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Infections caused by human respiratory syncytial virus (RSV) are associated with substantial rates of morbidity and mortality. 
Treatment options are limited, and there is urgent need for the development of efficient antivirals. Pattern recognition receptors 
such as the cytoplasmic helicase retinoic acid–inducible gene (RIG) I can be activated by viral nucleic acids, leading to 
activation of interferon-stimulated genes and generation of an “antiviral state.” In the current study, we activated RIG-I with 
synthetic RNA agonists (3pRNA) to induce resistance to RSV infection in vitro and in vivo. In vitro, pretreatment of human, 
mouse, and ferret airway cell lines with RIG-I agonist before RSV exposure inhibited virus infection and replication. Moreover, 
a single intravenous injection of 3pRNA 1 day before RSV infection resulted in potent inhibition of virus replication in the 
lungs of mice and ferrets, but not in nasal tissues. These studies provide evidence that RIG-I agonists represent a promising 
antiviral drug for RSV prophylaxis.
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Human respiratory syncytial virus (RSV) is an enveloped virus 
of the Pneumoviridae family with a single-stranded, negative- 
sense RNA genome consisting of 10 genes that encode for 6 in-
ternal and 2 nonstructural proteins (M, NS1, NS2, M2-1, M2-2, 
P, L, and N) and 3 surface glycoproteins (SH, G, and F) (re-
viewed in [1]). RSV infects most children within the first 2 years 
of life but also reinfects older children and adults, including el-
derly adults. While most infections are associated with upper air-
way disease, RSV infections can result in acute lower respiratory 
tract infection, and RSV is among the most frequent causes of 

pediatric bronchiolitis and pneumonia [2]. Limiting the impact 
of RSV infection is important, but treatment options are limited, 
and supportive care remains the mainstay of treatment. Of note, 
there are only 2 Food and Drug Administration–approved anti-
virals available: aerosolized ribavirin, a guanosine analogue with 
broad-spectrum antiviral activity [3], and palivizumab, a hu-
manized monoclonal antibody (mAb) to RSV F [4]. Both antivi-
rals exhibit clinical benefit; however, their use is limited by 
several factors, which include cost and safety concerns [5].

Host-directed therapy approaches are an attractive approach 
to circumvent the necessity for drugs targeting viral structures 
directly. Viral nucleic acids are recognized by pattern recogni-
tion receptors such as Toll-like receptors, retinoic acid–inducible 
gene I (RIG-I)–like receptors [6, 7], and nucleotide-binding olig-
omerization domain–like receptors [8]. Viral sensing by differ-
ent by pattern recognition receptors triggers intracellular 
signaling cascades to activate transcription factors, which ulti-
mately induce production of types I and III interferons (IFNs) 
[9]. Secreted IFNs bind to their corresponding receptors in an 
autocrine and/or paracrine manner to induce expression of hun-
dreds of IFN-stimulated genes (ISGs) [10], resulting in an “anti-
viral state” in virus-infected and uninfected neighboring cells.

Prophylactic and therapeutic treatments using synthetic 
agonists to target RIG-I have shown promising results as 
broad-spectrum antivirals. In vitro, treatment of human cells 
with RIG-I agonists resulted in protection from subsequent 
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infection with different RNA viruses such as influenza A 
virus (IAV), chikungunya virus (CHIKV), dengue virus, 
hepatitis C virus, and human immunodeficiency virus type 1 
[11–14]. Moreover, prophylactic administration of RIG-I ag-
onists to mice before infection with CHIKV [15] and IAV 
[11, 13–17] resulted in significant protection from disease. 
Recent studies also demonstrated that prophylactic and 
therapeutic treatment with RIG-I agonists reduced lung 
virus titers and enhanced survival of mice infected with 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) [18, 19].

In the current study, we demonstrated that pretreatment (ie, 
treatment before infection) of human, mouse, or ferret airway 
cell lines with a synthetic RIG-I agonist (3pRNA) resulted in re-
duced susceptibility to subsequent RSV infection and replica-
tion. Moreover, a single intravenous injection of mice or 
ferrets with 3pRNA 1 day before RSV infection resulted in po-
tent inhibition of virus growth in the lung but not in the upper 
airways. Together, these in vitro and in vivo findings highlight 
the potential of RIG-I agonists as an effective antiviral prophy-
laxis against RSV.

METHODS

Cells and Viruses

Human lung epithelial (A549) cells (American Type Culture 
Collection [ATCC]), human epithelial type 2 (HEp-2) cells 
(ATCC), ferret lung epithelial (FRL) cells (described below), 
or primary mouse lung fibroblasts (isolated as described else-
where [20]) were maintained and passaged in Dulbecco mod-
ified Eagle medium (Gibco) containing 10% (vol/vol) fetal calf 
serum (Sigma-Aldrich) and supplemented with 2 mmol/L 
L-glutamine (Gibco), 1 mmol/L sodium pyruvate (Gibco), 
100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco). 
FRL cells were immortalized by transformation with adenovi-
rus serotype 5 (ATCC). Single cells were obtained by limiting 
dilution with subsequent passage to establish the cell line that 
has been used in other studies [21]. Mouse lung epithelial 
(LA-4) cells (ATCC) were cultured in Ham’s F-12K 
(Kaighn’s) medium (Gibco), supplemented as described 
above. FRL and LA-4 RIG-I knockdown cells were generated 
using a pLKO.1 lentiviral plasmid system [22]. RIG-I−/− A549 
cell lines have been described elsewhere [23].

The RSV A2 strain was obtained from the Department of 
Microbiology and Immunology, University of Melbourne, 
and the Long strain (VR-26) was purchased from ATCC. 
Recombinant human RSV (HRSV) Long viruses expressing 
firefly luciferase (rHRSV-Luc) or mCherry (rHRSV-Cherry) 
have been described elsewhere [24]. RSV stocks were grown 
in HEp-2 cells and titers of infectious virus were quantified 
on HEp-2 cells by means of plaque assay and/or ViroSpot 
assay [25].

Oligonucleotides and Transfection

Synthetic 3pRNA, consisting of a 5’-triphosphorylated, double- 
stranded hairpin RNA, was chemically synthesized by solid- 
phase synthesis using product-specific labelling, as described 
elsewhere [16]. Control (ctrl) RNA was also generated [16]. 
For in vitro studies, Lipofectamine 2000 (Invitrogen) was 
used to transfect mammalian cells with 3pRNA or ctrl RNA 
(both 100 ng/mL) in OptiMEM (Gibco-BRL), according to 
the manufacturer’s instructions.

Cytokine Detection

IFN-α was measured in murine cell supernatants by enzyme- 
linked immunosorbent assay, using a rat anti-mouse IFN-α 
mAb for coating (RMMA-1; PBL Assay Science), followed by 
incubation with cell culture supernatants and subsequent incu-
bation with a rabbit polyclonal anti-mouse IFN-α Ab (PBL 
Assay Science). Expression was visualized using a mouse anti- 
rabbit horseradish peroxidase (Santa Cruz Biotechnology) and 
TMB Substrate (BD OptEIA, BD Bioscience).

In Vitro Virus Infection and Growth Assays

After overnight culture, RSV was added to cell monolayers in 
serum-free medium at the indicated multiplicity of infection and in-
cubated for 1 hour at 37°C. Cells were washed and further incubat-
ed in serum-free medium. Supernatants were harvested at indicated 
time points and virus titers determined in clarified supernatants by 
ViroSpot assay [20]. For immunostaining, cells were harvested 
17 hours after infection and then fixed, permeabilized and stained 
with a mAb specific for the RSV nucleoprotein (130-12H, Merck) 
and analyzed using flow cytometry. Alternatively, cells were stained 
with a mAb against the RSV fusion protein (F) (133-1H, Merck), in 
conjunction with fluorescein isothiocyanate–conjugated donkey 
anti-mouse IgG (A32766; ThermoFisher), fixed, and analyzed using 
flow cytometry. Fixable viability dye eFluor 780 (eBioscience) was 
used to exclude dead cells.

Plaque and ViroSpot Assays to Determine Titers of Infectious RSV

Titers of infectious RSV in culture supernatants and samples 
from RSV-infected mice or ferrets were determined with 
ViroSpot assay [25] or plaque assay [26] on HEp-2 cells.

Animal Models

All research complied with the University of Melbourne’s 
Animal Experimentation Ethics guidelines and policies, in ac-
cordance with the National Health and Medical Research 
Council Australian code of practice for the care and use of an-
imals for scientific purposes.

In Vivo Treatment, Infection and Bioluminescence Imaging of Mice

BALB/c, C57BL/6 (B6), and interferon regulator factor (IRF)3/7−/− 

[27], or type I interferon receptor (IFNAR)2−/− [28] mice on a B6 
background were bred and maintained in specific pathogen-free 
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conditions at the Bioresources Facility at The Peter Doherty 
Institute for Infection and Immunity, Melbourne, Australia. For 
treatment of mice, 12.5 μg of 3pRNA or ctrl RNA was formulated 
in in vivo jetPEI transfection reagent (Polyplus-transfection) at an 
N/P ratio of 8 (referring to the number of nitrogen residues [N] in 
the reagent per phosphate [P] of nucleic acid) and injected via the 
intravenous route. Then, 24 hours later, mice were infected with 
the indicated dose of rHRSV-Luc in 50 μL of phosphate-buffered 
saline (PBS) via the intranasal route. For bioluminescence imag-
ing, mice were injected intraperitoneally with VivoGlo Luciferin 
(Promega) (15 mg/mL in PBS, at a dose of 150 mg/kg) 5 minutes 
before imaging. Mice were anesthetized by means of isoflurane in-
halation. Bioluminescence signals were measured using the 
Lumina XRMS Series III In Vivo Imaging System (IVIS; Perkin 
Elmer). Living Image software (version 4.0; Caliper Life Sciences) 
was used to measure luciferase activity. Bioluminescence images 
were acquired for 1 minute (f/stop = 1; binning = 8.

In Vivo Treatment and RSV Infection of Ferrets

Adult outbred ferrets (600–1500 g) were housed in the 
Bioresources Facility at The Peter Doherty Institute for 
Infection. Ferrets received intravenous injections of 0.3 mg/ 
kg 3pRNA or ctrl RNA formulated in in vivo jetPEI at an 
N/P ratio of 8, following manufacturer`s instructions. At 
24 hours after 3pRNA or ctrl RNA delivery, ferrets were intra-
nasally inoculated with RSV Long by dropwise delivery of 
500 µL (5 × 105 infectious particles).

Ferret Tissue Collection and Processing

After RSV infection, daily nasal wash samples were collected. 
Ferrets were lightly sedated (5 mg/kg Ilium Xylazil-20; Troy 
Laboratories), and 1 mL of PBS was flushed through the nostrils. 
Expelled liquid was collected, snap frozen, and stored at −80°C. 
At experimental end points, ferrets were anesthetized with keta-
mine and xylazine before intracardiac injection of sodium pen-
tobarbitone (Lethabarb, 0.5 mL/kg; Troy Laboratories) before 
removal of respiratory tissues. At relevant time points, peripheral 
blood was collected, and peripheral blood mononuclear cells 
(PBMCs) were isolated by means of density gradient centrifuga-
tion using Ficoll-Paque PLUS (GE Healthcare).

Gene Expression Analysis by Quantitative Real-Time Polymerase Chain 
Reaction

Total RNA was isolated from PBMCs or cell lines using RNeasy 
Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions, including on-column DNase treatment (Qiagen), and 
then reverse-transcribed into complementary DNA using the 
Omniscript RT Kit (Qiagen). Real-time (RT) polymerase chain 
reaction (PCR) reactions were performed using Sensifast 
Lo-ROX SYBR Green (Bioline) on the ABI7500 Real Time 
PCR System (Applied Biosystems) and specific primers for fer-
ret Mx1, OAS1, ISG15, CCL5 (all in [29]), and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) [30]. Gene expression 
was normalized to housekeeping gene GAPDH and graphed 
as fold change compared with untreated controls, using 
2−ΔΔCT method [31].

Statistical Analysis

Statistical analyses were conducted using Prism software, ver-
sion 8.0, and are described in the figure legends.

RESULTS

Effect of RIG-I Agonist Treatment on RSV Infection and Replication in 
Human and Mouse Airway Cells

Treatment of human A549 airway epithelial cells with RIG-I 
agonists has been shown to inhibit infection and growth of dif-
ferent RNA and DNA viruses [11–15, 18, 19]. However, its ac-
tivity against RSV has not been reported to date. Our initial 
studies showed that pretreatment of A549 cells with the 
RIG-I agonist (3pRNA) for 24 hours before RSV infection sig-
nificantly reduced the percentage of cells infected with RSV 
when compared with ctrl RNA–treated cells (Figure 1A). 
Moreover, 3pRNA treatment was associated with significant re-
ductions in viral replication, as determined by measuring titers 
of infectious virus in clarified cell supernatants at 48 and 72 
hours after infection (Figure 1B). RIG-I knockout A549 cells 
confirmed the importance of RIG-I for 3pRNA-mediated inhi-
bition of RSV infection, as demonstrated by the increased sus-
ceptibility of 3pRNA-treated RIG-I knockout cells to infection 
(Figure 1A). Moreover, 3pRNA treatment in RIG-I knockout 
cells did not result in reduced viral replication over time 
(mean [standard deviation (SD)] titer, at 24 and 72 hours, 2.3 
[0.4] and 5.1 [0.2] log10 virospot (VS)/mL, respectively, for 
3pRNA and 2.1 [0.4] and 5.4 [0.1] log10 VS/mL for ctrl RNA).

Because mice represent an important preclinical animal model 
for RSV, we next confirmed that pretreatment of mouse LA-4 ep-
ithelial cells with 3pRNA resulted in IFN-α release (Figure 1C). 
Pretreatment also reduced the percentage of RSV-infected parental 
(wild-type [WT]) LA-4 cells (Figure 1D), as well as RSV replication 
over time (Figure 1E). To confirm the importance of mouse RIG-I, 
LA-4 cells were transduced with control short hairpin RNA 
(shRNA) (LA-4 kd CTRL) or shRNA to knockdown RIG-I 
(LA-4 kd RIG-I). When assessed with quantitative RT (qRT) 
PCR at 24 hours after treatment, the time point when LA-4 cells 
were infected in Figure 1D and 1E), 3pRNA induced ISG15 expres-
sion in LA-4 kd CTRL cells; however, this was markedly reduced in 
LA-4 kd RIG-I cells (mean fold induction compared with untreat-
ed cells and normalized to GAPDH, 66.6 [SD, 11.4] and 6.8 [1.9] 
for LA-4 kd CTRL and LA-4 kd RIG-I, respectively), consistent 
with effective knockdown of RIG-I signaling. 3pRNA treatment 
was also less effective at inhibiting RSV infection in LA-4 kd 
RIG-I (Figure 1D), resulting in a 1.5-fold reduction in infection 
(mean [SD], 48.0% [1.5%] for ctrl RNA versus 32.8% [3.4%] for 
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Figure 1. Pretreatment of human or mouse cells with retinoic acid–inducible gene I (RIG-I) agonists inhibits respiratory syncytial virus (RSV) infection and growth. Parental 
(wild-type [WT]) or RIG-I knockout (KO) human lung epithelial (A549) cells, mouse lung epithelial (LA-4) cells, or mouse lung fibroblasts were transfected with 3pRNA or control 
(ctrl) RNA and incubated for 24 hours. A, A549 cells were then infected with RSV Long (multiplicity of infection [MOI], 1), fixed and stained for expression of RSV F protein at 
18 hours after infection. B, WT cells were infected with RSV Long (MOI, 0.01) and harvested at indicated time points, and titers of infectious virus determined. C, LA-4 
supernatants were harvested and assessed for interferon (IFN) α with enzyme-linked immunosorbent assay. D, WT, knockdown (kd) control (CTRL), and kd RIG-I cells 
were infected with RSV Long expressing green fluorescent protein (RSV Long-GFP) (MOI, 1), fixed at 18 hours after infection, and analyzed by means of flow cytometry. 
E, WT cells were infected with RSV Long (MOI, 0.01), and titers of infectious virus were determined. Dashed lines represent the limit of detection. Samples below the de-
tection limit (<1 log10 virospot (VS)/mL) were assigned values of 0.9 for statistical analysis. F, Mouse lung fibroblasts from C57BL/6 (WT), IRF3/7-deficient (IRF3/7−/−), or 
IFNAR2-deficient (IFNAR2−/−), mice were infected with RSV Long (MOI, 10), fixed, and stained for intracellular RSV nucleoprotein 18 hours after infection. All data represent 
means (standard deviations) of pooled samples (n = 5–6) from ≥2 independent experiments, except in D, which represents a single experiment (n = 3). Data were assessed 
for normal distribution, and samples in A and D, which showed normal distributions, were analyzed using multiple Student t tests; data in B, C, E, and F, were assessed with 
nonparametric Mann-Whitney U tests. *P < .05; **P < .01; ***P < .001; NS, not significant.
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3pRNA), compared with a 5-fold reduction (32.8% [2.6%] for 
ctrl RNA vs 6.4%[1.5%] for 3pRNA), for LA-4 kd RIG-I and 
LA-4 kd CTRL cells, respectively.

We also examined the effectiveness of 3pRNA treatment at 
inhibiting RSV infection using primary mouse lung fibroblasts 
from C57BL/6 (WT), IRF3/7−/− and IFNAR2−/− mice. As seen 
in Figure 1F, 3pRNA pretreatment of WT mouse lung fibro-
blasts significantly reduced the percentage of RSV-infected 
cells. Of interest, mouse lung fibroblasts from IRF3/7−/− and 
IFNAR2−/− mice were markedly more susceptible to RSV in-
fection, indicating that both functional type I IFN signaling 
and IRF3/7 expression are required to restrict RSV infection. 
Moreover, pretreatment with 3pRNA did not affect the per-
centage of RSV-infected cells in cells from IRF3/7−/− or 
IFNAR2−/− mice (Figure 1F). Together, these data highlight 
the importance of functional type I IFN signaling for RIG-I 
agonist-mediated inhibition of RSV in mouse cells.

RIG-I Agonist Injection Before RSV Infection in Mice: Effect on Virus 
Replication in the Lung

BALB/c mice received a single intravenous injection of 3pRNA 
or ctrl RNA and, 24 hours later, were infected with RSV Long 
engineered to express firefly luciferase (rHRSV-Luc). While 
3pRNA treatment did not reduce luciferase activity in the nasal 
tissues at 3 or 5 days after infection, it was associated with re-
duced bioluminescence in the lungs at both time points 
(Figure 2A and 2B). Consistent with bioimaging results, 
3pRNA treatment led to significantly (10-fold) reduced viral ti-
ters in the lungs but not in the nasal tissues, at 5 days after in-
fection (Figure 2C). Mice did not show any clinical signs or 
weight loss after RSV infection (data not shown).

Effect of RIG-I Agonist Treatment on RSV Infection in Ferret Airway Cells

Pretreatment of a ferret airway cell line (FRL) with 3pRNA also 
resulted in potent inhibition of RSV infection (Figure 3A) and 

Figure 2. Retinoic acid–inducible gene I agonist treatment of mice 24 hours before respiratory syncytial virus (RSV) infection results in reduced virus titers in the lungs, but 
not in nasal tissues. BALB/c mice received a single intravenous injection with 12.5 μg of 3pRNA or control (ctrl) RNA and, 24 hours later, were infected by the intranasal route 
with 105 virospot (VS) of rHRSV-Luc in 50 μL of phosphate-buffered saline. A, Bioluminescence was assessed at 3 and 5 days after infection. B, Bioluminescence quantified as 
the average radiance per sum of the photons per second from each pixel inside the region of interest/number of pixels (p/s/cm2/steradian). C, At 5 days after infection, virus 
titers were determined in clarified nasal tissues and lungs by means of plaque assay on human epithelial type 2 cells. Data represent means with standard deviations (n = 10 
per group) from 1 of 2 independent experiments, and dashed lines represent the limit of detection. Samples below the detection limit (<0.8 log10 plaque-forming units [PFUs]/ 
mL), were assigned values of 0.7 log10 PFUs/mL for statistical analysis. Data were assessed for normal distribution, and samples in B and C showed normal distribution and 
were analyzed using unpaired Student t tests. ***P < .001; NS, not significant.
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growth (Figure 3B). To confirm the importance of ferret RIG-I, 
FRL cells were transduced with control shRNA (FRL kd CTRL) 
or shRNA to knockdown RIG-I (FRL kd RIG-I). As seen in 
(Figure 3C), 3pRNA treatment induced ISG15 and CCL5 
from FRL kd CTRL; however, induction was significantly re-
duced in FRL kd RIG-I cells, consistent with knockdown of 
RIG-I signaling. Of note, ferret IFN-α also induced ISG15, but 
not CCL5, in both cell lines, consistent with reported studies 
that CCL5 is induced by RIG-I stimulation but not by IFN-α 
[32, 33]. Moreover, while pretreatment with 3pRNA potently re-
duced RSV infection in FRL kd CTRL cells, its inhibitory effects 
were modest in FRL kd RIG-I cells (Figure 3D). Together, these 
data confirm that pretreatment of cells with 3pRNA results in a 
RIG-I–dependent reduction in RSV infection of FRL cells.

RIG-I Agonist Injection Before RSV Infection in Ferrets: Effect on Virus 
Replication in the Lung

Ferrets represent an additional animal model used to study the 
pathogenesis, transmission and immunity to human RSV 

infections [25]. Ferrets received a single intravenous injection 
of 3pRNA or ctrl RNA and, 24 hours later, were infected intra-
nasally with RSV. Whole-blood samples collected from each 
animal before, as well as 24 hours after, 3pRNA or ctrl RNA 
treatment, noting that collection of the latter sample occurred 
before RSV challenge. As seen in Figure 4A), qRT-PCR con-
firmed up-regulation of ferret ISGs Mx1, ISG15, and OAS1 in 
PBMCs in response to 3pRNA.

After RSV infection, no significant differences were ob-
served in body weight and temperature between ctrl RNA– 
and 3pRNA-treated animals up to 3 days after infection 
(data not shown). RSV titers in daily nasal wash samples con-
firmed infectious RSV in samples from all animals at ≥1 time 
point, and area under the curve analysis confirmed no signifi-
cant difference in viral loads between 3pRNA- and ctrl 
RNA–treated animals (Figure 4B). At the experimental end 
point (3 days after infection), no differences were observed 
in virus titers recovered from nasal tissues of ctrl RNA or 
3pRNA-treated animals (Figure 4C). For 3pRNA-treated 

Figure 3. Pretreatment of ferret airway cells with retinoic acid–inducible gene I (RIG-I) agonist inhibits respiratory syncytial virus (RSV) infection and growth. Ferret lung 
epithelial (FRL) cells were transfected with 3pRNA or control (ctrl) RNA or treated with 0.5 μg/mL ferret interferon (IFN) α (fIFN-α) for 24 hours. A, B, Cells were then infected 
with RSV Long-GFP (multiplicity of infection [MOI], 1) and analyzed at 18 hours after infection (A) or infected with RSV Long (MOI, 0.01) (B), and infectious virus titers were 
determined and expressed as virospot (VS)/ml. C, Total RNA was isolated from FRL knockdown (kd) control (CTRL) or kd RIG-I and expression of interferon-stimulated gene 
(ISG) 15 and CCL5 was determined, normalized to GAPDH and expressed relative to untreated cells. D, FRL kd CTRL or kd RIG-I cells were infected with RSV Long (MOI, 2), 
fixed, and stained for RSV F protein at 18 hours after infection. All data are means (standard deviations) of pooled samples (n = 5–6) from ≥2 independent experiments, 
except in C, which represents a single experiment. Data were assessed for normal distribution. Samples showing normal distribution (A) were analyzed using Student t 
tests; other samples were analyzed using nonparametric Mann-Whitney U (B, D) or Kruskal-Wallis (C ) tests. *P < .05; **P < .01; ***P < .001; NS, not significant.
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ferrets, virus was not detected in any lung lobes from 3 of 4 ani-
mals, with low titers detected in 1 of 5 lung lobes from 1 animal 
(1 of 20 lobes in total) (Figure 4D and 4E). After ctrl RNA treat-
ment, virus was recovered in at least 3 of 5 lobes from each animal 
(14 of 20 lobes in total). Virus titers from 3pRNA-treated animals 
were significantly reduced compared with pooled lung lobes from 

all ctrl RNA–treated animals (P = .03 for animals 1, 2, and 3) except 
animal 4, which had 1 lung lobe with infectious virus (P = .10). 
Together, these data demonstrate that a single intravenous injec-
tion of ferrets with 3pRNA 24 hours before subsequent RSV chal-
lenge resulted in systemic induction of ISGs and reduced virus 
replication in the lung but not the upper airways.

Figure 4. Retinoic acid–inducible gene I (RIG-I) agonist treatment of ferrets 24 hours before respiratory syncytial virus (RSV) infection results in systemic interferon- 
stimulated gene (ISG) induction and reduced virus titers in the lungs. Animals (n = 4/group) received a single intravenous injection of 3pRNA or control (ctrl) RNA (0.3 
mg/kg) 24 hours before inoculation with 5 × 105 virospot (VS) of RSV Long in 500 μL. A, Whole blood was collected and peripheral blood mononuclear cells isolated before 
(Pre) and 24 hours after (Post) intravenous injection of 3pRNA or ctrl RNA. After RNA isolation, quantitative real-time polymerase chain reaction was used to determin-
e Myxoma protein (Mx)1, interferon stimulated gene (ISG)15, and 2’-5’-oligoadenylate synthetase (OAS)1 levels, expressed relative to GAPDH. B, RSV titers in nasal wa-
sh samples determined by means of ViroSpot assay. C–E, At 3 days after infection, ferrets were killed. Viral titers in clarified nasal tissue and lung homogenates were 
determined by plaque assay. Data points in D represent individual lung lobes from individual 3pRNA- or ctrl RNA–treated animals; for data in E, individual lung lobes f-
rom all 3pRNA- or ctrl RNA–treated animals are pooled. Dashed lines represent limits of detection. Data in A represent median values, and data in B–E, means with standard 
deviations. Data were assessed for normal distribution, and samples in C were analyzed using Student t tests. Other samples were analyzed using nonparametric a Kr-
uskal-Wallis (A) or Mann-Whitney U (E) tests. Abbreviations: PFUs, plaque-forming units; TCID50, median tissue culture infective dose. *P < .05; **P < .01; ***P < .001; 
NS, not significant.

Retinoic Acid–Inducible Gene I Activation and RSV • JID 2022:226 (15 December) • 2085



DISCUSSION

Activation of nucleic acid–sensing innate immune receptors 
such as RIG-I has proved a promising strategy to combat viral 
infections. In vitro studies have used human cells to demon-
strate the efficacy of RIG-I agonist treatments in inhibiting di-
verse viruses [11–13, 15, 17], with complementary in vivo data 
obtained in mouse models of IAV [11, 13, 15–17], CHIKV [15], 
and SARS-CoV-2 infections [18, 19]. Our results support the 
clinical development of RIG-I ligands for the prophylaxis of 
RSV infections, given that pretreatment of human, mouse, 
and ferret airway cells with 3pRNA resulted in reduced suscept-
ibility to subsequent RSV infection and reduced replication in 
vitro. Moreover, a single intravenous injection of mice or fer-
rets with RIG-I agonist before RSV infection resulted in potent 
inhibition of RSV growth in the lungs, but not in nasal tissues.

The ability of RIG-I agonist treatment to ameliorate disease 
in mouse models of IAV [11, 13, 15–17] and SARS-CoV-2 
[18, 19], and in mouse and ferret models of RSV infection in 
the current study, highlight their potential as broad-spectrum 
antivirals for respiratory virus infections. While our studies fo-
cused on a single prophylactic administration, future studies 
should assess the effectiveness of multiple RIG-I agonist treat-
ments before and during RSV infection. Already, evidence sug-
gests that RIG-I agonist treatment during an established viral 
infection can be effective in mice.

For example, Coch et al [16] demonstrated that a single 
RIG-I agonist injection 18 hours after IAV infection reduced 
viral titers in the lungs of mice, and that this was associated 
with protection from a lethal infection. Mao et al [18] also dem-
onstrated that a single RIG-I agonist injection 4 hours after 
SARS-CoV-2 infection resulted in clearance of virus from the 
lungs and substantially improved survival rates. When consid-
ering development toward clinical use, it is of note that repeat-
ed 3pRNA treatment of mice (up to 4 doses) before and/or after 
IAV challenge did not result in desensitization, nor were any 
adverse reactions reported [11, 13, 16]. Moreover, Coch et al 
[16] also reported that a single 3pRNA treatment of mice up 
to 7 days before IAV challenge resulted in enhanced survival. 
While similar studies are yet to be performed in the context 
of RSV, the potential for long-lasting protection and the flexi-
bility to use multiple treatments highlight the need for further 
studies to assess the potential of RIG-I agonists as prophylactic 
and/or therapeutic treatments for RSV infection.

Compared with other respiratory viruses, human RSV is 
generally considered to be a poor inducer of type I IFNs 
[34, 35] and the virus-encoded NS1 and NS2 proteins, as well 
as the G glycoprotein, are well-described suppressors of type 
I IFN induction and production [36]. Of note, type III IFNs 
have been reported to be the predominant IFNs induced by 
RSV infection of human nasal epithelial cells [37]. While the 
relative contribution of type I and type III IFN signaling in 

RIG-I agonist-mediated protection against RSV infection re-
mains to be elucidated, Coch et al [16] and Mao et al [18] 
demonstrated the critical role of type I IFNs during therapeu-
tic or prophylactic RIG-I agonist treatment of IAV- and 
SARS-CoV-2-infected mice, respectively. Given that IAV 
and SARS-CoV-2 also exert mechanisms to antagonize type 
I IFN signaling [38, 39], these findings suggest that RIG-I 
agonist treatment, at least in mouse models, enhances IFN 
induction in the lungs to promote ISGs and other down-
stream antiviral effectors. Therefore, prophylactic adminis-
tration is likely to induce IFN-induced antiviral effectors 
before, and independently of, virus-induced antagonism of 
IFN responses.

Robust protection against RSV growth in the lungs, but not 
the upper airways, of mice and ferrets suggests that intravenous 
administration of RIG-I agonists does not result in efficient de-
livery, and therefore induction of local antiviral immunity, in 
nasal tissues. Of interest, the intravenous route has been used 
in all published studies to date reporting a protective role 
for RIG-I agonists in mouse models of IAV [11, 13–17] or 
SARS-CoV-2 infections [18, 19], while intraperitoneal inocula-
tion (also resulting in systemic administration) was used to 
demonstrate RIG-I agonist-mediated protection in a mouse 
model of CHIKV infection [15]. We suggest that intravenous 
3pRNA results in ISG induction in PBMCs, which could pro-
mote recruitment of activated leukocytes to the lung. 
Moreover, given that intravenous 3pRNA primarily localizes 
to the liver, spleen and lung [40], direct delivery to parenchy-
mal cells in the lung might also induce ISGs and therefore pro-
tection against RSV.

In subsequent studies, intranasal delivery could be investi-
gated as an approach to induce local ISG induction and protec-
tion in the airways of mice and ferrets. In addition to timing 
and dosage, identifying appropriate delivery systems for effec-
tive intracellular delivery to the airways remains a key challenge 
in the clinical development of nucleic acid therapeutics. While 
our findings suggest that an intravenous RIG-I agonist injec-
tion before RSV infection might not be effective in limiting sub-
sequent viral shedding and transmission, its ability to potently 
inhibit RSV in the lungs highlights its potential utility in treat-
ing or preventing disease associated with RSV infection of the 
lower airways.

Notes

Acknowledgments. FRL cells, prepared by Tuck-Weng Kok 
MSc (Microbiol) PhD (Virol) FASM FFSc (RCPA) (University 
of Adelaide), were obtained from the Commonwealth Science 
and Industrial Research Organisation, Health & Biosecurity, 
Australian Centre for Disease Preparedness, Victoria, Australia. 
We thank Ann-Kristin Bruder and Martin Schlee (University of 
Bonn) for providing A549 retinoic acid–inducible gene I 

2086 • JID 2022:226 (15 December) • Schwab et al



(RIG-I) knockout cells. We also thank the Melbourne Flow 
Cytometry Core Platform.

Financial support. This work was supported by the National 
Health and Medical Research Council of Australia (project 
grant APP1143154); the Australian Government Department 
of Health (support to the Melbourne WHO Collaborating 
Centre for Reference and Research on Influenza); INSERM; 
Université de Versailles Saint Quentin en Yvelines; the 
German Center for Infectious Diseases (grant TTU 07.834_00 
to G. H); and the Deutsche Forschungsgemeinschaft German 
Research Foundation) (project 369799452–TRR237 to 
G. H. and under Germany’s Excellence Strategy–EXC2151– 
390873048, of which G. H. is a member). Funding to pay the 
Open Access publication charges for this article was provided 
by Australia and New Zealand Institutions (CAUL affiliated).

Potential conflicts of interest. G. H. is an inventor on a pat-
ent about RIG-I ligands. All other authors report no potential 
conflicts. All authors have submitted the ICMJE Form for 
Disclosure of Potential Conflicts of Interest. Conflicts that the 
editors consider relevant to the content of the manuscript 
have been disclosed.

References

1. Ascough S, Paterson S, Chiu C. Induction and subversion 
of human protective immunity: contrasting influenza and 
respiratory syncytial virus. Front Immunol 2018; 9:323.

2. Piedimonte G, Perez MK. Respiratory syncytial virus infec-
tion and bronchiolitis. Pediatr Rev 2014; 35:519–30.

3. Behzadi MA, Leyva-Grado VH. Overview of current ther-
apeutics and novel candidates against influenza, respirato-
ry syncytial virus, and Middle East respiratory syndrome 
coronavirus infections. Front Microbiol 2019; 10:1327.

4. Homaira N, Rawlinson W, Snelling TL, Jaffe A. 
Effectiveness of palivizumab in preventing RSV hospitali-
zation in high risk children: a real-world perspective. Int 
J Pediatr 2014; 2014:571609.

5. Turner TL, Kopp BT, Paul G, Landgrave LC, Hayes D Jr, 
Thompson R. Respiratory syncytial virus: current and 
emerging treatment options. Clinicoecon Outcomes Res 
2014; 6:217–25.

6. Hornung V, Ellegast J, Kim S, et al. 5’-Triphosphate RNA is 
the ligand for RIG-I. Science 2006; 314:994–7.

7. Schlee M, Roth A, Hornung V, et al. Recognition of 5’ tri-
phosphate by RIG-I helicase requires short blunt double- 
stranded RNA as contained in panhandle of negative-strand 
virus. Immunity 2009; 31:25–34.

8. Kell AM, Gale M Jr. RIG-I in RNA virus recognition. 
Virology 2015; 479–480:110–21.

9. Hartmann G. Nucleic acid immunity. Adv Immunol 2017; 
133:121–69.

10. Schoggins JW, Wilson SJ, Panis M, et al. A diverse range of 
gene products are effectors of the type I interferon antiviral 
response. Nature 2011; 472:481–5.

11. Goulet ML, Olagnier D, Xu Z, et al. Systems analysis of a 
RIG-I agonist inducing broad spectrum inhibition of virus 
infectivity. PLoS Pathog 2013; 9:e1003298.

12. Chakravarthy KV, Bonoiu AC, Davis WG, et al. Gold 
nanorod delivery of an ssRNA immune activator inhibits 
pandemic H1N1 influenza viral replication. Proc Natl 
Acad Sci U S A 2010; 107:10172–7.

13. Ranjan P, Jayashankar L, Deyde V, et al. 5’PPP-RNA in-
duced RIG-I activation inhibits drug-resistant avian 
H5N1 as well as 1918 and 2009 pandemic influenza virus 
replication. Virol J 2010; 7:102.

14. Olagnier D, Scholte FE, Chiang C, et al. Inhibition of 
dengue and chikungunya virus infections by 
RIG-I-mediated type I interferon-independent stimulation 
of the innate antiviral response. J Virol 2014; 88:4180–94.

15. Chiang C, Beljanski V, Yin K, et al. Sequence-specific mod-
ifications enhance the broad-spectrum antiviral response 
activated by RIG-I agonists. J Virol 2015; 89:8011–25.

16. Coch C, Stumpel JP, Lilien-Waldau V, et al. RIG-I activa-
tion protects and rescues from lethal influenza virus infec-
tion and bacterial superinfection. Mol Ther 2017; 25: 
2093–103.

17. Lin L, Liu Q, Berube N, Detmer S, Zhou Y. 
5’-Triphosphate-short interfering RNA: potent inhibition 
of influenza A virus infection by gene silencing and 
RIG-I activation. J Virol 2012; 86:10359–69.

18. Mao T, Israelow B, Lucas C, et al. A stem-loop RNA RIG-I 
agonist protects against acute and chronic SARS-CoV-2 in-
fection in mice. J Exp Med 2022; 219:e20211818.

19. Marx S, Kümmerer BM, Grützner C, et al. RIG-I-induced 
innate antiviral immunity protects mice from lethal 
SARS-CoV-2 infection. Mol Ther Nucleic Acids 2022; 27: 
1225–34.

20. Edelman BL, Redente EF. Isolation and characterization of 
mouse fibroblasts. Methods Mol Biol 2018; 1809:59–67.

21. Horman WSJ, Kedzierska K, Rootes CL, Bean AGD, 
Nguyen THO, Layton DS. Ferret interferon 
(IFN)-inducible transmembrane proteins are upregulated 
by both IFN-α and influenza virus infection. J Virol 
2021; 95:e0011121.

22. Moffat J, Grueneberg DA, Yang X, et al. A lentiviral RNAi 
library for human and mouse genes applied to an arrayed 
viral high-content screen. Cell 2006; 124:1283–98.

23. Schuberth-Wagner C, Ludwig J, Bruder AK, et al. A con-
served histidine in the RNA sensor RIG-I controls immune 
tolerance to N1-2’O-methylated self RNA. Immunity 2015; 
43:41–51.

Retinoic Acid–Inducible Gene I Activation and RSV • JID 2022:226 (15 December) • 2087



24. Rameix-Welti MA, Le Goffic R, Herve PL, et al. Visualizing 
the replication of respiratory syncytial virus in cells and in 
living mice. Nat Commun 2014; 5:5104.

25. Chan KF, Carolan LA, Druce J, et al. Pathogenesis, humor-
al immune responses and transmission between co-housed 
animals in a ferret model of human RSV infection. J Virol 
2017; 92:e01322–17.

26. McKimm-Breschkin JL. A simplified plaque assay for re-
spiratory syncytial virus–direct visualization of plaques 
without immunostaining. J Virol Methods 2004; 120: 
113–7.

27. Honda K, Takaoka A, Taniguchi T. Type I interferon [cor-
rected] gene induction by the interferon regulatory factor 
family of transcription factors. Immunity 2006; 25:349–60.

28. Fenner JE, Starr R, Cornish AL, et al. Suppressor of cyto-
kine signaling 1 regulates the immune response to infec-
tion by a unique inhibition of type I interferon activity. 
Nat Immunol 2006; 7:33–9.

29. Fang Y, Rowe T, Leon AJ, et al. Molecular characterization 
of in vivo adjuvant activity in ferrets vaccinated against in-
fluenza virus. J Virol 2010; 84:8369–88.

30. Carolan LA, Butler J, Rockman S, et al. TaqMan real time 
RT-PCR assays for detecting ferret innate and adaptive im-
mune responses. J. Virol Methods 2014; 205:38–52.

31. Livak KJ, Schmittgen TD. Analysis of relative gene 
expression data using real-time quantitative PCR and the 
2−ΔΔC

T method. Methods 2001; 25:402–8.
32. Ohmori Y, Schreiber RD, Hamilton TA. Synergy between 

interferon-γ and tumor necrosis factor-α in transcriptional 
activation is mediated by cooperation between signal 

transducer and activator of transcription 1 and nuclear fac-
tor κB. J Biol Chem 1997; 272:14899–907.

33. Imaizumi T, Tanaka H, Matsumiya T, et al. Retinoic acid- 
inducible gene-I is induced by double-stranded RNA and 
regulates the expression of CC chemokine ligand (CCL) 
5 in human mesangial cells. Nephrol Dial Transplant 
2010; 25:3534–9.

34. Spann KM, Tran KC, Chi B, Rabin RL, Collins PL. 
Suppression of the induction of alpha, beta, and lambda in-
terferons by the NS1 and NS2 proteins of human respira-
tory syncytial virus in human epithelial cells and 
macrophages [corrected]. J Virol 2004; 78:4363–9.

35. Pletneva LM, Haller O, Porter DD, Prince GA, Blanco JCG. 
Induction of type I interferons and interferon-inducible 
Mx genes during respiratory syncytial virus infection and 
reinfection in cotton rats. J Gen Virol 2008; 89:261–70.

36. Hijano DR, Vu LD, Kauvar LM, Tripp RA, Polack FP, 
Cormier SA. Role of type I interferon (IFN) in the respira-
tory syncytial virus (RSV) immune response and disease 
severity. Front Immunol 2019; 10:566.

37. Okabayashi T, Kojima T, Masaki T, et al. Type-III interfer-
on, not type-I, is the predominant interferon induced by 
respiratory viruses in nasal epithelial cells. Virus Res 
2011; 160:360–6.

38. Xia H, Cao Z, Xie X, et al. Evasion of type I interferon by 
SARS-CoV-2. Cell Rep 2020; 33:108234.

39. Killip MJ, Fodor E, Randall RE. Influenza virus activation 
of the interferon system. Virus Res 2015; 209:11–22.

40. Zillinger T, Hartmann G. Targeted nanoparticle delivery of 
bifunctional RIG-I agonists to pancreatic cancer. Mol Ther 
2019; 27:491–2.

2088 • JID 2022:226 (15 December) • Schwab et al


	Retinoic Acid–Inducible Gene I Activation Inhibits Human Respiratory Syncytial Virus Replication in Mammalian Cells and in Mouse and Ferret Models of Infection
	METHODS
	Cells and Viruses
	Oligonucleotides and Transfection
	Cytokine Detection
	In Vitro Virus Infection and Growth Assays
	Plaque and ViroSpot Assays to Determine Titers of Infectious RSV
	Animal Models
	In Vivo Treatment, Infection and Bioluminescence Imaging of Mice
	In Vivo Treatment and RSV Infection of Ferrets
	Ferret Tissue Collection and Processing
	Gene Expression Analysis by Quantitative Real-Time Polymerase Chain Reaction
	Statistical Analysis

	RESULTS
	Effect of RIG-I Agonist Treatment on RSV Infection and Replication in Human and Mouse Airway Cells
	RIG-I Agonist Injection Before RSV Infection in Mice: Effect on Virus Replication in the Lung
	Effect of RIG-I Agonist Treatment on RSV Infection in Ferret Airway Cells
	RIG-I Agonist Injection Before RSV Infection in Ferrets: Effect on Virus Replication in the Lung

	DISCUSSION
	Notes
	References


