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ABSTRACT  25 

The current COVID-19 pandemic highlights the need for broad-spectrum antiviral 26 

therapeutics. Here we describe a new class of self-assembling immunostimulatory short duplex 27 

RNAs that potently induce production of type I and type III interferon (IFN-I and IFN-III), in a 28 

wide range of human cell types. These RNAs require a minimum of 20 base pairs, lack any 29 

sequence or structural characteristics of known immunostimulatory RNAs, and instead require a 30 

unique conserved sequence motif (sense strand: 5’-C, antisense strand: 3’-GGG) that mediates 31 

end-to-end dimer self-assembly of these RNAs by Hoogsteen G-G base-pairing. The presence 32 

of terminal hydroxyl or monophosphate groups, blunt or overhanging ends, or terminal RNA or 33 

DNA bases did not affect their ability to induce IFN. Unlike previously described 34 

immunostimulatory siRNAs, their activity is independent of TLR7/8, but requires the RIG-I/IRF3 35 

pathway that induces a more restricted antiviral response with a lower proinflammatory 36 

signature compared with poly(I:C). Immune stimulation mediated by these duplex RNAs results 37 

in broad spectrum inhibition of infections by many respiratory viruses with pandemic potential, 38 

including SARS-CoV-2, SARS-CoV, MERS-CoV, and influenza A, as well as the common cold 39 

virus HCoV-NL63 in both cell lines and human Lung Chips that mimic organ-level lung 40 

pathophysiology. These short dsRNAs can be manufactured easily, and thus potentially could 41 

be harnessed to produce broad-spectrum antiviral therapeutics at low cost.  42 

 43 

INTRODUCTION 44 

Recognition of duplex RNAs by cellular RNA sensors plays a central role in host 45 

response to infections by initiating signaling cascades that induce secretion of interferon (IFN) 46 

and subsequent upregulation of hundreds of interferon-stimulated genes (ISGs). This pathway 47 

therefore also serves as a potent point of therapeutic intervention in a broad range of viral 48 

diseases. Duplex RNAs with various structural features have been identified that are recognized 49 

by the three cellular RNA sensors that are responsible for this innate immune response (1). One 50 
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of these, toll-like receptor 3 (TLR3), is located on the cell membrane and the endosomal 51 

membrane, while the other two-retinoic acid inducible gene I (RIG-I) and melanoma 52 

differentiation associated gene 5 (MDA5)-are located in the cytosol. Long forms of duplex RNA 53 

are recognized by these sensors based on their length (i.e., independently of the structure of 54 

their 5’ ends) with TLR3 recognizing duplex RNAs >35 bp and MDA5 sensing duplex 55 

RNAs >300 bp (2). Past reports have revealed that a short stretch of duplex RNA (>19 bp) can 56 

be recognized by RIG-I, but only if a triphosphate or a diphosphate is present at its 5′ end and if 57 

the end is blunt with no overhangs (1,3-5).  58 

Duplex RNA-mediated innate immune stimulation is a two-edged sword. For example, in 59 

the case of respiratory infections, such as those caused by pandemic viruses (e.g., SARS-CoV-60 

2, SARS-CoV, MERS-CoV, and influenza virus), RNA-mediated activation of this innate immune 61 

response provides the first line of host defense against the invading pathogen. However, on the 62 

other hand, the use of duplex RNAs for RNA interference (RNAi) approaches can result in 63 

undesired immunological off-target effects and misinterpretation of experimental results (6-12). 64 

Thus, gaining greater insight into the mechanism by which cells sense and respond to duplex 65 

RNAs could have broad impact in biology and medicine. 66 

In this study, we serendipitously discovered a class of new immunostimulatory RNAs 67 

while using >200 small interfering RNAs (siRNAs) to identify influenza infection-associated host 68 

genes in human lung epithelial cells. These short duplex RNAs potently induce type I and type 69 

III interferons (IFN-I/III) in a wide type of cells, but lack any sequence or structure characteristics 70 

of known immunostimulatory RNAs. Systematic mechanistic analysis revealed that these 71 

immunostimulatory RNAs specifically activate the RIG-I/IRF3 pathway by binding directly to 72 

RIG-I, and that this only occurs when these short RNAs have a conserved overhanging 73 

sequence motif (sense strand: 5’-C, antisense strand: 3’-GGG) and a minimum length of 20 74 

bases. Interestingly, the conserved overhanging motif is responsible for the self-assembly of 75 

end-to-end RNA dimers through Hoogsteen G-G base pairing. In addition, these 76 
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immunostimulatory RNAs appear to be novel in that they are capable of inducing IFN production 77 

regardless of whether they have blunt or overhanging ends, terminal hydroxyl or 78 

monophosphate groups, RNA base- or DNA base-ends, in contrast to previously described 79 

immunostimulatory RNAs that require 5’-di or triphosphates to activate cellular RNA sensors 80 

(3,4). The RNA-mediated IFN-I/III production resulted in significant inhibition of infections by 81 

multiple human respiratory viruses, including influenza viruses and SARS-CoV-2 in established 82 

cell lines and in human Lung Airway and Alveolus Chips that have been previously shown to 83 

recapitulate human lung pathophysiology (13-15). These findings also should facilitate the 84 

development of siRNAs that avoid undesired immune activation and may pave the way for the 85 

development of a new class of RNA therapeutics for the prevention and treatment of respiratory 86 

virus infections.  87 

 88 

RESULTS 89 

Discovery of IFN-I pathway-activating immunostimulatory RNAs  90 

While using >200 siRNAs to identify host genes that mediate human A549 lung epithelial 91 

cell responses to influenza A/WSN/33 (H1N1) infection, we found that transfection of two 92 

siRNAs (RNA-1 and RNA-2) inhibited H1N1 replication by more than 90% (Fig. 1A). To explore 93 

the mechanism of action of these siRNAs, we profiled the transcriptome and proteome of A549 94 

cells transfected with RNA-1 (Fig. 1B) and RNA-2 (Fig. S1), which respectively target the long 95 

non-coding RNAs (lncRNAs) DGCR5 and LINC00261, and a scrambled siRNA was used as a 96 

control. RNA-seq analysis showed that RNA-1 upregulates the expression of 21 genes by more 97 

than 2-fold (p value threshold of 0.01) (Fig. 1B left and Fig. S2A left). Gene Oncology (GO) 98 

enrichment analysis revealed that these genes are involved in IFN-I signaling pathway and host 99 

defense response to viral infections (Fig. 1B left), including MX1, OASL, IFIT1, and ISG15 (Fig. 100 

S2A left). In parallel, Tandem Mass Tag Mass Spectrometry (TMT Mass Spec) quantification 101 

demonstrated upregulation of 73 proteins by more than 4-fold (p value threshold of 0.01), 102 
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including IL4I1, TNFSF10, XAF1, IFI6, and IFIT3 (Fig. 1B right and Fig. S2B). GO enrichment 103 

analysis of these upregulated proteins also confirmed an association between treatment of 104 

RNA-1 and induction of the IFN-I pathway (Fig. 1B right and Fig. S3A). Quantitative reverse 105 

transcription polymerase chain reaction (qRT-PCR) assay independently validated that RNA-1 106 

preferentially activates the IFN-I pathway relative to the Type II IFN pathways (Fig. S3B), with 107 

IFN-β being induced to much higher levels (>1,000-fold) compared to IFN-α (Fig. 1C). This 108 

potent induction of IFN-β by RNA-1 was verified at the protein level using enzyme-linked 109 

immunosorbent assay (ELISA) (Fig. S4), and similar patterns of gene and protein expression 110 

were also observed for RNA-2 (Fig. 1C and Figs. S1 to S2).   111 

            Interestingly, when we carried out studies with additional siRNAs to further validate the 112 

function of the lncRNAs they target, we found that knockdown of DGCR5 or LINC00261 by 113 

these other siRNAs did not induce IFN production. This was surprising because since the 114 

inception of RNA interference technology, short duplex (double stranded) siRNAs have been 115 

known to induce IFN-I (7,9) and thus subsequent design of these molecules, including the ones 116 

used in our study, were optimized to avoid this action and potential immunomodulatory side 117 

effects (16). siRNAs synthesized by phage polymerase that have a 5’-triphosphate end can 118 

trigger potent induction of IFN-α and -β (7), and siRNAs containing 9 nucleotides (5’-119 

GUCCUUCAA-3’) at the 3’ end can induce IFN-α through TLR-7 (8). Notably, RNAs with a 5’-120 

diphosphate end can induce IFN-I as well (17), but our synthetic duplex RNAs do not have any 121 

of these sequence or structural properties. Thus, our data suggested that the two specific RNAs 122 

we found to be potent IFN-I/III inducers (RNA-1 and RNA-2) may represent new 123 

immunostimulatory RNAs.   124 

To explore this further, we assessed IFN production induced by the two putative 125 

immunostimulatory RNAs using an A549-DualTM IFN reporter cell line, which stably expresses 126 

luciferase genes driven by promoters containing IFN-stimulated response elements (18). These 127 

studies revealed that both RNA-1 and -2 induce IFN production beginning as early as 6 hours 128 
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post transfection, consistent with IFN-I/III being an early-response gene in innate immunity, and 129 

high levels of IFN expression were sustained for at least 24 to 48 hours (Fig. 1D). We also 130 

observed dose-dependent induction of IFN production by these duplex RNAs over the nM range 131 

(Fig. 1E). In addition, we observed similar effects when we tested RNA-3, which was originally 132 

designed as a siRNA to knockdown another lncRNA, LINC00885 (Fig. 2, Table 1). Notably, all 133 

three immunostimulatory dsRNAs that specifically upregulate strong IFN-I/III responses with 134 

high efficiency share a common motif (sense strand: 5’-C, antisense strand: 3’-GGG).  135 

These short duplex RNAs bind directly to RIG-I 136 

           Transcription factor interferon regulatory factor 3 (IRF3) and 7 (IRF7) play vital roles in 137 

IFN-I production (19,20). Using IRF3 knockout (KO) and IRF7 KO cells, we found that loss of 138 

IRF3, but not IRF7, completely abolished the ability of RNA-1 to induce IFN-β (Fig. 3A) and 139 

downstream ISGs, including STAT1, IL4L1, TRAIL, and IFI6 (Fig. S5). IRF3 is the master and 140 

primary transcriptional activator of IFN-I and its induction of IFN-I involves a cascade of events, 141 

including IRF3 phosphorylation, dimerization, and nuclear translocation (21,22). To alleviate 142 

potential interference from host gene knockdown by RNA-1 that was developed as an siRNA, 143 

we performed further mechanistic studies using RNA-4, which contains the common motif of 144 

RNA-1, -2, and -3 that we hypothesized and proved to be involved in the immunostimulatory 145 

activity, but does not target (silence) any host genes because its other nucleotides were 146 

randomized (Fig. 2, Table 1). Although RNA-4 had no effect on IRF3 mRNA or total protein 147 

levels (Fig. 3B,C), it increased IRF3 phosphorylation (Fig. 3C), which is essential for its 148 

transcriptional activity (19) and subsequent translocation to the nucleus (Fig. 3D), where IRF3 149 

acts as transcription factor that induces IFN-I expression (21,22). 150 

 RIG-I, MDA5, and TLR3 are the main sensors upstream of IRF3 that recognize RNA 151 

(23). To investigate which of them detect the immunostimulatory short duplex RNAs, we 152 

quantified RNA-mediated production of IFN-I in RIG-I, MDA5, or TLR3 KO cells. Knockout of 153 

RIG-I completely suppressed the ability of RNA-4 (Fig. 3E) as well as RNA-1 and -2 (Fig. S6) to 154 
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induce IFN-I, whereas loss of MDA5 or TLR3 had no effect on RNA-mediated IFN-I production 155 

(Fig. 3E and Fig. S6). Importantly, surface plasmon resonance (SPR) analysis revealed that 156 

RNA-1 interacts directly with the RIG-I cellular RNA sensor, rather than MDA5 or TLR3 (Fig. 157 

3F). In addition, knockout or overexpression of other RNA sensors, such as TLR7 or TLR8, did 158 

not affect the ability of these duplex RNAs to induce IFN production (Fig. S7). Thus, these short 159 

duplex RNAs stimulate IFN-I production specifically via the RIG-I/IRF3 pathway. 160 

 161 

Overhanging GGG motif mediates IFN activation via duplex RNA dimerization  162 

          The active RNAs-1, -2, and -3 are chemically synthesized 27-mer RNA duplexes that 163 

include terminal hydroxyl groups, 2 DNA bases at the 3’ end of sense strands, and 2-base 164 

overhangs at the 3’ end of antisense strands (Table 1). Importantly, their sequence and 165 

structure features do not conform to any characteristics of existing immunostimulatory RNA 166 

molecules (Table S1), suggesting that previously unknown elements must be responsible for 167 

this immunostimulatory activity. Remarkably, even though they were designed to target different 168 

host genes, sequence alignment revealed that RNA-1, -2, and -3 contained one identical motif 169 

at their 5’ ends (sense strand: C, antisense strand: 3’-GGG-5’) (Table 1). Because all the three 170 

RNAs were potent inducers of IFN, we hypothesized that this common motif may mediate their 171 

immunostimulatory activities.   172 

To test this hypothesis, we systematically investigated IFN production induced by 173 

different sequence variants of RNA-1 (Table 1) using the IFN reporter-expressing cell line. 174 

Maintaining the common motif while shuffling remaining nucleotides or replacing them with a 175 

random sequence (RNA-4 or RNA-5, -6, and -7, respectively, vs. RNA-1, -2, and -3) did not 176 

affect the immunostimulatory activity of the duplex RNA (Fig. 2 and Table 1). However, moving 177 

the motif from 5’ GGG end to the middle region completely abolished the RNA’s 178 

immunostimulatory activity (RNA-8 vs. RNA-1) (Fig. 2 and Table 1). Furthermore, the 179 

immunostimulatory activity was completely eliminated by any changes, including deletion or 180 
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substitution, at the common motif (RNA-9, -10, -11, -12, -13, -14, -15, -16, -17 vs. RNA-1) (Fig. 181 

2 and Table 1). These data indicate that the common terminal 5’ GGG motif is necessary for 182 

IFNI/III induction, and that this effect is sensitive to alterations in its position and sequence. 183 

To determine whether this shared motif mediates binding to RIG-I, we evaluated the 184 

immunostimulatory activity of duplex RNAs bearing an N1-2’O-methyl group, which has been 185 

shown to block RIG-I activation by RNA when the modification occurs at the 5'-terminus (24). 186 

Surprisingly, the N1-2’O-methylation of the 5’-end of sense strand or 3’-end of antisense strand 187 

(RNA-18 and -19) or both simultaneously in the same duplex RNA (RNA-20) did not block RIG-I 188 

activation by RNA-1 (Fig. 2 and Table 1). In contrast, N1-2’O-methylation of the 5’-end of the 189 

antisense strand, but not the 3’-end of the sense strand, completely blocked RIG-I activation by 190 

RNA (RNA-21, -22, and -23 vs. RNA-1) (Fig. 2 and Table 1), indicating that RNA-1 binds to 191 

RIG-I via the 5’GGG-end of its antisense strand.  192 

Given the critical role and high conservation of the common motif in this form of duplex 193 

RNA-mediated immunostimulation, we also explored whether this common motif could mediate 194 

the formation of higher order structure of duplex RNA via an intramolecular G-quadruple, a 195 

secondary structure that is held together by non-canonical G-G Hoogsteen base pairing (25). 196 

Interestingly, native gel electrophoresis revealed the formation of an RNA-1 dimer, while no 197 

dimer was detected when the GG overhang was replaced with AA bases (RNA-12 vs. RNA-1) 198 

(Fig. 4A). These data suggest that the common motif (sense strand: 5’-C, antisense strand: 3’-199 

GGG-5’) mediates formation of an end-to-end RNA-1 dimer via Hoogsteen G-G base pairing 200 

(25), which doubles the length of the dsRNA, thereby promoting efficient binding to RIG-I via the 201 

exposed 5’ antisense strand ends of each RNA and subsequently inducing IFN production (Fig. 202 

4B). This possibility was verified by synthesizing RNA-1 tail-to-tail dimer mimics (RNA-41 and -203 

42) that have similar lengths and sequences and also exhibited potent immunostimulatory 204 

activity (Fig. 2, Table 2).  205 
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As chemically synthesized RNAs contain terminal hydroxyl groups, we tested if adding a 206 

monophosphate at these sites affects the IFN-inducing activity. This is important to investigate 207 

because host RNAs contain a 5’-monophosphate, which has been reported to suppress RIG-I 208 

recognition (3). However, we found that RNA-1 containing terminal monophosphates exhibited 209 

immunostimulatory activity to a similar level as RNA-1 containing a hydroxyl groups (RNA-24, -210 

25, -26, -27 vs. RNA-1) (Fig. 2, Table 1), suggesting that a terminal monophosphate in these 211 

short duplex RNAs is neither required, nor does it interfere with, their immunostimulatory 212 

activity.  213 

As our dsRNAs contain 2 DNA bases at the 3’ end of their sense strand, we also tested 214 

if the types of nucleosides affect the IFN-inducing activity. Interestingly, the duplex RNAs 215 

exhibited comparable immunostimulatory activity to RNA-1 regardless of whether DNA bases or 216 

RNA bases are inserted at the 3’ end of the sense strand and/or 5’ end of the antisense strand 217 

(RNA-28, -29, -30, -31 vs. RNA-1) (Fig. 2, Table 1). This was further verified by synthesizing 218 

duplex RNA dimer mimics (RNA-43 and -44 vs. RNA-42) that contain terminal DNA or RNA 219 

bases, which exhibited similar immunostimulatory activity to RNA-42 that contains 2 DNA bases 220 

at the 3’ ends of sense and antisense strands (Fig. 2, Table 2). 221 

We then tested if introduction of an overhang affects the IFN-inducing activity because 222 

previous reports revealed that RIG-I can be activated by blunt duplex RNAs, and that almost 223 

any type of 5’ or 3’ overhang can prevent RIG-I binding and eliminate signaling (4). However, 224 

we found that the overhang did not affect the IFN-inducing activity of our duplex RNAs (RNA-32, 225 

-33, and -34 vs. RNA-1) (Fig. 2, Table 1). This was also verified in studies with duplex RNA 226 

mimics (RNA-45 and -46 vs. RNA-42) that contain terminal overhangs, which induced IFN 227 

production to a similar level as RNA-42 containing blunt ends (Fig. 2, Table2). 228 

Finally, we analyzed the effects of RNA length on IFN production by gradually trimming 229 

bases from the 3’ end of RNA-1. Removal of increasing numbers of bases resulted in a gradual 230 

decrease in immunostimulatory activity (RNA-35 and -36 vs. RNA-1) with complete loss of 231 
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activity when 8 bases or more were removed from the 3’ end of RNA-1 (RNA-37 and -38) (Fig. 232 

2, Table 1). Therefore, the minimal length of this new form of immunostimulatory RNA required 233 

for IFN induction is 20 bases on the antisense strand that can result in the formation of a RNA 234 

dimer containing ~38 bases via Hoogstein base pairing of their 5’GG ends. This is consistent 235 

with data obtained with duplex RNA tail-to-tail dimer mimics (RNA-47, -48, -49, -50, -51, -52, 236 

and -53 vs. RNA-41 and -42) where the minimal length of the duplex RNA dimer required for 237 

IFN induction was found to be 36 bases (Fig. 2, Table 2). And in a final control experiment we 238 

found that neither the single sense strand nor the single antisense strand of RNA-1 alone is 239 

sufficient to induce IFN production (RNA-39 and -40) (Fig. 2, Table 1), indicating that the double 240 

stranded RNA structure is absolutely required for its immunostimulatory activity. 241 

 Finally, given that the overhanging motif (sense strand: C; antisense strand: 3’-GGG-5’) 242 

is also found in the termini of many siRNAs that can be immunostimulatory, we evaluated its 243 

frequency in both human mRNAs and lncRNAs. Genome-wide sequence analysis revealed that 244 

the ‘CCC’ motif is abundant in both mRNAs and lncRNAs sequences: 99.96 % of human 245 

mRNAs contain ‘CCC’ with an average distance of 75.45 bp between adjacent motifs and 246 

98.08 % of human lncRNAs contain ‘CCC’ with an average distance of 75.93 bp between 247 

adjacent motifs (Fig. S8). Thus, this indicates that the ‘GGG’ motif that mediates short duplex 248 

RNA dimerization should be avoided when an siRNA’s immunostimulatory effect is undesired.  249 

Self-assembling dsRNAs induce less proinflammatory genes than poly(I:C) 250 

 Polyinosinic:polycytidylic acid [poly(I:C)] is an immunostimulant used to simulate viral 251 

infections, which interacts with multiple pattern recognition receptors, including toll-like receptor 252 

3 (TLR3), RIG-I, and MDA5. To compare the immunostimulatory landscape induced by RNA-1 253 

with poly(I:C), we performed bulk RNA-seq analysis of A549 cells transfected with the sample 254 

amounts of scrambled dsRNA as control, RNA-1, or poly(I:C) for 48 hours. Principle-component 255 

analysis shows that RNA-1 and poly(I:C) induce distinct transcriptomic changes (Fig. 5A). 256 

Similar to earlier results (Fig. 1B), RNA-1 upregulated many genes that are involved in antiviral 257 
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IFN response genes, such as MX1, OASL, IRF7, IFIT1 (Fig. 5B). In contrast, poly(I:C) induces 258 

much broader changes in gene expression: 302 genes have decreased expression while only 2 259 

decrease when treated with RNA-1 (Fig. 5C). A heat map also shows that many 260 

proinflammatory cytokines and chemokines, such as CXCL11, TNF, CCL2, IL1A, have much 261 

higher expression in cells transfected with poly(I:C) (Fig. 5D). In addition, a number of genes 262 

involved in ion transport and cell adhesion are decreased by poly(I:C) but not by RNA-1. 263 

Notably, many of these genes (MYO1A, NEB, ADH6, H19, ELN, etc.) were also down-regulated 264 

in SARS-CoV-2 infection (26). These results indicate that, when compared to poly(I:C), our 265 

dsRNAs induce a more targeted antiviral response and a lower level of tissue-damaging 266 

proinflammatory responses, while having no effect on critical biological processes, such as ion 267 

transport and cell adhesion, which should make them more suitable for antiviral therapeutic 268 

applications. 269 

 270 

Broad spectrum inhibition of multiple coronaviruses and influenza A viruses 271 

 To explore the potential physiological and clinical relevance of these new RNAs that 272 

demonstrated immunostimulatory activities in established cell lines, we investigated whether 273 

they can trigger IFN-I responses in human Lung Airway and Alveolus Chip microfluidic culture 274 

devices lined by human primary lung bronchial or alveolar epithelium grown under an air-liquid 275 

interface in close apposition to a primary pulmonary microvascular endothelium cultured under 276 

dynamic fluid flow (Fig. 6A), which have been demonstrated to faithfully recapitulate human 277 

organ-level lung physiology and pathophysiology (13,27,28). We observed 12- to 30-fold 278 

increases in IFN-β expression compared to a scrambled duplex RNA control when we 279 

transfected RNA-1 into human bronchial or alveolar epithelial cells through the air channels of 280 

the human Lung Chips (Fig. 6B). In addition, treatment with RNA-1 induced robust (> 40-fold) 281 

IFN-β expression in human primary lung endothelium on-chip (Fig. 6B) when it was introduced 282 

through the vascular channel.   283 
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         Given our initial finding that RNA-1 and -2 inhibit infection by H1N1 (Fig. 1A) along with 284 

the known antiviral functions of IFN-I/III (29), we next explored the generalizability of these 285 

effects. First, we examined the potential of these IFN inducing RNAs to block infection by 286 

influenza A/HK/8/68 (H3N2) virus in which cells were transfected with RNAs one day prior to 287 

infection, and then with the advent of the COVID-19 pandemic, we extended this work by 288 

carrying out similar studies with SARS-CoV-2 and related coronaviruses, SARS-CoV, MERS-289 

CoV, and HCoV-NL63. Analysis with qPCR for viral mRNA revealed that treatment with the 290 

immunostimulatory duplex RNAs significantly suppressed infections by H3N2 influenza virus in 291 

human Lung Airway and Alveolus Chips (80-90% inhibition) and in A549 cells (>95% inhibition) 292 

(Fig. 6C,D), as it did with H1N1 influenza virus in A549 cells (Fig. 1A). Importantly, these same 293 

duplex RNAs inhibited MERS-CoV in Vero E6 cells and HCoV-NL63 in LLC-MK2 cells by >90% 294 

(Fig. 6D), as well as SARS-CoV in Vero E6 cells by > 1,000-fold (>99.9%) (Fig. 6D). 295 

Impressively, they were even more potent inhibitors of SARS-CoV-2 infection, reducing viral 296 

load in ACE2 receptor-overexpressing A549 cells by over 10,000-fold (>99.99%) (Fig. 6D and 297 

Fig. S9), which is consistent with the observation that SARS-CoV-2 regulates IFN-I/III signaling 298 

differently and fails to induce its expression relative to influenza virus and other coronaviruses 299 

(30,31).  300 

  301 

DISCUSSION 302 

In this study, we observed potent stimulation of IFN-I/III signaling by a new class of short 303 

duplex RNAs that contain a conserved overhanging sequence motif and terminal 304 

monophosphate or hydroxyl groups in a broad spectrum of human cells. Mechanistic exploration 305 

revealed that these immunostimulatory RNAs specifically activate the RIG-I/IRF3 pathway by 306 

binding directly to RIG-I, even though duplex RNAs with monophosphate groups have been 307 

previously shown to antagonize IFN signaling by RNAs with 5’-di or -triphosphates (3,17). By 308 

systematically investigating the effects of various sequences and lengths of these RNAs on IFN-309 
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I induction, we identified that the immunostimulatory activity requires a minimal length of 20 310 

bases, in addition to a conserved overhanging sequence motif (sense strand: C, antisense 311 

strand: 3’-GGG-5’). This motif mediates the formation of end-to-end duplex RNA dimers via 312 

Hoogstein base pairing that enable its binding to RIG-I. In addition, the RNA-mediated IFN-I 313 

production that we observed resulted in significant inhibition of infections by multiple human 314 

respiratory viruses, including H1N1 and H3N2 influenza viruses, as well as coronaviruses 315 

SARS-CoV-2, SARS-CoV-1, MERS-CoV, and HCoV-NL63. Notably, these new 316 

immunostimulatory RNAs significantly reduced SARS-CoV-2 viral loads in cell lines and in 317 

human Lung Airway and Alveolus Chips containing primary lung epithelial and endothelial cells. 318 

These findings raise the possibility that these IFN-inducing immunostimulatory RNAs could offer 319 

alternative prophylactic and therapeutic strategies for the current COVID-19 pandemic, in 320 

addition to providing potential broad-spectrum protection against a wide range of respiratory 321 

viruses that might emerge in the future. In particular, this new duplex RNA approach provides a 322 

clear advantage over the commonly used PRR agonist Poly(I:C), as it is fully chemically 323 

defined, easier to synthesize, and exerts a more targeted antiviral effect with less 324 

proinflammatory activity. 325 

Interestingly, the conserved overhanging motif we identified that contains 5’-C and 3’-326 

GGG ends on the sense and antisense strands, respectively, appears to mediate ‘end-to-end’ 327 

dimerization of the duplex RNAs via formation of an intramolecular G-quadruplex generated by 328 

the GG overhang as any changes to this motif led to complete loss of immunostimulatory 329 

activity. The remaining exposed 5’ ends of the resultant longer dimers, in turn, appears to be 330 

responsible for binding directly to RIG-I, which thereby triggers IFN production. Consistent with 331 

this hypothesis, N1-2’O-methylation at the 5’ end of antisense strand, but not the other ends of 332 

the original short dsRNA led to complete loss of the immunostimulatory activity.  All of these 333 

findings are consistent with previous research demonstrating that RIG-I recognizes the 5’ ends 334 

of longer duplex RNAs (3). Notably, similar Hoogsteen-like pairing has been identified between 335 
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trans U-U base pairs in 5’-UU overhang dsRNA fragments (32); however, our research 336 

establishes for the first time that Hoogsteen base pairing can lead to generation of duplex RNAs 337 

that are highly effective RIG-I agonists. 338 

siRNA has become a common laboratory tool for gene silencing in biomedical research for 339 

almost two decades and a class of drugs that has recently been approved in clinics (11,12). 340 

However, the activation of innate immune responses by siRNAs is challenging their uses in both 341 

settings (11,12,33). A number of features that may elicit immune responses by siRNA have 342 

been identified (Table S1), for examples, the presence of 5’ triphosphate in siRNA synthesized 343 

by phage polymerase (7) or specific sequence motifs in the sense strand of siRNA (8). 344 

However, these features do not cover all possible scenarios, including the new 345 

immunostimulatory RNAs identified in our study. While optimally designed siRNAs may not have 346 

this motif in the overhang because of the potential for the siRNA to be cleaved by RNase at 347 

single-stranded G residues (34), our results further highlight the importance to exclude this 348 

feature in future siRNA design to alleviate unwanted activation of innate immune responses.  349 

While immune stimulation by siRNAs is undesired in some gene silencing applications, it 350 

can be beneficial in others, such as treatment of viral infections or cancer. The IFN response 351 

constitutes the major first line of defense against viruses, and these infectious pathogens, 352 

including SARS-CoV-2, have evolved various strategies to suppress this response (30,35). In 353 

particular, transcriptomic analyses in both human cultured cells infected with SARS-CoV-2 and 354 

COVID-19 patients revealed that SARS-CoV-2 infection produces a unique inflammatory 355 

response with very low IFN-I, IFN-III, and associated ISG responses, while still stimulating 356 

chemokine and pro-inflammatory cytokine production (30,35), and this imbalance likely 357 

contributes to the increased morbidity and mortality seen in late stage COVID-19 patients. Type 358 

I and type III IFN proteins are therefore being evaluated for their efficacy as therapeutics in 359 

preclinical models and clinical trials (36-39). Pretreatment with IFN proteins has been shown to 360 

reduce viral titers, suggesting that induction of IFN-I responses may represent a potentially 361 
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effective approach for prophylaxis or early treatment of SARS-CoV-2 infections (40,41). Triple 362 

combination of IFN-β1b, lopinavir-ritonavir, and ribavirin also has been recently reported to 363 

shorten the duration of viral shedding and hospital stay in patients with mild to moderate 364 

COVID-19 (42).  365 

Consistent with these observations, our results showed that pretreatment with our 366 

immunostimulatory RNAs resulted in a dramatic decrease in infection by SARS-CoV-2, as well 367 

as SARS-CoV, MERS-CoV, HCoV-NL63 (common cold virus) and H1N1 and H3N2 influenza 368 

viruses. Importantly, our immunostimulatory RNAs specifically activate RIG-I/IFN-I pathway but 369 

are not recognized by other cellular RNA sensors, such as TLR7, TLR8, MDA5, or TLR3. This is 370 

interesting because recent studies show that SARS-CoV-2 inhibits RIG-I signaling and 371 

clearance of infection via expression of nsp1 (43). Thus, our results demonstrate that these 372 

duplex RNAs can overcome this inhibition, at least in human lung epithelial and endothelial cells 373 

maintained in Organ Chips that recapitulate human lung pathophysiology (44,45). 374 

 375 

MATERIAL AND METHODS 376 

Cell culture 377 

A549 cells (ATCC CCL-185), A549-DualTM cells (InvivoGen), RIG-I KO A549-DualTM 378 

cells (InvivoGen), MDA5 KO A549-DualTM cells (InvivoGen), TLR3 KO A549 cells (Abcam), 379 

HEK-BlueTM Null-k cells (InvivoGen, hkb-null1k), HEK-BlueTM hTLR7 cells (InvivoGen, htlr7), 380 

THP1-DualTM cells (InvivoGen, thpd-nifs), THP1-DualTM KO-TLR8 cells (InvivoGen,kotlr8), 381 

MDCK cells (ATCC CRL-2936), and LLC-MK2 cells (ATCC CCL-7.1) were cultured in 382 

Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies) supplemented with 10% fetal 383 

bovine serum (FBS) (Life Technologies) and penicillin-streptomycin (Life Technologies). HAP1 384 

cells, IRF3 KO HAP1 cells, and IRF7 KO HAP1 cells were purchased from Horizon Discovery 385 

Ltd and cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco) supplemented with 386 
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10% fetal bovine serum (FBS) (Life Technologies) and penicillin-streptomycin (Life 387 

Technologies). All cells were maintained at 37 ˚C and 5% CO2 in a humidified incubator. All cell 388 

lines used in this study were free of mycoplasma, as confirmed by the LookOut Mycoplasma 389 

PCR Detection Kit (Sigma). Cell lines were authenticated by the ATCC, InvivoGen, Abcam, or 390 

Horizon Discovery Ltd. Primary human lung airway epithelial basal stem cells (Lonza, USA) 391 

were expanded in 75 cm2 tissue culture flasks using airway epithelial cell growth medium 392 

(Promocell, Germany) until 60-70% confluent. Primary human alveolar epithelial cells (Cell 393 

Biologics, H-6053) were cultured using alveolar epithelial growth medium (Cell Biologics, 394 

H6621). Primary human pulmonary microvascular endothelial cells (Lonza, CC-2527, P5) were 395 

expanded in 75 cm2 tissue culture flasks using human endothelial cell growth medium (Lonza, 396 

CC-3202) until 70-80% confluent.   397 

Viruses 398 

Viruses used in this study include SARS coronavirus-2 (SARS-CoV-2), human 399 

coronavirus HCoV-NL63, influenza A/WSN/33 (H1N1), and influenza A/Hong Kong/8/68 400 

(H3N2). SARS-CoV-2 isolate USA-WA1/ 2020 (NR-52281) was deposited by the Center for 401 

Disease Control and Prevention, obtained through BEI Resources, NIAID, NIH, and propagated 402 

as described previously (30). HCoV-NL63 was obtained from the ATCC and expanded in LLC-403 

MK2 cells. Influenza A/WSN/33 (H1N1) was generated using reverse genetics technique and 404 

influenza A/Hong Kong/8/68 (H3N2) was obtained from the ATCC. Both influenza virus strains 405 

were expanded in MDCK cells. HCoV-NL63 was titrated in LLC-MK2 cells by Reed-Muench 406 

method. Influenza viruses were titrated by plaque formation assay (27). All experiments with 407 

native SARS-CoV-2, SARS-CoV, and MERS-CoV were performed in a BSL3 laboratory and 408 

approved by our Institutional Biosafety Committee. 409 

Stimulation of cell lines by transfection 410 
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All RNAs and scrambled negative control dsRNA were synthesized by Integrated DNA 411 

Technologies, lnc. (IDT). The poly(I:C) was purchased from InvivoGen (Cat# tlrl-picw), which 412 

specifically confirmed the absence of contamination by bacterial lipoproteins or endotoxins. 413 

Cells were seeded into 6-well plate at 3 × 105 cells/well or 96-well plate at 104 cells/well and 414 

cultured for 24 h before transfection. Transfection was performed using TransIT-X2 Dynamic 415 

Delivery System (Mirus) according to the manufacturer’s instructions with some modifications. If 416 

not indicated otherwise, 6.8 µL of 10 µM RNA stock solution and 5 µL of transfection reagent 417 

were added in 200 µL Opti-MEM (Invitrogen) to make the transfection mixture. For transfection 418 

in 6-well plate, 200 µL of the transfection mixture was added to each well; for transfection in 96-419 

well plate, 10 µL of the transfection mixture was added to each well. At indicated times after 420 

transfection, cell samples were collected and subjected to RNA-seq (Genewiz, lnc.), TMT Mass 421 

spectrometry, qRT-PCR, western blot, or Quanti-Luc assay (InvivoGen). 422 

RNA-seq and Gene ontogeny analysis 423 

RNA-seq was processed by Genewiz using a standard RNA-seq package that includes 424 

polyA selection and sequencing on an Illumina HiSeq with 150-bp pair-ended reads. Sequence 425 

reads were trimmed to remove possible adapter sequences and nucleotides with poor quality 426 

using Trimmomatic v.0.36. The trimmed reads were mapped to the Homo sapiens GRCh38 427 

reference genome using the STAR aligner v.2.5.2b. Unique gene hit counts were calculated by 428 

using feature Counts from the Subread package v.1.5.2 followed by differential expression 429 

analysis using DESeq2. Gene Ontology analysis was performed using DAVID (46). Volcano 430 

plots and heat maps were generated using the EnhancedVolcano R package (47). Raw 431 

sequencing data files were deposited on NCBI GEO with the accession number 432 

GSE181827. 433 

Proteomics analysis by Tandem Mass Tag Mass Spectrometry 434 
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Cells were harvested on ice. Cells pellets were syringe-lysed in 8 M urea and 200 mM 435 

EPPS pH 8.5 with protease inhibitor. BCA assay was performed to determine protein 436 

concentration of each sample. Samples were reduced in 5 mM TCEP, alkylated with 10 mM 437 

iodoacetamide, and quenched with 15 mM DTT. 100 µg protein was chloroform-methanol 438 

precipitated and re-suspended in 100 µL 200 mM EPPS pH 8.5. Protein was digested by Lys-C 439 

at a 1:100 protease-to-peptide ratio overnight at room temperature with gentle shaking. Trypsin 440 

was used for further digestion for 6 hours at 37°C at the same ratio with Lys-C. After digestion, 441 

30 µL acetonitrile (ACN) was added into each sample to 30% final volume. 200 µg TMT reagent 442 

(126, 127N, 127C, 128N, 128C, 129N, 129C, 130N, 130C) in 10 µL ACN was added to each 443 

sample. After 1 hour of labeling, 2 µL of each sample was combined, desalted, and analyzed 444 

using mass spectrometry. Total intensities were determined in each channel to calculate 445 

normalization factors. After quenching using 0.3% hydroxylamine, eleven samples were 446 

combined in 1:1 ratio of peptides based on normalization factors. The mixture was desalted by 447 

solid-phase extraction and fractionated with basic pH reversed phase (BPRP) high performance 448 

liquid chromatography (HPLC), collected onto a 96 six well plate and combined for 24 fractions 449 

in total. Twelve fractions were desalted and analyzed by liquid chromatography-tandem mass 450 

spectrometry (LC-MS/MS) (48). 451 

Mass spectrometric data were collected on an Orbitrap Fusion Lumos mass 452 

spectrometer coupled to a Proxeon NanoLC-1200 UHPLC. The 100 µm capillary column was 453 

packed with 35 cm of Accucore 50 resin (2.6 μm, 150Å; ThermoFisher Scientific). The scan 454 

sequence began with an MS1 spectrum (Orbitrap analysis, resolution 120,000, 375−1500 Th, 455 

automatic gain control (AGC) target 4E5, maximum injection time 50 ms). SPS-MS3 analysis 456 

was used to reduce ion interference (49,50). The top ten precursors were then selected for 457 

MS2/MS3 analysis. MS2 analysis consisted of collision-induced dissociation (CID), quadrupole 458 

ion trap analysis, automatic gain control (AGC) 2E4, NCE (normalized collision energy) 35, q-459 
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value 0.25, maximum injection time 35ms), and isolation window at 0.7. Following acquisition of 460 

each MS2 spectrum, we collected an MS3 spectrum in which multiple MS2 fragment ions are 461 

captured in the MS3 precursor population using isolation waveforms with multiple frequency 462 

notches. MS3 precursors were fragmented by HCD and analyzed using the Orbitrap (NCE 65, 463 

AGC 1.5E5, maximum injection time 120 ms, resolution was 50,000 at 400 Th). 464 

Mass spectra were processed using a Sequest-based pipeline (51). Spectra were 465 

converted to mzXML using a modified version of ReAdW.exe. Database searching included all 466 

entries from the Human UniProt database (downloaded: 2014-02-04) This database was 467 

concatenated with one composed of all protein sequences in the reversed order. Searches were 468 

performed using a 50 ppm precursor ion tolerance for total protein level analysis. The product 469 

ion tolerance was set to 0.9 Da. TMT tags on lysine residues and peptide N termini (+229.163 470 

Da) and carbamidomethylation of cysteine residues (+57.021 Da) were set as static 471 

modifications, while oxidation of methionine residues (+15.995 Da) was set as a variable 472 

modification. 473 

Peptide-spectrum matches (PSMs) were adjusted to a 1% false discovery rate (FDR) 474 

(52,53). PSM filtering was performed using a linear discriminant analysis (LDA), as described 475 

previously (51), while considering the following parameters: XCorr, ΔCn, missed cleavages, 476 

peptide length, charge state, and precursor mass accuracy. For TMT-based reporter ion 477 

quantitation, we extracted the summed signal-to-noise (S:N) ratio for each TMT channel and 478 

found the closest matching centroid to the expected mass of the TMT reporter ion. For protein-479 

level comparisons, PSMs were identified, quantified, and collapsed to a 1% peptide false 480 

discovery rate (FDR) and then collapsed further to a final protein-level FDR of 1%, which 481 

resulted in a final peptide level FDR of < 0.1%. Moreover, protein assembly was guided by 482 

principles of parsimony to produce the smallest set of proteins necessary to account for all 483 

observed peptides. Proteins were quantified by summing reporter ion counts across all 484 
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matching PSMs, as described previously (51). PSMs with poor quality, MS3 spectra with TMT 485 

reporter summed signal-to-noise of less than 100, or having no MS3 spectra were excluded 486 

from quantification (54). Each reporter ion channel was summed across all quantified proteins 487 

and normalized assuming equal protein loading of all tested samples. Raw data were submitted 488 

to ProteomeXchange via the PRIDE database with the accession PXD027838. 489 

qRT-PCR 490 

Total RNA was extracted from cells using RNeasy Plus Mini Kit (QiaGen, Cat#74134) 491 

according to the manufacturer’s instructions. cDNA was then synthesized using AMV reverse 492 

transcriptase kit (Promega) according to the manufacturer’s instructions. To detect gene levels, 493 

quantitative real-time PCR was carried out using the GoTaq qPCR Master Mix kit (Promega) 494 

with 20 µL of reaction mixture containing gene-specific primers or the PrimePCR assay kit (Bio-495 

Rad) according the manufacturers’ instructions. The expression levels of target genes were 496 

normalized to GAPDH.  497 

Antibodies and Western blotting 498 

The antibodies used in this study were anti-IRF3 (Abcam, ab68481), anti-IRF3 (Phospho 499 

S396) (Abcam, ab138449), anti-GAPDH (Abcam, ab9385), and Goat anti-Rabbit IgG H&L 500 

(HRP) (Abcam, ab205718). Cells were harvested and lysed in RIPA buffer (Thermo Scientific, 501 

Cat#89900) supplemented with HaltTM protease and phosphatase inhibitor cocktail (Thermo 502 

Scientific, Cat#78440) on ice. The cell lysates were subject to western blotting. GAPDH was 503 

used as a loading control. 504 

Confocal immunofluorescence microscopy 505 

Cells were rinsed with PBS, fixed with 4% paraformaldehyde (Alfa Aesar) for 30 min, 506 

permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS (PBST) for 10 min, blocked with 507 

10% goat serum (Life Technologies) in PBST for 1 h at room temperature, and incubated with 508 
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anti-IRF3 (Phospho S396) (Abcam, ab138449) antibody diluted in blocking buffer (1% goat 509 

serum in PBST) overnight at 4 ˚C, followed by incubation with Alexa Fluor 488 conjugated 510 

secondary antibody (Life Technologies) for 1 h at room temperature; nuclei were stained with 511 

DAPI (Invitrogen) after secondary antibody staining. Fluorescence imaging was carried out 512 

using a confocal laser-scanning microscope (SP5 X MP DMI-6000, Germany) and image 513 

processing was done using Imaris software (Bitplane, Switzerland). 514 

Surface plasmon resonance 515 

The interactions between duplex RNA-1 and cellular RNA sensor molecules (RIG-I 516 

(Abcam, Cat# ab271486), MDA5 (Creative-Biomart, Cat# IFIH1-1252H), and TLR3 (Abcam, 517 

Cat# ab73825)) were analyzed by SPR with the Biacore T200 system (GE Healthcare) at 25 °C 518 

(Creative-Biolabs Inc.). RNA-1 conjugated with biotin (synthesized by IDT lnc.) was immobilized 519 

on a SPR sensor chip, with final levels of ~60 response units (RU). Various concentrations of 520 

the RNA sensors diluted in running buffer (10 × HBS-EP+; GE Healthcare, Cat# BR100669) 521 

were injected as analytes at a flow rate of 30 μl/min, a contact time of 180 s, and a dissociation 522 

time of 300 s. The surface was regenerated with 2 M NaCl for 60 s. Data analysis was 523 

performed on the Biacore T200 computer with the Biacore T200 evaluation software.  524 

Organ Chip Culture 525 

Microfluidic two-channel Organ Chip devices and automated ZOE instruments used to 526 

culture them were obtained from Emulate Inc (Boston, MA, USA). Our methods for culturing 527 

human Lung Airway Chips (27,28) and Lung Alveolus Chips have been described previously. In 528 

this study, we slightly modified the Alveolus Chip method by coating the inner channels of the 529 

devices with 200 µg/ml Collagen IV (5022-5MG, Advanced Biomatrix) and 15 g/ml of laminin 530 

(L4544-100UL, Sigma) at 37˚C overnight, and the next day (day 1) sequentially seeding primary 531 

human lung microvascular endothelial cells (Lonza, CC-2527, P5) and primary human lung 532 
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alveolar epithelial cells (Cell Biologics, H-6053) in the bottom and top channels of the chip at a 533 

density of 8 and 1.6 x 106 cells/ml, respectively, under static conditions. On day 2, the chips 534 

were inserted into Pods (Emulate Inc.), placed within the ZOE instrument, and the apical 535 

and basal channels were respectively perfused (60 L/hr) with epithelial growth medium (Cell 536 

Biologics, H6621) and endothelial growth medium (Lonza, CC-3202). On day 5, 1 uM 537 

dexamethasone was added to the apical medium to enhance barrier function. On day 7, an air-538 

liquid interface (ALI) was introduced into the epithelial channel by removing all medium from this 539 

channel while continuing to feed all cells through the medium perfused through the lower 540 

vascular channel, and this medium was changed to EGM-2MV with 0.5% FBS on day 9. Two 541 

days later, the ZOE instrument was used to apply cyclic (0.25 Hz) 5% mechanical strain to the 542 

engineered alveolar-capillary interface to mimic lung breathing on-chip. RNAs were transfected 543 

on Day 15.  544 

RNA transfection in human Lung Airway and Alveolus Chips 545 

Human Airway or Alveolus Chips were transfected with duplex RNAs by adding the RNA 546 

and transfection reagent (Lipofectamine RNAiMAX) mixture into the apical and basal channels 547 

of the Organ Chips and incubating for 6 h at 37°C under static conditions before reestablishing 548 

an ALI. Tissues cultured on-chip were collected by RNeasy Micro Kit (QiaGen) at 48 h post-549 

transfection by first introducing 100 ul lysis buffer into the apical channel to lyse epithelial cells 550 

and then 100 ul into the basal channel to lyse endothelial cells. Lysates were subjected to qPCR 551 

analysis of IFN-β gene expression. 552 

Native SARS-CoV-2 infection and inhibition by RNA treatment 553 

ACE2-expressing A549 cells (a gift from Brad Rosenberg) were transfected with 554 

indicated RNAs. 24 h post-transfection, the transfected ACE2-A549 cells were infected with 555 

SARS-CoV-2 (MOI = 0.05) for 48 hours. Cells were harvested in Trizol (Invitrogen) and total 556 
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RNA was isolated and DNAse-I treated using Zymo RNA Miniprep Kit according to the 557 

manufacturer's protocol. qRT-PCR for α-tubulin (Forward: 5'-GCCTGGACCACAAGTTTGAC-3'; 558 

Reverse: 3'-TGAAATTCTGGGAGCATGAC-5') and SARS-CoV-2 N mRNA (Forward: 5'-559 

CTCTTGTAGATCTGTTCTCTAAACGAAC-3'; Reverse: 3'-GGTCCACCAAACGTAATGCG-5') 560 

were performed using KAPA SYBR FAST ONE-STEP qRT-PCR kits (Roche) according to 561 

manufacturer's instructions on a Lightcycler 480 Instrument-II (Roche). 562 

Native SARS-CoV-1 and MERS-CoV infection and inhibition by RNA treatment 563 

Vero E6 cells (ATCC# CRL 1586) were cultured in DMEM (Quality Biological), 564 

supplemented with 10% (v/v) fetal bovine serum (Sigma), 1% (v/v) penicillin/streptomycin 565 

(Gemini Bio-products) and 1% (v/v) L-glutamine (2 mM final concentration, Gibco). Cells were 566 

maintained at 37°C (5% CO2). Vero E6 cells were plated at 1.5x 105 cells per well in a six well 567 

plate two days prior to transfection. The RNA-1, RNA-2, and scrambled control RNA were 568 

transfected into each well using the Transit X2 delivery system (MIRUS; MIR6003) in OptiMEM 569 

(Gibco 31985-070).  SARS-CoV (Urbani strain, BEI#NR-18925) and MERS-CoV (Jordan strain, 570 

provided by NIH) were added at MOI 0.01. At 72 hours post infection, medium was collected 571 

and used for a plaque assay to quantify PFU/mL of virus. 572 

Quantification and Statistical Analysis 573 

All data are expressed as mean ± standard deviation (SD). N represents biological 574 

replicates. Statistical significance of differences in the in vitro experiments was determined by 575 

employing the paired two-tailed Student t-test when comparing the difference between two 576 

groups and one-way ANOVA with multiple comparison when comparing the samples among 577 

groups with more than two samples. For all experiments, differences were considered 578 

statistically significant for p < 0.05 (*, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant). 579 

 580 
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 753 

 Figure 1. Discovery of new immunostimulatory RNAs. (A) A549 cells were 754 

transfected with RNA-1, RNA-2, or a scrambled duplex RNA control, and infected with influenza 755 
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A/WSN/33 (H1N1) virus (MOI=0.01) 24 hours later. Titers of progeny viruses in medium 756 

supernatants collected at 48 h post-infection were determined by quantifying plaque forming 757 

units (PFUs); data are shown as % viral infection measured in the cells treated with the control 758 

RNA (Data shown are mean ± standard deviation; N =3; ***, p < 0.001). (B) A549 cells were 759 

transfected with RNA-1 or a scrambled dsRNA control, collected at 48 h, and analyzed by RNA-760 

seq (left) or TMT Mass Spec (right). Differentially expressed genes (DEGs) from RNA-seq or 761 

proteins from TMT Mass Spec are shown in volcano plots (top) and results of GO Enrichment 762 

analysis performed for the DEGs are shown at the bottom (N = 3). (C) qPCR analysis of cellular 763 

IFN-β and IFN-α RNA levels at 48 h after A549 cells were transfected with RNA-1, RNA-2, or 764 

scrambled dsRNA control (N = 3). (D) RNA-mediated production kinetics of IFN production in 765 

wild-type A549-Dual cells that were transfected with RNA-1, RNA-2, or scramble RNA control 766 

measured using a Quanti-Luc assay. OD values from cells transfected with the scrambled RNA 767 

control were subtracted as background (N = 6). (E) Dose-dependent induction of IFN by RNA-1 768 

and -2 in A549-Dual cells compared to scrambled RNA control measured at 48 h post-769 

transfection (control OD values were subtracted as background; N = 6).  770 

 771 

772 
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773 

Figure 2. Comparison of the immunostimulatory activities of different RNAs. A549-Dual 774 

cells were transfected with indicated duplex RNAs for 48 h, and then activation of the IFN 775 

pathway was measured by quantifying luciferase reporter activity. The immunostimulatory 776 

activity of RNA-1 was set as 1 (N = 6).  777 
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 778 

Figure 3. Immunostimulatory RNAs induce IFN-I production through RIG-I-IRF3 pathway. 779 

(A) Wild-type (WT) HAP1 cells, IRF3 knockout HAP1 cells, or IRF7 knockout HAP1 cells were 780 

transfected with RNA-1 or scrambled RNA control for 48 h, and IFN-β mRNA levels were 781 

quantified by qPCR. Data are shown as fold change relative to the scrambled RNA control (N = 782 

3). Note that IRF3 knockdown completely abolished the IFN-β response. (B) IRF3 mRNA levels 783 
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measured in A549 cells transfected with immunostimulatory RNA-4 or a scrambled RNA control, 784 

as determined by qPCR and 48 h post-transfection (data are shown as fold change relative to 785 

the control RNA; N = 3). (C) Total IRF3 protein and phosphorylated IRF3 detected in A549 cells 786 

transfected with RNA-4 or scrambled RNA control at 48 h post transfection as detected by 787 

Western blot analysis (GAPDH was used as a loading control). (D) Immunofluorescence 788 

micrographs showing the distribution of phosphorylated IRF3 in A549 cells transfected with 789 

RNA-4 or scrambled RNA control at 48 h post transfection (Green, phosphorylated IRF3; blue, 790 

DAPI-stained nuclei; arrowheads, nuclei expressing phosphorylated IRF3). (E) Wild-type (WT) 791 

A549-Dual cells, RIG-I knockout A549-Dual cells, MDA5 knockout A549-Dual cells, or TLR3 792 

knockout A549 cells were transfected with immunostimulatory RNA-4 or a scrambles RNA 793 

control and 48 h later, IFN-β expression levels were quantified using the Quanti-Luc assay or 794 

qPCR (data are shown as fold change relative to the scrambled RNA control; N = 6). Note that 795 

RIG-I knockout abolished the ability of the immunostimulatory RNAs to induce IFN-β. (F) SPR 796 

characterization of the binding affinity between cellular RNA sensors (RIG-I, MDA5, and TLR3) 797 

and RNA-1, which were immobilized on a streptavidin (SA) sensor chip. Equilibrium dissociation 798 

constant (KD), association rate constant (Ka), and dissociation rate constant (Kd) are labeled on 799 

the graphs. 800 

  801 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 22, 2021. ; https://doi.org/10.1101/2021.11.19.469183doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.19.469183
http://creativecommons.org/licenses/by-nc-nd/4.0/


35 
 

  802 

Figure 4. The common motif mediates the formation of duplex RNA dimers via 803 

intramolecular G-quadruplex formed by GG overhang. (A) The image of native gel 804 

electrophoresis showing the formation of RNA-1 dimer. 1 uL of 10 uM RNA samples were 805 

loaded. RNA-12 and RNA-42 were used as negative and positive control, respectively. (B) The 806 

diagram showing the structure of ‘end-to-end’ RNA-1 dimer due to terminal G-G Hoogsteen 807 

paring. 808 
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 810 

 811 

Figure 5. Immunostimulatory RNAs elicit responses with a stronger antiviral component 812 

and a lower proinflammatory component. (A) Principal component analysis of A549 cells 813 

transcriptomes when transfected with scrambled dsRNA (ctrl), RNA-1 (isRNA) or poly(I:C) for 48 814 

ctrl isRNA polyIC
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hours. N=3. (B and C) Volcano plots showing significant upregulated genes (red) or 815 

downregulated genes (blue) in isRNA transfected (B) or poly(I:C) transfected (C) A549 cells. 816 

Threshold for fold change = 2, threshold for Padj = 0.01. (D). Heat map showing top upregulated 817 

inflammatory genes and top downregulated genes involved in ion transport and cell-cell 818 

adhesion in the poly(I:C) transfected but not in the isRNA transfected A549 cells. 819 

 820 

 821 
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 822 

Figure 6. Immunostimulatory RNAs induce IFN-β production in differentiated 823 

human lung epithelial and endothelial cells in Organ Chips and exhibit broad spectrum 824 

inhibition of infection by H3N2 influenza virus, SARS-CoV-2, SARS-CoV-1, MERS-CoV, 825 
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and HCoV-NL63. (A) Schematic diagram of a cross-section through the human Lung-on-Chip, 826 

which faithfully recapitulate human lung physiology and pathophysiology. (B) Human Lung 827 

Airway and Alveolus Chips were transfected with RNA-1 or scrambled RNA control by perfusion 828 

through both channels of the chip and 48 h later, the epithelial and endothelial cells were 829 

collected for detection of IFN-β mRNA by qPCR (data are presented as fold change relative to 830 

the RNA control; N = 3; *, p < 0.05; ***, p < 0.001). (C) Effects of treatment with RNA-1 or a 831 

scrambled control in the human Lung Airway Chips or human Lung Alveolus Chips infected with 832 

influenza A/HK/8/68 (H3N2) (MOI = 0.1) at 24 h after RNA-1 treatment. Viral load was 833 

determined by quantifying the viral NP gene by qPCR in cell lysates at 48 h after infection. 834 

Results are shown as fold change relative to RNA control; N=3; *, p < 0.05. (D) Treatment with 835 

immunostimulatory duplex RNAs resulted in potent inhibition of multiple potential pandemic 836 

viruses, including SARS-CoV-2. Indicated cells were treated with RNA-1, RNA-2, or a 837 

scrambled control and infected with influenza A/HK/8/68 (H3N2) (MOI = 0.1), SARS-CoV-2 838 

(MOI = 0.05), SARS-CoV-1 (MOI = 0.01), MERS-CoV (MOI = 0.01), and HCoV-NL63 (MOI = 839 

0.002), respectively, at 24 h after RNA transfection. Viral load was determined by quantifying 840 

the viral NP gene for H3N2, and the N gene for SARS-CoV-2 and HCoV-NL63 by qPCR in cell 841 

lysates at 48 h after infection; viral loads of SARS-CoV and MERS-CoV were determined by 842 

plaque assay at 48 h after infection. All results are shown as fold change relative to RNA 843 

control; N=3; *, p < 0.05; ***, p < 0.001.  844 

 845 
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Table 1. Oligonucleotides of RNA monomers. 847 

  848 

The sense strand (left 5’ end- right 3’ end) is positioned on top, while the antisense 849 

strand (left 3’ end-right 5’ end) is below. If not indicated otherwise, both 5’ and 3’ ends of sense 850 

and antisense contain terminal hydroxyl groups. The underlined bases indicate DNA bases; p, 851 

monophosphate group; m, N1-2-O-methyl group. +++, high activity; ++. Middle activity; +, low 852 

activity; -, no activity. 853 
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Table 2. Oligonucleotides of RNA-1 dimer mimics. 854 

 855 

The sense strand (left 5’ end- right 3’ end) is positioned on top, while the antisense 856 

strand (left 3’ end-right 5’ end) is below. If not indicated otherwise, both 5’ and 3’ ends of sense 857 

and antisense contain terminal hydroxyl groups. The underlined bases indicate DNA bases; p, 858 

monophosphate group; m, N1-2-O-methyl group. +++, high activity; ++. Middle activity; +, low 859 

activity; -, no activity. 860 

  861 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 22, 2021. ; https://doi.org/10.1101/2021.11.19.469183doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.19.469183
http://creativecommons.org/licenses/by-nc-nd/4.0/


42 
 

Supplementary Data  862 

Self assembling short immunostimulatory duplex RNAs with broad spectrum antiviral 863 
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 890 

Figure S1. Profiling the effects of RNA-2 by RNA-seq and TMT mass spectrometry. A549 891 

cells were transfected with RNA-2 or scrambled RNA control, cell lysates were collected at 48 h, 892 

and analyzed by RNA-seq (left) or TMT Mass Spec (right). Differentially expressed genes 893 

(DEGs) or proteins are shown in volcano plots (top) and GO Enrichment analysis was 894 

performed for the DEGs (bottom) (N = 3). Plot (top) and GO Enrichment analysis was performed 895 

for the differentially expressed proteins (bottom) (N = 3). 896 
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 898 

Figure S2. Heat maps showing the effects of immunostimulatory RNAs on IFN pathway-899 

relevant gene levels. DEGs from RNA-seq (A) and differentially expressed proteins from TMT 900 

Mass Spec analyses (B) shown in Fig. 1B and fig. S1 are presented here as heat maps (gene 901 

levels of the scrambled RNA control were set as 1; N = 3).  902 
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 904 

Figure S3. RNA-induced gene expression associated with type I interferon pathway. (A) 905 

Venn diagram showing differentially expressed ISGs from TMT Mass Spec by RNA-1 belong to 906 

type I or type II interferon stimulated genes. (B) Heat map of qPCR results showing RNA-I 907 

preferentially activates type I interferon pathway. A549 cells were transfected with RNA-1 or 908 

scrambled dsRNA control, collected at 48 hr and analyzed by qPCR (expression levels were 909 

normalized to GAPDH; gene levels induced by the RNA control were set as 1; N = 3).   910 

 911 
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 912 

 913 

Figure S4. The levels of IFN-β protein induced by RNA-1. A549 cells were transfected with 914 

RNA-1 (34 nM) for 48 h, and then supernatants were collected for detection of IFN-β using 915 

ELISA. Scrambled RNA control NC-1 is used as negative (N = 3). 916 

 917 
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 919 

Figure S5. IRF3 knockout abolished the ability of immunostimulatory RNAs to induce 920 

IFN-I pathway associated genes. Wild-type (WT) HAP1 cells, IRF3 knockout HAP1 cells, or 921 

IRF7 knockout HAP1 cells were transfected with RNA-1 or a scrambled RNA control and 922 

STAT1, IL4L1, TRAIL, and IFI6 mRNA levels were quantified by qPCR at 48 h post transfection. 923 

Data are presented as fold change relative to RNA control (N = 3). 924 
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 925 

Figure S6. RIG-I knockout abolished the induction effects of the immunostimulatory 926 

RNAs on IFN-β. Wild-type (WT) A549-Dual cells, RIG-I knockout A549-Dual cells, MDA5 927 

knockout A549-Dual cells, or TLR3 knockout A549 cells were transfected with RNA-1, RNA-2, 928 

or a scramble RNA control and IFN-β mRNA levels were detected by Quanti-Luc assay in WT, 929 

RIG-I KO, and MDA5 KO A549-Dual cells or qPCR in TLR3 KO A549 cells at 48 h post 930 

transfection. Data are shown as fold change relative to the scrambled RNA control (N = 6).  931 
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 933 

 934 

Figure S7. TLR7/8 knockout or overexpression did not have effect on the 935 

immunostimulatory activity of RNA-1. (A) Graph showing that the overexpression of TLR7 in 936 

HEK cells had no effect on production of IFN-β induced by RNA-1. (B) Graph showing that the 937 

knockout of TLR8 in THP1 cells had no effect on IFN production induced by RNA1. These cell 938 

lines are commercial and could be purchased from InvivoGen. 939 
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 941 

 942 

Figure S8. ‘CCC’ motif is widely distributed in human genome. (A) Graph showing the 943 

distribution of the number of CCC sequences in human mRNAs (retrieved from UCSC hg38 944 

refGene with prefix NM). (B) Graph showing the distribution of the number of CCC sequences in 945 

human lncRNAs (retrieved from lncipedia). (C) Table showing the percentage of human mRNAs 946 

and lncRNAs containing the CCC motif and their average density.  947 
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 948 

Figure S9. Immunostimulatory RNA-mediated production of IFN in ACE2-overexpressing 949 

A549 cells. IFN-β and ISG15 levels were detected in cells transfected with RNA-1, RNA-2, or 950 

scramble dsRNA control by qPCR at 48 h post-transfection. The IFN-β or ISG15 level induced 951 

by the scramble dsRNA control was set as 1. Data are shown as fold change relative to the 952 

control (N = 3).  953 

 954 
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Table S1. Summary of characteristics of reported immunostimulatory RNAs. 960 

 961 

 962 

 963 

 964 
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