “tcs” hereafter) (Fig. 5.1B, lanes 6 and 10). 

Meanwhile, we determined the RIG-I dependency of PR8(af) induced IRF3 phosphorylation. 

PR8(af) infection of A549 RIG-I KO cells in the presence of CHX failed to stimulate IRF3 

phosphorylation (Fig. 5.1B, lanes 6 and 8), demonstrating a strict RIG-I-mediated IRF3 

activation by the allantoic fluid virus stock. It has been acknowledged that virus stocks 

propagated in chicken eggs or tissue cultures contain various levels of DI particles 711, 712. We 

rationalized that the incoming DI genomes from the allantoic fluid virus stock may contribute to 
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RIG-I activation. Indeed, in the presence of CHX, infection of A549 cells with increasing 

amount of input PR8(af) led to a dose-dependent IRF3 phosphorylation, whereas Vic75(tcs) 

infection at the highest tested MOI did not activate RIG-I (Fig. 5.1C). Moreover, direct 

amplification of DI contents within the allantoic vs. tissue culture stocks of PR8 showed that 

PR8(af) contained more DI genomes derived from the three polymerase genes (PB2, PB1, and 

PA) than PR8(tcs). As a control, no DI genome was detected for the NA gene from either source 

(Fig. 5.1D). Taken together, these results indicated that the incoming DI genomes derived from 

chicken allantoic fluid virus stocks contributed to RIG-I activation in the presence of CHX.  
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Fig. 5.1. CHX unmasking of RIG-I activation by IAV strains propagated in embryonated 

chicken eggs, but not in tissue culture. 

(A) A549 cells were infected with a panel of IAV strains (PR8-H1N1, Hfx09-H1N1pdm, Vic75-

H3N2, Tx98-swH3N2, and BC04-chH7N3) at an MOI of 10 in the absence or presence of CHX 

(50 μg/mL) for 8 h.  

(B) WT or RIG-I KO A549 cells were infected with PR8 stocks propagated in embryonated 

chicken eggs (af) or MDCK cells (tcs) (MOI =10) in the absence or presence of CHX for 8 h. 

(C) A549 cells were infected with an increased dose of allantoic fluid stock of PR8 (MOI =5, 10, 

and 50) or tissue culture stock of Vic75 (MOI = 50) in the absence or presence of CHX for 8 h. 

The cell lysates were subjected to immunoblotting for phosphorylated IRF3 (S396), total IRF3, 

RIG-I, PB1, NP, NS1, and β-actin. 

(D) Total RNA extracted from the tissue culture (tcs) or allantoic fluid (af) stock of PR8 was 

subjected to single-segment reverse transcription-PCR (S-RTPCR) to amplify the DI RNA 

species derived from the three viral polymerase genes. The amplification of the NA segment 

served as a negative control for DI presence since it is not a major source of DI RNA generation. 
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5.4.2 RIG-I activation by allantoic-fluid derived DIs is insensitive to ActD 

Another possibility for RIG-I activation by allantoic fluid virus stocks is that a chicken 

RNA species present in the allantoic fluid, rather than the viral RNA, was sensed by RIG-I in the 

presence of CHX. To test this, the PR8(af) stock was consecutively passaged in MDCK cells at a 

low MOI to dilute the presence of such RNA. Along the three passages (PL1-PL3), each virus 

stock was still able to induce IRF3 phosphorylation to similar levels in CHX-treated A549 cells 

(Fig. 5.2A, lanes 5, 8, and 11), suggesting that it was not an allantoic fluid-derived chicken RNA 

activating RIG-I. The persistence of the immunostimulatory RNA species along low MOI 

passages indicated its ability to be replicated, conforming with the property of DI genomes. The 

PR8(af) stock was further passaged in MDCK cells at a high MOI to enrich the DI content (Fig. 

5.2B). The stock of the second passage (PH2) induced detectable IRF3 phosphorylation in A549 

cells in the absence of CHX, concomitant with reduced viral protein accumulation (Fig. 5.2A, 

lane 19) and loss of most genome segments in the virus stock as determined by multi-segment 

RT-PCR (Fig. 5.2B, lane 3). CHX treatment further enhanced IRF3 activation by the PH2 (Fig. 

5.2A, lane 20). The PH3 stock from the third high MOI passage had a dramatic reduction in HA 

titers due to the interference by DI genomes (Liu and Zhou, unpublished data), leading to a low 

rate of virus infection and IRF3 activation (Fig. 5.2A, lanes 22 and 23). 

A previous study has shown that CHX unmasking of IRF3 phosphorylation was 

sensitive to the transcription inhibitor ActD 628. We next determined the effect of ActD on RIG-I 

activation by the incoming DI genomes. As with the CHX effect, ActD treatment during PR8(af) 

infection also blocked IAV protein synthesis but led to a reduced level of IRF3 phosphorylation 

compared to CHX (Fig. 5.2C, lanes 6 and 7). Noticeably, a small amount of viral proteins, 

including NP and NS1, was still detectable in the presence of ActD (Fig. 5.2A and 5.2C), 

indicating that ActD was less potent than CHX in inhibiting viral protein synthesis. As such, the 

trace of NS1 leaky expression likely contributed to the reduced level of RIG-I activation. Indeed, 

the PH2 stock of PR8(af), which contained the highest amount of infectious DI particles (Fig. 

5.2B), stimulated similar levels of IRF3 phosphorylation in the presence of ActD or CHX, 

concomitant with barely detectable viral proteins in both conditions (Fig. 5.2A, lanes 20 and 21). 

Moreover, treatment of A549 cells with CHX and ActD in combination reversed the levels of 

IRF3 activation to that observed with CHX alone (Fig. 5.2C, lanes 6-8), demonstrating that the 

reduced IRF3 phosphorylation in the presence of ActD resulted from the leaky expression of 
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viral RIG-I-antagonizing proteins such as NS1. In parallel, we compared the effects of CHX, 

ActD, or CHX and ActD in combination on IRF3 phosphorylation induced by Sendai virus 

(SeV). The Cantell strain of SeV is prone to generate trailer copy-back DI genomes which are 

potent RIG-I agonists during infection (Fig. 5.2C, lane 9). Consistent with previous studies 628, 

RIG-I activation by SeV is insensitive to ActD (Fig. 5.2C, lane 11), as SeV replication is 

independent of cellular RNA transcription. However, CHX inhibition of protein synthesis 

dampened the levels of IRF3 phosphorylation (Fig. 5.2C, lanes 10 and 12), indicating that the de 

novo viral protein synthesis was required for SeV DI genome accumulation. Taken together, 

these results demonstrated that the suppression of viral IFN-antagonistic protein expression was 

the primary effects of CHX and ActD on unmasking RIG-I activation by the incoming IAV DI 

RNA.  
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Fig. 5.2. RIG-I activation by allantoic-fluid derived DIs is insensitive to ActD. 

(A) The allantoic fluid (af) stock of PR8 was consecutively passaged in MDCK cells at a low or 

high MOI to obtain the PL1-PL3 and PH1-PH3 stocks, respectively. A549 cells were subsequently 

infected with these stocks (equal volumes) in the absence or presence of CHX (50 μg/mL) or 

ActD (1 μg/mL) for 8 h. The protein expression levels were determined by immunoblotting for 

phosphorylated IRF3 (S396), total IRF3, PB1, NP, NS1, and β-actin. 

(B) Equal amounts of total RNA extracted from the PH1-PH3 stocks were subjected to multi-

segment reverse transcription-PCR (M-RTPCR) to detect the DI RNA contents. The tissue 

culture supernatant (tcs) stock of PR8 served as a control with low DI content. 

(C) A549 cells were infected with the allantoic fluid stock of PR8 (MOI = 50) or SeV-Cantell 

(50 HAU/mL) in the presence of CHX or ActD alone, or CHX and ActD in combination for 8 h. 

The protein expression levels were determined by immunoblotting as in (A). 
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5.4.3 Allantoic-fluid derived DIs associate with and activate cytoplasmic RIG-I 

To directly examine the IAV DI species that associate with RIG-I, we performed an 

RNA immunoprecipitation (RIP) analysis in CHX-treated A549 cells infected with PR8(af). 

RNA extracted from RIG-I immunoprecipitates was subjected to S-RTPCR to amplify the 

negative-sense DI sequences (vDI) derived from the three polymerase genes. While the IgG 

control associated with residual levels of full-length vRNA, RIG-I immunoprecipitates showed 

increased levels of full-length vRNA association and specific enrichment of DI genomes from 

the PB2 and PB1 segments (Fig. 5.3A, top, lanes 5 and 6). Increasing the RT reaction 

temperature reduced the cDNA yield but enhanced the specificity of DI amplification; distinct 

bands of DI genomes were revealed from the PB1 and PA segments (Fig. 5.3A, bottom, lanes 6 

and 7). Since CHX treatment does not block the primary viral RNA synthesis, we also sought to 

determine whether RIG-I associated with DI genomes of the positive polarity (cDI) that might be 

transcribed from the incoming vDI. In comparison with the IgG control, RIG-I-associated RNA 

had no apparent enrichment of any cDI sequence, except for the full-length cRNA of the NA 

segment (Fig. 5.3B, lane 8). Since we recently demonstrated that viral RNA species are sensed 

by both the cytoplasmic and nuclear pools of RIG-I during IAV infection 617, we next examined 

which RIG-I pool was activated by the incoming DI genomes. In the presence of CHX, PR8(af) 

infection of A549 RIG-I KO cells expressing the cytoplasmic RIG-I (NES-RIG-I), but not 

nuclear RIG-I (NLS-RIG-I), stimulated efficient levels of IRF3 phosphorylation (Fig. 5.3C, lanes 

3 and 9), demonstrating that the cytoplasmic pool of RIG-I was responsible for DI genome 

sensing. Again, ActD treatment showed reduced RIG-I activation by incoming DI genomes, 

attributable to the incomplete inhibition of viral protein synthesis (Fig. 5.3C, lanes 6 and 12). 

Taken together, the incoming IAV DI genomes associated with, and specifically activated 

cytoplasmic RIG-I.  
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Fig. 5.3. Allantoic-fluid derived DIs associate with and activate cytoplasmic RIG-I. 

(A) A549 cells were infected with the allantoic fluid (af) stock of PR8 (MOI = 50) in the 

presence of CHX (50 μg/mL) for 6 h. RNA immunoprecipitation (RIP) was performed in the 

whole cell lysates using either the RIG-I antibody or an IgG isotype control. The associated RNA 

was extracted from the respective immunoprecipitates and subjected to S-RTPCR to amplify the 

DI species of negative (-) polarity (vDI) from the three polymerases and NA genes. The RT step 

was performed at 42°C (top) or 50°C (bottom) to increase the specificity of DI amplification. 

(B) The extracted RNA from (A) was subjected to S-RTPCR to amplify the DI species of 

positive (+) polarity (cDI) from the three polymerases and NA genes. The RT step was 

performed at 42°C. 

(C) RIG-I KO A549 cells inducibly expressing NES- or NLS-RIG-I were left non-induced, or 

induced with 1 μg/mL doxycycline for 4 h, followed by mock infection or infection with PR8(af) 

(MOI = 50) in the presence of CHX (50 μg/mL) or ActD (1 μg/mL) for 8 h. The cell lysates were 

subjected to immunoblotting for FLAG-RIG-I, phosphorylated IRF3 (S396), total IRF3, NP, 

NS1, and β-actin.  
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5.4.4 NP deprivation leads to de novo generation of RIG-I activating viral RNA that is 

distinct from DI genomes 

Apart from the CHX unmasking of RIG-I activation by incoming DI genomes, CHX 

inhibition of NP expression likely perturbed the functionality of viral polymerase leading to its 

generation of aberrant viral RNA. In a previous study, the siRNA-mediated NP knockdown also 

led to IRF3 phosphorylation as that observed by CHX treatment 628. To investigate whether NP 

deprivation skewed the viral polymerase toward an erroneous mode, we employed an NP-free 

RNP reconstitution system and examined the generation of RIG-I activating viral RNA. 293T 

cells were RNP reconstituted with each viral genome segment of PR8 in the absence of NP 

expressing plasmid followed by total RNA extraction. These RNAs were further transfected into 

IFN reporter cells to test their immunostimulatory activities. Except for that from the NP 

segment, transfection of reporter cells with total reconstituted RNA from the other seven genome 

segments did not stimulate apparent IFNβ promoter activity (Fig. 5.4A). NP-free reconstitution 

with the authentic NP segment surprisingly generated sufficient levels of functional NP protein, 

converting the NP-free condition back to a normal RNP reconstitution (Fig. 5.4B). This effect 

demonstrated that the viral polymerase complex on its own was able to generate some full-length 

viral mRNA from the primary transcription. Therefore, the strong IFN induction by the 

reconstituted RNA from the NP segment was attributable to the full-length viral genome, which 

was in line with previous reports 465, 620. Next, we asked whether a transcription-defective (T-) 

polymerase (i.e. PA-D108A) would facilitate the generation of immunostimulatory RNA. Such 

mutant polymerase was shown to pose higher replication activity than the WT, thus might 

erroneously generate a greater amount of immunostimulatory viral RNA 617. In the presence of 

NP (+NP), NA reconstitution with the PA-D108A polymerase generated a significantly greater 

amount of immunostimulatory RNA than that with the WT polymerase (Fig. 5.4C). In contrast, 

no IFNβ promoter activation was detected from the transfection with total RNA reconstituted in 

the absence of NP (-NP), regardless of the presence of WT or PA-D108A polymerase (Fig. 

5.4C). 

To avoid the possibility that the native RNA structure of any viral RNA generated 

during NP deprivation might be destructed by the RNA extraction procedure, we determined in-

situ RIG-I activation during RNP reconstitution in the presence or absence of NP. Since IAV 

RNA synthesis takes place in the nucleus, supplementation of reporter cells with a nuclear-
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localized RIG-I (NLS-RIG-I) provided a sensitive measurement of IFNβ promoter activation in 

response to RNP reconstitution 617. Furthermore, this may also shed light on the specialized 

sensing by nuclear RIG-I of a subset of unknown viral RNA in the nucleus. Using the 

reconstitution with a catalytically inactive PB1 (PB1a) as the baseline 682, 710, NA reconstitution 

in the presence of NP stimulated significant IFNβ promoter activity (Fig. 5.4D, grey bar 4). 

Surprisingly, NP-free reconstitution also induced moderate RIG-I activation, albeit to a lesser 

extent than the reconstitution with NP (Fig. 5.4D, grey bar 3). Similar IFN stimulatory activities 

were also observed during NP-free reconstitutions with the PA or HA segments, ruling out a 

segment-specific effect (Fig. 5.4E and 5.4F). To further determine the requirement of viral 

transcription or replication for the generation of immunostimulatory RNA under the NP-free 

condition, NA reconstitution was conducted using either the transcription-defective (T-) or 

replication-defective (R-) polymerases 39, 683-685. In comparison with that of NA reconstitution in 

the presence of NP, IFN induction by the NP-free reconstitution exhibited a similar trend; the 

generation of immunostimulatory RNA by NP deprivation was affected by replication 

deficiency, but not transcription deficiency (Fig. 5.4G). We next determined whether IFN 

induction by NP-free reconstitution was viral strain-specific. A panel of polymerases of different 

viral subtypes was tested, including PR8 (H1N1), Hfx09 (H1N1pdm), Vic75 (H3N2), ON6213 

(H5N1), BC04 (H7N3), and BC15 (H7N9). Of these, the polymerases of the two low pathogenic 

strains (ON6213 and BC04) contained avian signature PB2-627E; whereas the others, including 

one highly pathogenic strain (BC15), contained human-adapted signature PB2-627K. The 

activities of these polymerases were determined and they correlated well with the PB2-627 

signature (Fig. 5.4H). Interestingly, NP-free reconstitutions with all polymerases tested induced 

various levels of IFNβ promoter activation above the PB1a baseline (Fig. 5.4I), even for the ones 

(i.e. PB2-627E) whose polymerase activities were restricted in 293T cells. Lastly, we sought to 

understand whether the immunostimulatory RNA species generated during NP deprivation share 

similar features as DI genomes. Given that the immunostimulatory activity of these RNAs was 

sensitive to RNA extraction, we examined whether RNA extraction would alter the RIG-I 

stimulatory configuration of DI-like genomes. Total RNA extracted from RNP reconstitution 

(+NP) with an artificial DI-like construct (tetraloop, 72 nt in length) remained strong 

immunostimulatory activity when transfected into reporter cells (Fig. 5.4J). The specificity of 

IFN induction by DI RNA was controlled by total RNA fractionation; transfection of RNA 
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fractions of >200 nt in length failed to activate IFN response (Fig. 5.4J). Moreover, omitting NP 

in the DI reconstitution barely affected the generation of immunostimulatory DI RNA (Fig. 5.4J), 

as its length fits in the range of NP-independent replication as previously described 710. Taken 

together, these results indicated that NP deprivation induced the de novo generation of RIG-I 

activating RNA, whose nature was unlikely to be DI genomes.  
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Fig. 5.4. NP deprivation leads to de novo generation of RIG-I activating viral RNA that is 

distinct from DI genomes. 

(A) 293T cells were RNP reconstituted in the absence of NP with a Pol I vector or each of the 

eight viral segments of PR8. Total RNA was extracted and transfected into 293T cells pre-

expressing an IFNβ promoter-driven Firefly luciferase reporter (p125Luc) and a constitutively 

expressed Renilla luciferase construct (pTK-rLuc).     

(B) 293T cells were co-transfected with three Pol II-driven plasmids expressing the viral 

polymerase of PR8, Tx91, Sk02, or BC04, along with two Pol I-driven plasmids encoding the 

vRNA of NP and M segments of PR8. The expression levels of NP and M1 were determined by 

immunoblotting at 24 hours post-transfection (h.p.t). 

(C) 293T cells were RNP reconstituted with the PR8 NA segment in the absence or presence of 

NP using the catalytically inactive (PB1a), WT, or transcription-defective (T-, PA-D108A) viral 

polymerase. The extracted total RNA was tested for immunostimulatory activity as in (A). 

(D) 293T cells were RNP reconstituted with the PR8 NA segment using the catalytically inactive 

(PB1a) or WT polymerase in the presence of GFP or NLS-RIG-I. As indicated, plasmids 

expressing NP and NEP were co-transfected along with p125Luc and pTK-rLuc. The cell lysates 

were subjected to immunoblotting to examine the protein expression levels of GFP, FLAG-RIG-

I, PB1, NP, NEP, and β-actin. 

(E and F) 293T cells were RNP reconstituted with the PR8 PA (E) or HA (F) segment as in (D). 

Statistical significance was determined by Two-way ANOVA followed by Sidak post-test. 

****p<0.0001, ns not significant. 

(G) 293T cells were RNP reconstituted as in (D) with or without NP using the inactive (PB1a), 

WT, transcription-defective (T-), or replication-defective (R-) polymerases in the presence of 

NLS-RIG-I. 

(H) 293T cells were co-transfected with four Pol II-driven plasmids expressing the viral 

polymerase and NP of various IAV strains, along with a Pol I-driven plasmid encoding a vRNA-

like molecule in which the Firefly luciferase ORF was flanked by the 5’ and 3’ non-coding 

regions (NCRs) of the PR8 NA segment (Pol I-NA-fLuc). Reconstitution using the inactive 

polymerase (PB1a) of PR8 served as a negative control. 

(I) 293T cells were RNP reconstituted as in (G) using the polymerases of various IAV strains in 

the presence of NLS-RIG-I.  

(J) Two sets of 293T cells were RNP reconstituted in the absence or presence of NP with a Pol I 

vector or an artificial DI-like construct in which a UUCG tetraloop was flanked by the 5’ and 3’ 

NCRs of the PR8 NP segment. At 24 h.p.t, one set of cells was subjected to RNA extraction to 

obtain total RNA containing the small RNAs, while the other set was extracted for RNA species 

larger than ~200 nt in size. These RNAs were tested for immunostimulatory activity as in (A). 

Unless otherwise indicated, the relative light units (RLUs) were determined at 24 h.p.t and 

expressed as fold changes relative to the Pol I vector (A, J) or the PB1a (C-I) control. 
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5.4.5 Accumulation of a major subset of aberrant viral RNA driven by NP deprivation is 

diminished by NEP 

To gain further insight into the nature of immunostimulatory RNA generated in the 

NP-free reconstitution, we interrogated the small viral RNA species of either negative or positive 

polarity by Northern blotting. Given the 5’ to 3’ direction of RNA synthesis and the possibility 

of abortive vRNA/cRNA synthesis by viral polymerase in the absence of NP, the probes were 

designed to anneal to the 5’ end of vRNA (5’v-probe) or 5’ end of cRNA (5’c-probe). NP-free 

RNP reconstitution generated two distinct aberrant RNA species (Fig. 5.5A, lane 3, black 

arrowheads), which were also observed previously using an eight-plasmid reconstitution system 

omitting the NP segment 662, 713. Although unknown for their nature, these RNAs likely 

represented abortive replication products since their sequences covered the 5’ end of vRNA. We 

next sought to examine whether RIG-I activation in response to NP-free reconstitution could be 

attributable to these aberrant replication products. We took advantage of the viral NEP protein 

which has been shown to enhance the replication activity of viral polymerase through promoting 

cRNA synthesis and the generation of svRNA of 22-27 nt in length 662, 713, 714. We rationalized 

that the supplementation of NEP would modulate the generation of aberrant replication products 

thereby affecting RIG-I activation. Consistent with previous reports 714, the addition of NEP 

during RNP reconstitution (+NP) inhibited viral mRNA synthesis in a dose-dependent manner 

(Fig. 5.5B) but enhanced cRNA and vRNA synthesis (Fig. 5.5C), confirming its role in 

switching the mode of the viral polymerase from transcription to replication. Interestingly, the 

addition of NEP into the NP-free reconstitution diminished the accumulation of the two major 

aberrant RNA species yet revealed the generation of svRNA-like molecules (Fig. 5.5A, lane 5, 

red arrowheads). During standard RNP reconstitution (+NP), the production of the major 

aberrant RNAs was less than that in NP-free reconstitution (Fig. 5.5A, lanes 3 and 4), and 

negligible levels of these RNAs were detected in the presence of NEP (Fig. 5.5A, lane 6). 

Moreover, no distinct small RNA species of positive-sense were detected under all conditions 

(Fig. 5.5A, bottom). Next, we examined whether NEP modulates in situ RIG-I activation in 

response to RNP reconstitution. The addition of NEP did not affect IFNβ promoter activation in 

response to standard RNP reconstitution (+NP) with the NA or PB2 segment (Fig. 5.4D grey bar 

4 vs 6 and 5.5D grey bar 4 vs 6), Similarly, NEP also did not adversely affect RIG-I activation 

upon NP-free reconstitution; a slight increase in IFNβ promoter activation was observed in the 
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presence of NEP compared to that without NEP (Fig. 5.4D grey bar 3 vs 5; Fig. 5.5D grey bar 3 

vs 5). Taken together, the fact that NEP overexpression dampened the accumulation of the two 

major aberrant RNA species yet did not affect IFN induction by the RNA pool during NP-free 

reconstitution indicated that they played a minor role in RIG-I activation. However, the 

emergence of svRNA-like molecules in this context suggested an indirect compensatory role of 

these RNA species in RIG-I activation, though svRNA by itself did not exhibit any 

immunostimulatory activity upon transfection as previously reported 662. 
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Fig. 5.5. Accumulation of a major subset of aberrant viral RNA driven by NP deprivation 

is sensitive to NEP expression. 

(A) 293T cells were RNP reconstituted using the catalytically inactive (PB1a) or WT viral 

polymerase with a vRNA-like construct in which the Firefly luciferase ORF was flanked by the 

5’ and 3’ non-coding regions (NCRs) of the PR8 NP segment (Pol I-NP-fLuc). As indicated, the 

plasmids expressing NP and NEP were co-transfected. At 48 h.p.t, total RNA was extracted and 

subjected to Northern blotting to detect small RNA species containing the 5’ end of vRNA (5’ v-

probe) or cRNA (5’ c-probe). The aberrant replication products under NP deprivation (lane 3) 

and the svRNA-like molecules generated in the presence of NEP (lane 5) were denoted by black 

and red arrowheads, respectively. U6 served as a loading control. The protein expression levels 

were determined by immunoblotting for PB1, NP, NEP, and β-actin. 

(B) 293T cells were RNP reconstituted (+NP) using the inactive (PB1a) or WT viral polymerase 

with the NA-fLuc reporter construct. As indicated, an increased dose of GFP (10-100 ng) or NEP 

was supplemented. The relative polymerase activity was determined at 24 h.p.t and expressed as 

fold changes over the PB1a control. 

(C) 293T cells were RNP reconstituted as in (B) with the NA segment of Hfx09 in the absence or 

presence of an increased dose of GFP or NEP. Total RNA was extracted at 48 h.p.t and subjected 

to a primer extension analysis to detect the levels of vRNA, cRNA, and mRNA. 5S rRNA served 

as a loading control. 

(D) 293T cells were RNP reconstituted with the PR8 PB2 segment using the inactive (PB1a) or 

WT polymerase in the presence of GFP or NLS-RIG-I. As indicated, plasmids expressing NP 

and NEP were co-transfected along with p125Luc and pTK-rLuc. RLUs were determined at 24 

h.p.t and expressed as fold changes relative to the PB1a with GFP condition. The cell lysates 

were subjected to immunoblotting to examine the protein expression levels of GFP, FLAG-RIG-

I, PB1, NP, NEP, and β-actin. Statistical significance was determined by Two-way ANOVA 

followed by Sidak post-test. *p<0.05, ****p<0.0001, ns not significant. 

(E) Proposed model for nuclear RIG-I activation by intermolecular RNA duplexes formed from 

the complementarity between aberrant viral RNA or svRNA and the 3’ end of full-length vRNA 

(partial complementarity) or cRNA (full complementarity). 
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5.5 Discussion 

The spatiotemporal detection by RIG-I of RNA species produced during virus 

infection is a complex process. Unlike most RNA viruses replicating in the cytoplasm, IAV 

imparts further complexity to this dynamic process owing to its replication within the nucleus. 

Until recently, an emerging role of RIG-I in sensing IAV replication in the nucleus was 

unraveled which offers insights into a previously unrecognized cellular milieu for nonself RNA 

sensing 617. Nonetheless, the full spectrum of viral agonists generated during IAV infection that 

contribute to RIG-I activation is not thoroughly elucidated. In search of physiological RIG-I 

agonists, most studies take advantage of RIG-I immunoprecipitation followed by Northern 

blotting or RNA sequencing to determine the associated viral RNA 620, 621. These approaches 

have successfully established the central roles of full-length and DI genomes in RIG-I activation 

but missed the information on the origins (e.g. incoming vs. de novo synthesized) of these RIG-I 

activating RNA species. Upon IAV infection, the incoming and de novo synthesized full-length 

and DI genomes, in essence, share similar properties. Therefore, selective inhibition of de novo 

viral RNA synthesis is required to distinguish the relative contribution of the incoming vs. 

progeny viral genomes to RIG-I activation. In this study, we found that CHX or ActD inhibition 

of viral protein synthesis revealed the contribution of incoming DI genomes to RIG-I activation. 

The virus stocks propagated in chicken eggs were particularly more in DI genomes and the 

inhibition of viral IFN-antagonistic protein expression by CHX or ActD unmasked their abilities 

to activate RIG-I. That virus stocks propagated in tissue cultures failed to activate RIG-I even in 

the presence of CHX also suggests that the incoming full-length viral genomes are not the 

primary RIG-I agonists. This is in line with previous reports that total RNA extracted from IAV-

infected cells in the presence of CHX failed to activate RIG-I 620, and that the association 

between incoming vRNP and RIG-I did not apparently lead to RIG-I activation but rather 

reflected a signaling-independent restriction mechanism depending on the PB2-627 signature of 

the viral polymerase 123. 

Our findings on the CHX/ActD unmasking of RIG-I activation by incoming DI 

genomes appear to contradict with a previous study, where IRF3 phosphorylation as revealed by 

CHX inhibition was sensitive to transcription inhibitors such as ActD 628. Mechanistically, CHX 

and ActD act on distinct cellular targets thereby impeding viral replication. CHX does not impact 

viral primary transcription but blocks viral mRNA translation, whereas ActD directly acts on the 
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cap-snatching step of viral mRNA synthesis and thus likely abolishes primary transcription. 

However, we found that ActD did not completely inhibit primary transcription. This is consistent 

with an early report that CHX and ActD reduced viral mRNA synthesis to 15% and 12% relative 

to that in the untreated culture 694. Furthermore, neither CHX nor ActD directly affects the 

replication activity of incoming vRNP-associated viral polymerase; cRNA accumulation could 

be detected from infection under treatment with either inhibitor, provided that viral polymerase 

and NP were pre-expressed to stabilize the de novo synthesized cRNA 36, 715. Therefore, CHX 

and ActD do not appear to exhibit apparent difference regarding their effects on IAV primary 

transcription and initial replication driven by the incoming viral polymerase. However, with 

respect to RIG-I activation, ActD partially inhibited IRF3 phosphorylation compared to CHX 

since the residual viral mRNA synthesized from primary transcription would still be translated in 

the presence of ActD, but is completely blocked by CHX. Overall, in accordance with the 

previous study 620, our results support that both CHX and ActD treatments abolish RIG-I 

activation during IAV infection unless incoming DI genomes are present. Suppression of the 

expression of viral IFN-antagonistic proteins, such as NS1, is the major effect conferred by CHX 

or ActD on unmasking RIG-I activation by the incoming DI, but not by incoming full-length 

viral genomic RNA. 

Despite those discrepancies, our results do not preclude the possibility that certain 

RNA species generated under CHX or ActD treatment might be capable of activating RIG-I. 

These RNAs have been proposed to be distinct in nature from normal replication products (i.e. 

vRNA and cRNA), but rather represent de novo synthesized DI RNA or a novel class of aberrant 

viral RNA 616, 628. Although CHX/ActD treatment during infection with virus stocks derived 

from tissue culture did not reveal apparent RIG-I activation, it is possible that the accumulation 

of these immunostimulatory RNA requires ongoing viral replication under mild cellular 

constraints to reach a threshold for RIG-I activation. The viral NP protein has been shown to act 

as an elongation factor for full-length vRNA and cRNA synthesis but is dispensable for 

replication on short templates (< ~80 nt in length) 710, 716. Therefore, NP deprivation represents 

one such mild cellular constraint that may skew the viral polymerase toward replication 

malfunction, leading to the accumulation of abortive replicative products. Indeed, NP-free 

reconstitution led to the production of RIG-I activating RNA species, and their 

immunostimulatory activity was disrupted by RNA extraction, unlike that of DI-like RNA. 
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While this is indicative of a nature that is distinct from DI RNA, it also implies that RNA 

extraction disrupts certain secondary structures of these viral RNAs that are required for RIG-I 

recognition. Other than intramolecular base pairing such as that in the panhandle structure of 

full-length and DI genomes 250, 465, 620, 621, it is tempting to speculate that intermolecular RNA 

duplexes formed from the complementarity between the aberrant viral RNA (such as abortive 

replication products) and their template vRNA or cRNA might activate RIG-I. In particular, the 

base pairing of the 5’-triphosphorylated aberrant RNA with the 3’ end of full-length vRNA 

(partial complementarity) or 3’ end of full-length cRNA (full complementarity), as illustrated in 

Fig. 5E, would meet the ligand characteristics for RIG-I activation 248-251, 465. Such RNA hybrid 

might be allowed to form since the 3’ end of vRNA adopts no apparent secondary structure in 

the viral polymerase-bound promoter configuration 29. Moreover, NP deprivation abolishes 

concurrent RNA encapsidation and the recruitment of host RNA helicases such as UAP56, both 

of which otherwise prevent the formation of long double-stranded RNA hybrid between the 

positive- and negative-sense viral RNA 220-222, 717, 718. It is also interesting to note that the 

formation of these intermolecular RNA duplexes may coordinate with a progressing viral 

polymerase that fully exposes the 3’ end of vRNA or cRNA (Fig. 5E). Furthermore, the nuclear 

RIG-I may specialize in sensing this dynamic process given its closest proximity to the 

replication machinery in the nucleus 617. Although unknown for their sequences, we interrogated 

small viral RNA species (< 100 nt in length) containing the 5’ end of vRNA or cRNA under NP 

deprivation, which are potential abortive replication products in forming intermolecular RNA 

duplexes with the 3’ end of vRNA or cRNA. Two major aberrant RNA species of negative 

polarity were identified whose accumulation was diminished by NEP expression. However, RIG-

I activation was not adversely affected in the presence of NEP, which on the other hand 

facilitated the accumulation of svRNA. These results hint that svRNA may also serve as a base-

pairing partner with genome ends for intermolecular RNA duplex formation (Fig. 5E), though 

svRNA by itself has been shown to lack immunostimulatory activity 662. 

In summary, we have examined the origins of RIG-I activating viral RNA in response 

to different cellular constraints that impede ongoing IAV replication. We identify that the 

incoming DI genomes and de novo synthesized aberrant viral RNA species contribute to RIG-I 

activation upon chemical inhibition of viral protein synthesis and NP deprivation, respectively. 

Our results thus support the notion that there are distinct mechanisms of RIG-I activation during 
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IAV infection. This may also reflect a specialized viral RNA sensing paradigm differentially 

provided by the cytoplasmic and nuclear pools of RIG-I. These mechanistic differences shape the 

complex and dynamic interplay between RIG-I and IAV, and underscore the importance of a 

careful experimental design pertaining to the identification of novel RIG-I agonists. 
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CHAPTER 6 GENERAL DISCUSSION AND FUTURE DIRECTIONS 

The last decade has witnessed a considerable advance in our understanding of nonself 

nucleic acid sensing in the cytoplasm. Taking advantage of knock-out cells deficient in the key 

cytosolic RNA sensors, it has been demonstrated that RIG-I, a founding member of the RLR 

family, is involved in the cytosolic sensing of viral RNA species derived from a panel of virus 

families 236, 237. Viruses bearing an RNA genome of negative or positive polarity, a dsRNA 

genome, or even a DNA genome, can produce certain RNA species that are recognized by RIG-I 

during infection, which in turn leads to the induction of a type I IFN response 231, 236, 237. 

Following the demonstration of RIG-I dependency was the identification of RIG-I ligand 

characteristics. The use of chemically synthesized RNA with well-defined 5’ modification and 

strandedness demonstrates that RIG-I activation requires both 5’-triphosphate and an adjacent 

short dsRNA stretch 248, 250, 251. Moreover, a blunt end at the 5’-triphosphate end leads to optimal 

RIG-I activation; 3’ and 5’ overhangs reduce and abolish RIG-I-dependent IFN induction, 

respectively 250, 251. Accordingly, RIG-I dependent IFN induction has been directly examined 

using virion-derived viral genomic RNA or total RNA from virally infected cells; transfection of 

those RNAs derived from VSV, IAV, Ebola virus, Nipah virus, Rift valley fever virus, and SeV 

induces IFN production exclusively via RIG-I 221, 237, 249, 251, 518, 620. Notably, the 

immunostimulatory activity of these RNAs is sensitive to treatments with phosphatase and 

dsRNA specific RNase III, corroborating the requirement of 5’-triphosphate and double-

strandedness for RIG-I activation 221, 249, 251, 518, 620. However, in contrast to VSV 221, infections 

with many other negative-strand viruses, such as IAV, La Crosse virus, and SeV, do not generate 

a detectable amount of dsRNA 220. This led to an intriguing question as to how these negative-

strand viruses, which are apparently sensed by RIG-I, meet the dsRNA requirement for RIG-I 

activation. It was proposed that the genomic “panhandle structure” of negative-strand viruses 

fulfills this requirement 249, 250, 620. This short dsRNA duplex is formed from the partial 

complementarity between viral genome extremities and usually serves as the viral promoter 

region 622, 632, 719-721. In fact, bioinformatics analysis reveals that the “panhandle structure” 

appears to be the only conserved RNA secondary structure among negative-strand viruses 472. 

Accordingly, in vitro transcribed panhandle RNAs simulating that of rabies virus and VSV 

activate RIG-I 250, 653, as do the panhandle structures contained within the incoming 

nucleocapsids of bunyaviruses 538. In addition to the double-strandedness, equally important for 
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the panhandle structure to activate RIG-I is a blunt 5’-triphosphate end 250. This is also naturally 

reflected by the mechanisms of RIG-I evasion employed by some panhandle-forming viruses. 

The genomic RNAs of Hantaan virus, CCHFV, and Borna disease virus bear 5’-monophosphate 

518, while some arenaviruses, such as Junín virus, contain panhandle structures with 5’-overhangs 

thereby evading RIG-I 517. 

Despite the wealth of information regarding the ligand features of RIG-I and the 

potential contribution of genomic panhandle structure to RIG-I activation, direct evidence for the 

involvement of IAV panhandle structure in RIG-I activation was lacking. The search of 

physiological RIG-I ligands during IAV infection reveals that RIG-I associates with full-length 

viral genomic RNA (vRNA), antigenomic RNA (cRNA), as well as defective-interfering (DI) 

RNA which harbors internal deletions but retains the panhandle sequences 619-621. However, 

whether this RIG-I association was mediated by the IAV panhandle structure remained 

unknown. In fact, conflicting results exist regarding the effect of dsRNA-specific RNase III on 

the immunostimulatory activity of IAV vRNA; RNase III treatment of total RNA extracted from 

IAV-infected cells did not affect its RIG-I stimulatory activity 221, whereas digestion of total 

RNA from RNP reconstitution abolished IFN induction 620. Although currently unknown for the 

cause of this discrepancy, it is likely that the IAV panhandle can escape from RNase III digestion 

since the range of RNase III cleavage products lies between 12-15 bp 722, and the IAV panhandle 

is 15-16 bp in length 636. Moreover, as with the panhandle structures of other viruses, IAV 

panhandle contains wobble pairs, as well as a mismatch and an unpaired nucleotide that together 

constitute a bulge loop 250, 622. Although it has been shown using synthetic RNA that the bulged 

structure is tolerated by RIG-I 250, how it affects RIG-I activation in the context of IAV 

panhandle structure was unknown. In a broad sense, a compositional analysis of an authentic 

genomic panhandle structure in relation to RIG-I activation had been lacking. Moreover, since 

the panhandle structure also serves as the viral promoter region which has been subjected to 

extensive mutational analyses 622, 624, 625, understanding the contribution of the panhandle 

composition to both RIG-I activation and viral promoter activity would provide insight into how 

IAV coordinates viral RNA synthesis with the induction of host innate immune responses. 

The results obtained from the first part of this thesis provide the first evidence that the 

IAV panhandle structure is directly involved in RIG-I activation 465. Reconstituted viral RNA 

stimulates RIG-I mediated type I IFN induction in primary macrophages independently of the 
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genomic coding region. The in vitro synthesized RNA simulating the authentic IAV panhandle 

binds to RIG-I, activates its ATPase activity, and stimulates RIG-I dependent IFN induction. 

Notably, eliminating the dsRNA destabilizing elements, including the wobble pairs and bulge 

loop, leads to enhanced RIG-I activation in the context of in vitro synthesized panhandle as well 

as full-length vRNA. These results suggest that the IAV panhandle, or likely the panhandle 

structures of other negative-strand viruses, adopt partial complementarity to mitigate RIG-I 

activation. Examination of viral promoter activities of the panhandle-stabilized constructs further 

reveals that viral transcription, but not replication, is severely impaired. In conjunction with their 

effects on RIG-I activation, these results indicate that the IAV panhandle composition achieves 

suboptimal RIG-I activation and an optimal balance of viral RNA synthesis. Of note, that the 

panhandle-stabilized constructs exhibit no impairment or even enhancement in viral replication 

further corroborates the natural selection of a partially complementary panhandle structure, since 

the viral replication products (5’-triphosphorylated), rather than transcription products (5’-

capped), are the major RIG-I agonists 465, 620. Immediately following our report, Anchisi et al. 

showed that the IAV cRNA panhandle did not stimulate IFN response in A549 reporter cells 723. 

This is expectable since the G:U wobble pairs at positions 3 and 5 in the vRNA panhandle are 

replaced by A:C mismatches in the cRNA panhandle, which largely disrupts the double-

strandedness of the panhandle proximal stem as previously reported 724. In comparison, cRNA 

panhandle containing stabilizing mutations for full complementarity strongly activated RIG-I. 

Interestingly, neither the wild-type nor the fully complementary vRNA panhandle stimulated 

IFN response in A549 reporter cells; IFN priming of cells rescued the immunostimulatory 

activity of the fully complementary, but not wild-type vRNA panhandle 723. While these results 

contradict with ours, it is noteworthy that the vRNA panhandle used here was only 13 bp in 

length and was annealed using two separate ssRNA 723. In comparison, our vRNA panhandle was 

16 bp in the duplex region and was prepared by connecting the 5’ and 3’ arms with a UUCG 

stabilizing tetraloop, both of which represent a more authentic IAV vRNA panhandle structure 

465. In fact, the wild-type cRNA panhandle construct (30-bp dsRNA containing 2 mismatches at 

positions 3 and 5) used by Anchisi et al. was rescued for immunostimulation when cells were 

primed with IFN, which is in sharp contrast to their wild-type vRNA panhandle construct (13-bp 

dsRNA containing two wobble pairs at positions 3 and 5) 723. Despite these disparities, both 

studies concur on an inherent mechanism of RIG-I evasion posed by the genomic panhandle 
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structures of negative-strand viruses. However, such evasion mechanism is insufficient since 

RIG-I has evolved to tolerate imperfect dsRNA structures. 

As with other segmented negative-strand viruses, IAV contains circular nucleocapsids 

(or ribonucleoprotein complex, RNPs) in which viral genomic or antigenomic RNA is 

encapsidated by NP and the genome extremities associated with the viral polymerase complex. 

This raised the next question as to how RIG-I recognizes IAV panhandle structure in the context 

of RNPs. It has been demonstrated that RIG-I associates with the bunyavirus panhandle 538; 

however, the IAV panhandle appears to be shorter and less stable than that of bunyaviruses, and 

likely adopts an alternative promoter configuration (i.e. corkscrew) when bound to the viral 

polymerase 636, 725. The crystal structure of promoter-bound viral polymerase complex further 

supports the formation of 5’ intra-strand hook structure 29. Meanwhile, RIG-I has been shown to 

colocalize with incoming IAV vRNPs 626 and to associate with all three viral polymerase 

subunits 627. I have also independently demonstrated these interactions and mapped the RIG-I 

interacting domains (unpublished data, Liu and Zhou). These results thus imply a mechanism by 

which RIG-I displaces the viral polymerase to gain access to the IAV panhandle structure. While 

I was exploring this possibility, Weber et al. showed that RIG-I associated with the incoming 

IAV vRNP in a similar manner as that with bunyavirus nucleocapsids 123. RNase III treatment of 

purified IAV vRNP abolished the formation of 30-kDa trypsin-resistant RIG-I fragments, an 

indicator of RIG-I conformational change 292, suggesting the involvement of IAV panhandle 

structure in the context of native vRNP in RIG-I activation 123. Interestingly, although incoming 

IAV vRNPs containing avian or mammalian PB2 signature showed differential RIG-I 

interaction, this did not translate into different levels of IFN induction. It turns out that RIG-I 

association with IAV vRNP constitutes a signaling-independent restriction mechanism acting 

specifically on vRNPs of avian origin (PB2-627E), due in part to their lower stability which may 

lead to the exposure of panhandle structures 123. Meanwhile, the signaling-independent function 

of RIG-I was demonstrated in the context of HBV infection; RIG-I competed with HBV 

polymerase in binding to pgRNA thereby suppressing viral reverse transcription 300. Partially 

supporting the displacement model, Yao et al. showed that both full-length and CARD-deleted 

RIG-I efficiently displaced dsRNA-bound IAV NS1 or vaccinia virus E3L protein 301. Since I 

was unable to obtain purified monomeric IAV polymerase to use in a competition assay, direct 
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evidence for RIG-I displacement of IAV polymerase pre-bound to the panhandle RNA is still 

lacking. 

That RIG-I recognized IAV panhandle structure in the vRNP context yet did not 

apparently lead to IFN induction is opposite to its effect upon bunyavirus panhandle recognition 

123, 538. Influenza B virus (IBV) is also known to induce RIG-I-dependent IFN induction 

immediately upon entry, presumably by its genomic panhandle structure 671, 672, 726. Both 

belonging to the Orthomyxoviridae family, IAV and IBV have been shown to exhibit distinct 

kinetics of RIG-I dependent IFN induction; IBV induces rapid IFN response upon endocytic 

release of vRNPs, whereas IAV displays delayed onset of IFN induction 671, 672. Killip et al. 

further argued against the contribution of incoming IAV vRNPs to IFN induction by showing the 

requirement of viral RNA synthesis for IRF3 phosphorylation 628. Consistent with this, inhibition 

of IAV replication by a protein synthesis inhibitor abrogated the generation of RIG-I stimulatory 

viral RNA during infection 620. Moreover, even at a high multiplicity of infection, IAV induces 

only stochastic IFN events in a small population of cells, despite that much more cells are 

exposed to the incoming vRNPs 689, 727, 728. Taking all these observations into account, it was of 

utmost importance to understand the spatiotemporal RIG-I activation in relation to IFN induction 

during IAV infection, and how this process might be correlated with the detection of IAV 

panhandle structures. In a broad sense, it had long been a puzzle as to how IAV, a nuclear-

replicating virus, is sensed by RIG-I which is well characterized as a cytoplasmic sensor. It was 

also proposed that the nuclear replication nature represents an immune evasion mechanism by 

which the site of IAV replication is physically segregated from RIG-I 615, 616. Surprisingly 

enough, the interaction of RIG-I with viral PB2 or NP, as determined by bimolecular 

fluorescence complementation, occurred in the cell nucleus; however, these interactions 

conferred no inhibitory effect on RIG-I activation induced by a synthetic 5’-triphosphorylated 

dsRNA or total RNA extracted from IAV-infected cells 627. Interestingly, it remained 

undetermined whether such interaction impacts RIG-I activation during IAV RNP reconstitution 

or infection, which generates in vivo RIG-I ligands that are more physiologically relevant. 

Accordingly, the focus of the second part of this thesis was to investigate the 

spatiotemporal sensing of IAV by exploring a plausible role of RIG-I in the nucleus 617. The 

tracking of endogenous RIG-I localization during IAV infection has been challenging since RIG-

I remains at low basal levels in infected cells. Despite the use of mutant viruses that are deficient 
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in the major IFN antagonistic viral proteins, RIG-I is barely upregulated in the infected cells. 

While the reason behind this phenomenon is unclear, it is likely that IAV exploits mechanisms to 

directly block IFN signaling, and RIG-I itself is an ISG. Partially supporting this hypothesis, 

Pauli et al. demonstrated that IAV induced viral RNA- and NF-κB-dependent suppressor of 

cytokine signaling-3 (SOCS-3) expression early in infection, which negatively regulated STAT1 

activation thus suppressing ISG induction 729. Although blocked for upregulation, low levels of 

endogenous RIG-I are sufficient for IAV sensing; IRF3 activation is readily detected in the 

infected cells, and the neighboring cells are evident in RIG-I upregulation owing to the IFN 

paracrine loop. Direct evidence for the genuine presence of RIG-I in the nucleus is provided by 

Sendai virus infection and IFN priming, both of which globally upregulate endogenous RIG-I 

expression. Additionally, the fusion of RIG-I with a nuclear export signal (NES) largely negates 

its nuclear localization. During IAV infection, endogenous nuclear RIG-I exhibits a constant 

association with vRNPs, whereas cytoplasmic RIG-I preferentially binds vRNPs at the late stage 

of infection. Notably, this pattern of vRNP association fits in the IAV life cycle, which also 

elaborates the previously known RIG-I: vRNP interaction from a spatiotemporal perspective 123, 

626. Examination of viral vRNA accumulation and localization in relation to IRF3 activation 

further supports the notion that RIG-I activation is dependent on ongoing viral replication, but is 

likely independent on vRNP nuclear export. That a mutant virus defective of vRNP nuclear 

export displays comparable kinetics of RIG-I activation to that of a virus with normal nuclear 

export indicates a functional role of RIG-I in the nucleus. During RNP reconstitution, a nuclear 

localization signal (NLS) tagged RIG-I is particularly efficient in sensing nuclear viral 

replication, but not transcription. It exhibits very low basal activation yet responds significantly 

to RNP reconstitutions with each of viral genome segments, except for NP and NS. Previously, 

Rehwinkel et al. showed that RIG-I dependent IFN induction could only be detected, albeit 

weakly, in response to RNP reconstitutions with the PB2 and PB1 segments; for other segments, 

IFN priming was required prior to RNP reconstitutions to sensitize the immune response 620. 

Such insensitivity is likely due to a lack of sufficient nuclear RIG-I in resting 293T cells. Since 

the RNP reconstitution system contains only viral RNP components and is devoid of key viral 

proteins required for nuclear export (e.g. M1 and NEP), the recapitulated RNPs are mostly 

confined to the nucleus. Only when nuclear RIG-I is sufficient could the nuclear RNPs be 

sensed. Therefore, both ectopic RIG-I expression or IFN priming would fulfill this requirement 
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whereby facilitates nuclear RNP sensing. That reconstitution with the PB2 or PB1 segments 

activated RIG-I in the absence of IFN priming is likely due to the generation of DI RNA. The 

viral polymerase segments have been shown to be the major source of DI RNA 619, whose small 

size may facilitate their nuclear escape and activation of RIG-I in the cytoplasm. In addition to 

RNP reconstitution, nuclear RIG-I also efficiently senses IAV infection. When compared to the 

scramble-tagged RIG-I, either NES- or NLS-tagged RIG-I mediates delayed IFN induction, 

indicating a cooperation between both cellular pools of RIG-I in maximizing IAV sensing. 

However, the mechanistic details underlying this collaborative effect remain unclear. It is 

tempting to speculate that the two RIG-I pools sense distinct classes of viral agonists which 

exhibit different cellular distribution, or that the two RIG-I pools require each other for efficient 

signaling transduction. The latter is particularly conceivable given the dependency of the 

canonical MAVS signaling axis for nuclear RIG-I sensing. While the intimate association of 

mitochondria with the nuclear envelop and the nuclear localization of TRIM25 (and likely 

Riplet) indicate that a complete upstream signaling axis could be established for nuclear RIG-I 

within the nucleus, it is also likely that the bridging of nuclear RIG-I with its cytoplasmic 

counterpart across the nuclear envelop facilitates signaling transduction. The rationale behind 

this hypothesis lies in the fact that RIG-I uses either filament formation or polyubiquitin-

dependent mechanism for 2CARD oligomerization, which is required for MAVS activation 271. 

Given the very short RNA duplex region (< 20 bp) of the IAV panhandle structure, RIG-I is 

unable to form filament (which requires a minimum of 40 bp in length) on an individual 

panhandle. Instead, multiple panhandle-bound monomeric RIG-I would oligomerize in a 

polyubiquitin-dependent manner. In this case, the activated cytoplasmic and nuclear RIG-I 

would be brought together to achieve 2CARD oligomerization whereby activates MAVS, 

potentially supporting the cooperative roles of both cellular pools of RIG-I in IAV sensing. Of 

note, IAV infection does not appear to redistribute NLS-RIG-I in infected cells. The parallel 

evidence is provided by the inability of NLS-RIG-I in sensing cytoplasmic-replicating Sendai 

virus, reinforcing the signaling specificity of nuclear RIG-I. While the mechanism by which 

nuclear RIG-I relays antiviral signals warrants future investigation, the results obtained from this 

part of the thesis, for the first time, demonstrate the presence of nuclear RIG-I, which is actively 

involved in the spatiotemporal sensing of nuclear-replicating viruses such as IAV. Moreover, 
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these results challenge the hypothesis that the nuclear replication nature of IAV represents an 

effective immune evasion mechanism. 

As discussed above, one possibility for the cooperation between the two cellular pools 

of RIG-I is that they recognize distinct but overlapping classes of viral agonists. Moreover, it has 

been proposed that other than full-length viral genomic and antigenomic RNA, DI RNA and 

aberrant viral RNA are also physiological RIG-I ligands 616, 628, though their nature might be 

heterogeneous and is largely unknown. The only characterized aberrant viral RNA is hitherto the 

small viral RNA (svRNA), which plays a critical role in regulating viral RNA synthesis but has 

been shown to lack immunostimulatory activity despite the presence of 5’-triphosphate 662, 713. 

This is expectable given its single-strandedness which does not meet the ligand features of RIG-

I. In contrast, the correlation of IAV DI RNA with RIG-I activation and host IFN response has 

long been recognized 619, 621, 705, 730. IAV DI RNAs are primarily full-length viral genomes with 

large internal deletions. They possess the 5’ and 3’ genome extremities and thus bear the same 

panhandle structure as that of the full-length genomes. DI RNAs are also likely encapsidated into 

vRNPs since they are also packaged into virions. Therefore, it is conceivable that RIG-I senses 

DI RNAs in a similar fashion as full-length genomes, since both naked and polymerase-

associated panhandle structures are accessible to RIG-I 123, 465. Nonetheless, the molecular 

mechanism that drives the de novo synthesis of DI RNA remains obscure. Using chemical 

inhibitors that blocked viral protein synthesis or siRNA-mediated NP knockdown, Killip et al. 

observed strong IRF3 activation in the absence of ongoing viral replication 628. Although 

unknown for the nature of immunostimulatory RNA, it was proposed that impeding ongoing 

viral replication would lead to the de novo generation of DI or aberrant viral RNA by an 

erroneous viral polymerase 616, 628. Accordingly, the focus of the third part of this thesis was to 

address the origin of RIG-I stimulatory RNA under cellular constraints that impede ongoing viral 

replication. In an attempt to offer insight into the ligand specificity of the two cellular pools of 

RIG-I, immunostimulation of these RNA species was further examined in a cellular context 

expressing compartment-specific RIG-I. Moreover, the ligand features, particularly the double-

strandedness, that enable these RNA species to activate RIG-I were proposed. 

In the presence of a chemical inhibitor (i.e. cycloheximide) blocking viral protein 

translation, infections with a panel of IAV strains of different origins and subtypes reveal biased 

RIG-I activation. Regardless of viral subtype, RIG-I activation is only detectable upon infection 
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with viruses that are propagated in chicken eggs. Direct comparison between tissue culture 

derived and chicken egg derived viral stocks shows that the former is unable to activate RIG-I in 

the presence of cycloheximide. This effect is in line with previous reports that cycloheximide 

abolished the generation of immunostimulatory RNA in infected cells 620. It turns out that RIG-I 

specifically associates with DI RNA contained in the allantoic fluid IAV stocks. Inhibition of 

viral protein synthesis thus only unmasks RIG-I activation by the incoming DI RNA but does not 

drive the de novo synthesis of RIG-I stimulatory viral RNA. In parallel, this notion is reinforced 

by using another inhibitor (i.e. actinomycin D) that impedes ongoing viral replication in a 

mechanistically distinct manner. It directly inhibits viral mRNA synthesis, a step ahead of viral 

protein translation. In contrast, Killip et al. showed that actinomycin D completely abrogated 

IRF3 activation during IAV infection 628. Of note, actinomycin D treatment, compared to 

cycloheximide, does reduce RIG-I activation by the allantoic fluid IAV stock; however, this is 

owing to an incomplete blockage of viral protein synthesis. Any leaky expression of IFN-

antagonistic protein NS1 would lead to reduced RIG-I activation. Notably, cycloheximide is a 

direct protein translation inhibitor thus is more efficient than actinomycin D in blocking NS1 

expression. Therefore, suppression of viral IFN-antagonistic protein expression is the only effect 

conferred by chemical inhibitors on unmasking RIG-I activation by incoming DI RNA. This 

further corroborates the negligible contribution of incoming vRNPs to RIG-I activation 123, 628. 

Additionally, incoming DI RNA is specifically sensed by the cytoplasmic, but not nuclear RIG-I. 

IAV replication is closely associated with NP-mediated encapsidation. As a critical 

elongation factor for full-length genome synthesis 710, a deficiency in NP levels may lead to the 

generation of abortive replication products. To address the possibility that nuclear accumulation 

of abortive replication products may constitute an arm of RIG-I activation, immunostimulation 

by NP-free RNP reconstitution is monitored in the cellular context expressing nuclear RIG-I. 

NP-free RNP reconstitution does activate nuclear RIG-I and northern blotting reveals two 

distinct small aberrant viral RNAs of negative polarity generated upon NP deprivation. While 

their contribution to nuclear RIG-I activation remains unclear, their depletion by NEP 

overexpression does not affect IFN induction. Interestingly, NEP-mediated depletion of these 

aberrant viral RNAs is concomitant with the emergence of svRNA, indicating a compensatory 

role in nuclear RIG-I activation. Since the sequence information on these aberrant viral RNAs is 

currently unknown, conclusions on their contribution to nuclear RIG-I activation cannot be 
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unequivocally drawn. Nonetheless, unless they could form intramolecular RNA duplexes, a 

complementary strand is required for these aberrant viral RNAs to meet the dsRNA feature of 

RIG-I ligands. Given that both svRNA and aberrant viral RNA possess the 5’ end of vRNA, it is 

tempting to speculate that they could form intermolecular RNA duplexes with the 3’ end of full-

length vRNA (partial complementarity simulating that of the panhandle structure) or the 3’ end 

of full-length cRNA (full complementarity). These RNA duplexes can form in the context of 

RNP since the 3’ end of vRNA (and possibly for cRNA) adopts no apparent secondary structure 

in a polymerase-bound promoter configuration 29. Alternatively, RNA annealing could occur 

after the 3’ end of vRNA (or cRNA) template threading through the polymerase. Partially 

supporting this hypothesis, it has been shown that NP-mediated recruitment of RNA helicase 

UAP56 plays a critical role in preventing dsRNA formation between the positive- and negative-

sense viral RNA 222. NP deprivation thus serves as a condition which may facilitate the formation 

of the proposed intermolecular RNA duplexes. Very recently, te Velthuis et al. identified that 

mini viral RNA (mvRNA), a shorter version of IAV DI RNA, constitutes a physiological RIG-I 

ligand during IAV infection 731. Notably, mvRNA was produced to higher levels by the 1918 

H1N1 pandemic virus and highly pathogenic avian H5N1 viruses, which likely contributes to 

their nature of high virulence. The generation of mvRNA was mechanistically attributable to the 

erroneous polymerase activity. Low PB1 fidelity, avian PB2 signatures (not position 627), and 

imbalanced polymerase-to-NP ratio all led to mvRNA synthesis. Whether the aberrant RNA 

identified upon NP deprivation is mvRNA remains unknown; however, two lines of evidence 

argue against this. Firstly, the characterization of mvRNA synthesis and immunostimulation 

were mostly carried out with truncated, short vRNP templates and in the presence of NP, 

whereas NP-free RNP reconstitutions with full-length viral genomes are used to identify aberrant 

viral RNA in my study. Given the mostly monogenic origin of IAV DI RNA, the preferred 

mechanism for DI RNA synthesis in the RNP context has been the “loop-out” model, in which 

the ongoing viral polymerase pauses and resumes elongation at two junction sites on the template 

that are brought into juxtaposition, looping out most of the internal RNA sequence 700. How such 

juxtaposition is reached remains unclear; however, it may be mediated by transient RNA: RNA 

interaction or NP: NP interaction. Interestingly, limiting NP levels did promote mvRNA 

production 731. This is also partially supported by the dose-dependent inhibitory effect of NP on 

nuclear RIG-I activation by RNP reconstitution (Fig. 4.8 C). Notably, NP-free reconstitution 
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activates nuclear RIG-I to a level comparable to reconstitution in the presence of excessive NP 

(Fig. 4.8 C), indicating a contribution of viral RNA species other than mvRNA. Secondly, unlike 

IFN induction by RNP reconstitution with mvRNA (56-125 nt) which did not require ectopic 

RIG-I expression or IFN priming, IFN induction by NP-free reconstitutions with full-length viral 

genomes could only be detected in the presence of overexpressed nuclear RIG-I. One possibility 

for the readiness of mvRNA for RIG-I activation in unprimed RNP reconstitution system might 

be their efficient nuclear escape as discussed above. The formation of RNA duplexes by aberrant 

viral RNA and full-length genomes might require a dynamic process of viral replication, which 

also necessitates sufficient levels of nuclear RIG-I to capture such ligands.  

In summary, the three parts of this thesis together establish the central role of IAV 

panhandle structure in spatiotemporal RIG-I activation during IAV infection. Deep sequencing 

of RNA species specifically associated with the cytoplasmic and nuclear RIG-I will further 

expand our view of the full spectrum of physiological RIG-I ligands produced by IAV. 

Understanding how these ligands activate RIG-I in vitro and their relative contributions to IFN 

induction in vivo will facilitate the development of prophylactic and therapeutic agents to better 

control influenza infections.  
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Fig. 6.1. Spatiotemporal RIG-I activation by the IAV panhandle RNA signatures during 

infection. 

(1) Incoming vRNPs and DI RNAs (encapsidated, DI RNPs) directly activate cytoplasmic RIG-I 

(cRIG-I); (2) during genome replication, mini viral RNAs (mvRNA) and DI RNAs (naked) 

synthesized by erroneous viral polymerase activity are exported into the cytoplasm whereby 

activating cRIG-I; (3-4) small viral RNAs (svRNA) and aberrant viral RNAs (abvRNA) anneal 

to the full-length template cRNA (3) or vRNA (4) to form fully or partially complementary 

(panhandle-like) RNA duplexes activating nRIG-I; (5) nRIG-I recognizes the panhandle 

structure within progeny vRNPs and forms oligomers with activated cRIG-I whereby activating 

MAVS; (6) at the late stage of infection, activated nRIG-I directly engages MAVS localized on 

perinuclear mitochondria owing to the increased nuclear membrane permeability; (7) exported 

vRNPs and DI RNPs activate cRIG-I before genome packaging. 
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