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Influenza A virus infection causes substantial morbidity and
mortality in seasonal epidemic outbreaks, and more efficient
treatments are urgently needed. Innate immune sensing of viral
nucleic acids stimulates antiviral immunity, including cell-
autonomous antiviral defense mechanisms that restrict viral
replication. RNA oligonucleotide ligands that potently activate
the cytoplasmic helicase retinoic-acid-inducible gene I (RIG-I)
are promising candidates for the development of new antiviral
therapies. Here, we demonstrate in an Mx1-expressing mouse
model of influenza A virus infection that a single intravenous
injection of low-dose RIG-I ligand 50-triphosphate RNA
(3pRNA) completely protected mice from a lethal challenge
with influenza A virus for at least 7 days. Furthermore, systemic
administration of 3pRNA rescued mice with pre-established
fulminant influenza infection and prevented the fatal effects
of a streptococcal superinfection. Type I interferon, but not
interferon-l, was required for the therapeutic effect. Our re-
sults suggest that the use of RIG-I activating oligonucleotide
ligands has the clinical potential to confine influenza epidemics
when a strain-specific vaccine is not yet available and to reduce
lethality of influenza in severely infected patients.
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INTRODUCTION
Influenza A virus causes severe respiratory infections, and worldwide
pandemics occur as in 2009.1,2 Current prophylactic vaccines and
treatments bear significant limitations: vaccines induce antigen-spe-
cific immunity to hemagglutinin antigen, which is highly variable
in different influenza A virus subtypes in humans and animals.
Genomic variation through mutations or through reassortment of
different genome segments (antigenic shift and drift) allows the virus
to escape pre-established memory responses and requires a yearly
adaptation of the commercial vaccine still with limited efficacy.3

Moreover, genetic instability leads to widespread resistance against
conventional antiviral drugs targeting specific viral components
(neuraminidase inhibitors and M2-proton channel inhibitors).4,5

Therapeutic efficacy of neuraminidase and M2-protein inhibitors re-
mains controversial.6 Therefore, new therapeutic principles that are
less susceptible to mutational escape by the virus are highly desired.

The innate immune system provides an important barrier for vi-
ruses. A first barrier is the mucus of the respiratory epithelium con-
taining defensins and cathelicidins. Once the virus enters cells, viral
nucleic acids are detected by pattern recognition receptors, which
trigger a signaling cascade that potently inhibits viral replication
and in many cases eliminates the virus before a severe infection
develops. Activation of nucleic-acid-sensing pattern recognition re-
ceptors (Toll-like receptor 3 [TLR3], TLR7, TLR8, TLR9) has been
explored as a prophylactic strategy against influenza A virus replica-
tion in animal models.7–9 However, TLRs are expressed mainly on
immune cell subsets, but not in target cells of viruses, such as
epithelial cells. In contrast to TLRs, retinoic-acid-inducible gene I
(RIG-I)-like receptors (RLRs; RIG-I, MDA5 [melanoma differentia-
tion antigen 5], and LGP2 [Laboratory of Genetics and Physiology
2]) detect viral RNA in the cytosol of all somatic cells that are tar-
geted by viruses, including epithelial cells.10,11 Activation of RIG-I-
like receptors in a cell before viral entry induces a broad spectrum of
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antiviral activities that provide potent protection of this cell from
viral replication.

Because the RIG-I-like receptor MDA5 is activated by RNA ligand
structures containing long, irregular double-stranded RNA (dsRNA),
and because such dsRNA also activates a number of additional path-
ways, including TLR3 on endothelial cells, protein kinase R (PKR), oli-
goadenylate synthetase 1 (OAS1), and the inflammasome, the clinical
use ofMDA5 ligands such as polyinosinic:polycytidylic acid [poly(I:C)]
is limited by toxicity.12,13 In contrast, RIG-I can be selectively acti-
vated by short double-stranded blunt end 50-triphosphate RNA
(3pRNA).14,15 Upon activation, RIG-I induces the expression of a set
of antiviral cytokines such as type I interferon and type III interferon
(interferon-l), and upregulates the expression of antiviral genes with
cell-autonomous antiviral effector functions (e.g., Mx proteins, inter-
feron induced protein with tetratricopeptide repeats 1 [IFIT1], PKR,
OAS1, and adenosine deaminase, RNA specific [ADAR]).16,17

Influenza A virus is a member of the Orthomyxoviridae family of
RNA viruses with a single-stranded negative sense RNA genome
that forms blunt-end 50-triphosphate panhandle structures that in
principle are detected by RIG-I. It has been demonstrated that activa-
tion of RIG-I is critical to mount an effective antiviral immune
response in the course of an influenza virus infection.16,18 However,
like all pathogenic negative strand RNA viruses, influenza A virus
has evolved strategies to counteract detection by RIG-I. The non-
structural protein 1 (NS1) of influenza A virus potently inhibits
RIG-I activation and signaling.19–21 As a consequence, once a cell is
infected by influenza A virus, RIG-I becomes non-functional with re-
gard to virus detection and activation of antiviral effector mecha-
nisms. However, if cells are preactivated by synthetic RIG-I ligands,
they are protected. The rationale for RIG-I ligand treatment of influ-
enza A virus infection is the protection of yet uninfected cells in vivo,
thereby restricting viral spread from cell to cell. This is obviously the
situation in a prophylactic setting where RIG-I activation occurs
before viral infection, but RIG-I activation may also be effective in
the course of an ongoing viral infection when the virus has not yet in-
fected all potential target cells. Thus, therapeutic administration of a
synthetic RIG-I ligand may substitute for insufficient innate immune
activation by influenza A virus due to immune escape from innate
immunorecognition.

RIG-I stimulation in the context of influenza A virus has been re-
ported in the literature.22–26 However, in vivo data are limited because
mostly surrogate parameters such as viral load rather than survival
were used as endpoints and Mx1-negative mouse strains (C57BL/6
or BALB/c) were used. Mx proteins are interferon-induced antiviral
proteins that interfere with virus replication in the cell at several levels
and are highly conserved among vertebrates.27 Here, we make use of
Mx1-positive B6.A2G-Mx1 mice, which in contrast to the often used
Mx1-negative C57BL/6 strain more closely resemble the clinical situ-
ation in humans. We demonstrate that prophylactic treatment of
Mx1-positive mice with a small dose of RIG-I agonist completely pro-
tects from an otherwise lethal challenge with influenza A virus for a
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minimum of 7 days prior to challenge. Furthermore, RIG-I ligand
treatment up to 30 hr after infection still rescued mice from a lethal
course of infection. We also found that systemic RIG-I ligand treat-
ment improved the survival of influenza A virus-infected mice that
were additionally challenged by bacterial superinfection, a major
complication well-known to be responsible for influenza-associated
morbidity and mortality in patients.

RESULTS
Systemic Activation of RIG-I by Intravenous 3pRNA Application

Induces CXCL10 in Lung Tissue and Ameliorates the Course of a

Non-lethal Influenza A Virus Infection

To investigate whether RIG-I activation protects from influenza A
virus infection in vivo, 3pRNA was complexed to in vivo jetPEI
and administered to C57BL/6 mice intravenously. The dosage was
adjusted as a result of our previous in vitro data (data not shown).
At 6 hr after injection, high levels of the type I interferon-stimulated
gene CXCL10 mRNA were detected in lung tissue, the primary tar-
get tissue of influenza virus (Figure 1A). Next, C57BL/6 mice were
intravenously injected with 3pRNA and after 6 hr they received a
non-lethal dose of influenza virus A/PR/8/34. 3pRNA-treated mice
demonstrated a milder clinical course of the infection as indicated
by body weight (Figure 1B). Of note, protection in this setting
occurred despite the absence of Mx1 protein, which is the mouse
homolog of human MxA.28,29 Mx1 in mice and MxA in humans
are important antiviral effectors in the type I interferon pathway,
and Mx1-positive mice represent a model that is much closer to the
human situation.30,31 Therefore, in all subsequent studies, we used
Mx1-positive congenic B6.A2G-Mx1 mice as a well-established
in vivo model of influenza infection.28,32

Systemic 3pRNA Leads to Long-Term Protection of Mice from

Lethal Influenza Challenge

To study the time frame of protection, B6.A2G-Mx1 mice received a
single injection of a low dose of 3pRNA (12.5 mg), 3 or 7 days before
mice were challenged with a lethal dose of a highly virulent PR/8
variant (hvPR/8) that is replicating faster than the A/PR/8/34 strain.28

Although all mice without 3pRNA pre-treatment showed severe signs
of infection and had to be sacrificed within 10 days (Figures 2A–2C),
mice pre-treated with a single low dose of intravenous 3pRNA
showed no weight loss or increased clinical disease score. 3pRNA
pre-treatment resulted in an almost complete protection of mice for
at least 7 days.

Repeated exposure to innate stimuli often leads to desensitization,
which is a well-known phenomenon. Because repeated administra-
tion over a longer period of time would be required in case 3pRNA
is used as prophylaxis against influenza, we investigated whether
such repeated administration of 3pRNA would result in weaker pro-
tection. B6.A2G-Mx1 mice were intravenously injected four times
with 3pRNA (days 7, 5, 3, and 1) before they were challenged with
a lethal dose of influenza virus. Mice were still completely protected,
indicating that repeated stimulation of RIG-I does not lead to desen-
sitization (Figures 2D and 2E). Furthermore, repeated administration



Figure 1. Systemic 3pRNA Induces CXCL10 in the Lungs and Ameliorates the Course of Non-lethal Influenza Virus Infection

(A) C57BL/6 mice were i.v. injected with 25 mg of 3pRNA or the control RNA polycytidylic, polyadenylic acid (polyCA). After 6 hr, expression of CXCL10 in lung tissue was

analyzed by qPCR (n = 3mice). Result shows mean with SD. (B) Left panel shows the experimental setup. Right panel shows that C57BL/6 mice were i.v. injected with 25 mg

of 3pRNA or the control RNA polyCA 6 hr before intranasal infection with a non-lethal dose (105 PFU) A/PR/8/34. Body weight of mice was monitored daily. Results show the

means and SD of n = 6 mice (ANOVA day 6: PR8 only versus PR8 + control [ctrl] RNA, not significant; PR8 only versus PR8 + 3pRNA, p < 0.01; PR8 + ctrl RNA versus PR8 +

3pRNA, p < 0.05).
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of 3pRNA in vivo was well tolerated with no clinical signs of side
effects. There was no decrease in body weight and a normal clinical
score at day of infection after repeated 3pRNA administration (Fig-
ures 2D and 2E; data not shown; body weight in grams; day�7 versus
day 0; mean, SEM: 3pRNA-treated mice 23.4 ± 0.7 versus 23.6 ± 0.5
and non-3pRNA-treated mice 23.9 ± 1.3 versus 23.9 ± 1.4).

Systemic 3pRNA Rescues Mice from an Ongoing Lethal

Influenza Virus Infection

Once the virus has successfully entered the epithelium, the protection
of yet uninfected cells may still ameliorate the course of the infection.
To study the therapeutic activity of RIG-I activation in pre-estab-
lished infection, B6.A2G-Mx1 mice received a single intravenous
injection of a low dose of 3pRNA (12.5 mg per injection) at 18 hr post-
infection with a lethal dose of hvPR/8 (Figure 3A). 3pRNA, but not
control RNA, strongly reduced the viral load in the lungs of mice
on day 5 postinfection (Figure 3B). All mice receiving 3pRNA 18 hr
after infection were rescued, whereas none of the mice in the control
groups survived (Figure 3C). 3pRNA-treated infected mice showed a
minor drop in body weight and a low clinical disease score compared
with mice treated with control RNA that experienced a pronounced
weight loss and a high clinical score (Figure 3C). This therapeutic
effect was dose dependent, with the lowest dose used (6.25 mg per
injection) still completely protecting mice from a fatal course of the
infection (Figure 3D). Similar therapeutic activity was observed
with a short synthetic 50-triphosphate dsRNA oligonucleotide (Fig-
ure 3E). When the start of 3pRNA treatment was delayed to 30 hr
after infection (instead of 18 hr), the therapeutic effect indicated by
weight loss and clinical score was reduced, but survival rate was still
at 60% compared with the untreated mice that all died (Figure 3F).

Therapeutic Activity of 3pRNA in Influenza Virus Infection

Requires Type I Interferon, but Not Interferon-l

Interferon-l has been reported to be involved in the antiviral response
against respiratory viruses, including influenza.33,34Whereas type I in-
terferons all bind to the same type I interferon receptor, interferon-l
binds to a distinct receptor, IFNLR1. To examine the contribution of
interferon-l versus type I interferon, we studied B6.A2G-Mx1 mice
that lack functional IFNLR (B6.A2G-Mx1-Ifnlr1�/� mice), inter-
feron-a and -b receptor subunit 1 (IFNAR1) (B6.A2G-Mx1-Ifnar�/�),
or both (B6.A2G-Mx1-Ifnar�/� Ifnlr�/�) (Figure 4). Mice were
infected with a lethal dose of hv/PR/8 and 18 hr later intravenously in-
jected with 12.5 mg of 3pRNA or control RNA. Body weight, survival,
and clinical score weremonitored. Onlymice with functional IFNAR1
showed the 3pRNA-mediated survival benefit, whereas the presence of
functional IFNLR was dispensable, indicating that in the absence of
type I interferon function, RIG-I-induced interferon-l is not sufficient
to improve the clinical course of infection.

Comparison of 3pRNA with Established Oligonucleotide

Ligands of TLR7/8 and TLR9

Activation of TLR7/8 and TLR9 has been described to provide protec-
tion against subsequent influenza virus infection.7–9 Because expres-
sion of these TLRs is mostly restricted to immune cells, the lack of
direct protection of yet uninfected epithelial cells by TLR ligands
may limit the therapeutic use of TLR ligands as compared with
RIG-I ligands that directly induce antiviral activity in epithelial cells.
Therefore, we compared the therapeutic activity of RIG-I activa-
tion with TLR7/8 and TLR9 activation in the therapeutic setting of
influenza A virus infection. The TLR7/8 agonist 9.2 s-RNA35,36 was
complexed with N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylam-
monium methyl-sulfate (DOTAP) and administered intravenously
(i.v.) as described before.37 The TLR9 ligand CpG1826 was injected
subcutaneously as previously established to treat influenza infection
in mouse models and as approved for clinical trials.38,39 First, we
analyzed induction of CXCL10 in the serum as a systemic marker
of a type I interferon response (Figure 5A). Although both the
TLR7/8 ligand (9.2 s-RNA) and the RIG-I ligand (3pRNA) induced
considerable amounts of CXCL10 in the serum of mice, the TLR9
ligand (CpG1826) did not induce systemic levels of CXCL10. Next,
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Figure 2. Prophylactic Treatment with 3pRNA Leads to Long-Term Protection of Mice against a Lethal Challenge with Influenza Virus

B6.A2G-Mx1mice received a single i.v. injection of 12.5 mg of 3pRNA at 1, 3, or 7 days before they were challenged with a lethal dose of 103 PFU of hvPR/8, a highly virulent

variant of A/PR/8/34 (n = 8; untreated: n = 5). (A–C) Body weight (A), survival (B) (log-rank [Mantel-Cox] test: control [ctrl]-RNA versus PR/8 + 3pRNA day�3, p < 0.0001; ctrl-

RNA versus PR/8 + 3pRNA day �7, p < 0.0009; PR/8 + 3pRNA day �7 versus PR/8 + 3pRNA day �3, p < 0.32), and clinical score (C) were monitored. (D and E) Mice

received repeated i.v. injections of 3pRNA or control RNA on days 7, 5, 3, and 1 before they were challenged with a lethal dose of 103 PFU of hvPR/8. (D and E) Body weight

(D) and clinical score (E) were measured (n = 8; ctrl-RNA: n = 3). Results are presented as mean values. Error bars represent the SD.
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the three ligands were administered tomice at 18 hr after a lethal chal-
lenge with influenza A virus. Whereas the RIG-I-stimulating ligand
3pRNA showed the expected amelioration of the clinical course of
infection, no effect was seen for the TLR9 ligand CpG1826. Further-
more, despite the induction of substantial levels of CXCL10 in the
serum, the TLR7/8 ligand 9.2 s-RNA showed no improvement of clin-
ical signs (Figures 5B–5D).

Systemic RIG-I Activation by 3pRNA Improves Outcome of

Influenza Virus Infection with Bacterial Superinfection

Bacterial superinfection causes severe complications during influenza
virus infection.40–42 It has been proposed that induction of type I
interferon may aggravate bacterial superinfection.43,44 Although
this point remains controversial,45 RIG-I-induced type I interferon
may even promote bacterial superinfection. To evaluate the utility
of 3pRNA in the case of bacterial superinfection, we infected
B6.A2G-Mx mice with a non-lethal dose of influenza virus and
18 hr later treated them with 3pRNA. Four days after viral infec-
tion, mice were additionally challenged by superinfection with
S. pneumoniae (Figure 6A). In this model, bacterial infection alone
did not cause a substantial weight loss (Figure 6B, closed triangles),
but it aggravated the weight loss induced by the non-lethal dose of
influenza virus (Figure 6B, open circles versus closed diamonds).
Intravenous treatment with 3pRNA at 18 hr after influenza infection
not only prevented the moderate weight loss induced by the non-le-
thal dose of influenza virus, but also the aggravation of weight loss
2096 Molecular Therapy Vol. 25 No 9 September 2017
following bacterial superinfection (Figure 6B). All mice treated with
3pRNA survived, whereas 80% of the mice exposed to a non-lethal
dose of influenza virus followed by bacterial superinfection died (Fig-
ures 6C and 6D). Together, these data demonstrate that RIG-I does
not facilitate or aggravate bacterial (super)infection in the course of
influenza virus infection.

DISCUSSION
The different pathways of innate immune sensing of viral nucleic
acids heavily restrict the evolution of pathogenic viruses. As a conse-
quence, successful pathogenic viruses need to develop molecular
strategies to escape from the detection of their viral nucleic acids by
the innate immune system. The RNA polymerase-based replicative
principle of most negative strand RNA viruses, including influenza vi-
rus, implicates the formation of RNA molecules with triphosphate
groups at the 50 end. Because this nucleic acid structure represents
a pathogen-associated molecular pattern (PAMPs) recognized by
RIG-I, negative strand RNA viruses have to counteract RIG-I sensing
in the cytoplasm. The negative strand RNA virus influenza A virus
employs different strategies to evade detection by RIG-I, including
encapsidation of the nascent RNA.46,47 Furthermore, influenza A vi-
rus targets the type I interferon system and the immunorecognition of
its RNA by innate immune sensors. influenza A virus encodes the
non-structural protein NS120,48,49 and the PB1-F2 protein,19,50 which
inhibit the induction of type I interferon by RIG-I while maintaining
NF-kB activation supporting viral replication.20,51,52 This highlights
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the fundamental role of RIG-I in antiviral defense against influenza A
virus. Because inhibition of RIG-I by NS1 occurs only in infected cells,
the induction of RIG-I-induced antiviral activities in yet uninfected
cells provides a strong rationale for the use of RIG-I ligands not
only for prophylaxis, but also to ameliorate the clinical signs of an
ongoing influenza virus infection.

Our results support this rationale and the clinical development
RIG-I ligands for the treatment of influenza virus infection. First,
we demonstrate that a prophylactic small dose of the RIG-I ligand
3pRNA completely protects the host from a subsequent lethal
challenge with influenza A virus for an extended period of time.
Second, the same small dose of 3pRNA profoundly ameliorates
the clinical signs and secures survival of mice if administered
in the course of an ongoing influenza A virus infection that other-
wise causes 100% lethality. The data demonstrate that therapeutic
application of the RIG-I ligand 3pRNA is highly effective for a
period of at least 30 hr after viral challenge. Notably, unlike other
innate pathways such as TLR4, we did not observe desensitization
or tachyphylaxis of RIG-I activation upon repeated dosing of
3pRNA. Third, we demonstrate that, unexpectedly, type I inter-
ferons, but not interferon-l, were required for the therapeutic
activity. And fourth, RIG-I activation had a positive effect on the
course of influenza virus infection even in the situation of bacterial
superinfection.

Our results are consistent with several studies in the literature report-
ing an effect of RIG-I activation on influenza virus replication, but
these studies have a different focus and some technical limitations.
Studies in the literature are in vitro studies or studies on the prophy-
lactic treatment.23–25 Furthermore, these studies used C57BL/6 mice
lacking functional Mx1, the mouse homolog to human MxA,28,29 an
important antiviral effector in the type I interferon pathway.30,31 In
our study, we used Mx1-positive congenic B6.A2G-Mx1 mice that
are well established to resemble the human situation much more
closely than C57BL/6 mice lacking Mx1.28,29 Using this highly rele-
vant model, we for the first time provide evidence for a long-lasting
prophylactic, as well as therapeutic effect, in a severe and lethal influ-
enza virus infection setting. The effective prophylactic period of
7 days as examined in this study may be further prolongable. Future
studies will have to determine which dosing and which intervals of
RIG-I activation are optimal for a complete and permanent protec-
tion against influenza virus infection. Because, unlike in our study,
Figure 3. Therapeutic Administration of 3pRNA Rescues Mice from a Pre-esta

(A) Experimental setup: i.v. 3pRNA treatment at 18 or 30 hr after challenge with influen

3pRNA or control RNA was injected i.v. (both at 25 mg). Viral RNA was analyzed in lung ti

Body weight (n = 6 mice; untreated: n = 2), survival (n = 6 mice; untreated: n = 2), and cl

[Mantel-Cox test]: PR/8 only versus PR/8 + control [ctrl]-RNA, p = 0.65; PR/8 only versus

Mice were treated as in (B) except that 3pRNA was used at a dose of 12.5 and 6.25 mg p

Cox) test: PR/8 + ctrl-RNA versus PR/8 + 6.25 3pRNA, p = 0.03; PR/8 + ctrl-RNA versus

1]). (E) Done as in (C), but chemically synthesized 3pRNA was used (n = 5). (F) Mice w

[Mantel-Cox] test: PR/8 only versus PR/8 + ctrl-RNA, p = 0.66; PR/8 only versus PR/8 + 3

presented as mean values. Error bars represent the SD.
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the viral challenge with influenza in natural habitats usually is
much lower, and non-lethal, sufficient protection may be achieved
on a low-dose and long-interval application scheme. Furthermore,
it will be interesting to study whether the i.v. route can be replaced
by subcutaneous (s.c.) or inhaled administration of 3pRNA, which
would be a more practical approach for routine prophylactic use on
a population basis.

An important technical issue that needs to be considered is the iden-
tity of RIG-I ligands in different studies.22,26 Generation of 3pRNA by
in vitro transcription leads to the formation of unexpected additional
complementary short RNA sequences resulting in an unpredictable
mixture of undefined RIG-I-stimulatory and non-stimulatory se-
quences, unless the in-vitro-transcribed RNA products are adequately
purified. In addition to adequate purification of in-vitro-transcribed
RNA, we used a chemically well-defined synthetic 50-triphosphate
dsRNA RIG-I ligand (20-mer), which is too short to activate
MDA5, in order to confirm that the therapeutic activity is not depen-
dent on the formation of in vitro transcription-dependent unintended
longer RNA by-products.

Although in our study type I interferon is clearly required for the
therapeutic activity, type I interferon may not be sufficient. It has
been proposed that interferon-l, as another RIG-I-inducible cyto-
kine, has antiviral properties that are complementary to type I
interferon, especially in case of respiratory infections such as
influenza virus.33,34,53 Although the type I interferon receptor is ex-
pressed at the surface of all cells, expression of the type III inter-
feron receptor is primarily restricted to epithelial cells in the respi-
ratory and gastrointestinal tracts.34,54 This differential expression
of the type III interferon receptor might generate an antiviral
response in airway epithelium while preventing exaggerated activa-
tion of immune cells and associated lung pathology.54 Moreover, it
has been demonstrated that type III interferon, and not type I
interferon, is the predominant interferon induced by respiratory
viruses in nasal epithelial cells, and that type III interferon, rather
than type I interferon, represents the main first-line defense via the
RIG-I-dependent pathway.16 Our results do not contradict these
findings, but they demonstrate that upon actual RIG-I ligand treat-
ment in the situation of an established influenza A virus infection,
the activity of type I interferon dominates over type III interferon,
and RIG-I-induced type III interferon does not contribute to the
therapeutic activity.
blished Lethal Influenza Virus Infection
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PR/8 + 12.5 3pRNA, p = 0.03; PR/8 + 12.5 3pRNA versus PR/8 + 6.25 3pRNA, p =
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Figure 5. Comparison of 3pRNA with Established Oligonucleotide Ligands

of TLR7/8 and TLR9

B6.A2G-Mx1 mice were infected with 103 PFU of hvPR/8. 18 hr later, mice were i.v.

injected with 3pRNA or the control RNA polyCA (both delivered with jetPEI), i.v.

injected with the TLR7/8 ligand 9.2s RNA (delivered with DOTAP), or i.p. injected

with CpG1826 (all 12.5 mg per injection). Infected mice without treatment served as

control (PR/8 only). (A) At 6 hr after treatment, levels of CXCL10 were analyzed in

serum of mice by ELISA (ANOVA: 3pRNA versus negative control [ctrl], p < 0.01;

3pRNA versus 9.2 s, p < 0.05; 9.2 s versus negative ctrl, p < 0.05). (B–D) Body

weight (B), survival (log-rank [Mantel-Cox] test: PR/8 + ctrl-RNA versus PR/8 +

3pRNA, p = 0.0016; PR/8 + ctrl-RNA versus PR/8 + 9.2s RNA, p = 0.065; PR/8 +

3pRNA versus PR/8 + 9.2s RNA, p = 0.0019) (C), and clinical score (D) were

monitored daily. Results show means of n = 4 or n = 5 animals and n = 2 for PR/8

only. Results are presented as survival curve or mean values with SD.

Figure 4. Rescue from Lethal Influenza Virus Infection by Therapeutic

Administration of 3pRNA Requires the Type I Interferon Receptor but Is

Independent of Interferon-l

(A–D) B6.A2G-Mx1mice (A) (n = 8, p = 0.0003), B6.A2G-Mx1-Ifnlr1�/�mice lacking

functional interferon-l receptors (B) (n = 6, p = 0.0009), B6.A2G-Mx1-Ifnar1�/�

mice lacking functional type I interferon receptors (C) (n = 8, p = 0.35), or B6.A2G-

Mx1-Ifnar1�/� Ifnlr1�/� double-knockout mice lacking receptors for both interferon

types (D) (n = 8, p = 1.00) were infected with 103 PFU hvPR/8. After 18 hr, mice were

i.v. injected with 12.5 mg of 3pRNA or the control RNA polyCA. Body weight and

survival were monitored. Results are presented as mean values. Error bars repre-

sent the SD. Log-rank (Mantel-Cox) test was used.
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There are conflicting reports about increased susceptibility to
bacterial infection in the context of a type I interferon-dominated
response.43–45,55 Therefore, one might speculate that the protection
from influenza virus infection by RIG-I may come at the expense of
a higher risk to develop bacterial superinfection. In our study, we
find that RIG-I treatment improved the overall clinical outcome of
a combined infection with influenza virus and bacterial superinfec-
tion by Streptococcus pneumoniae. Thus, a potential aggravation of
bacterial superinfection in the presence of RIG-I-induced type I
interferon seems to be outweighed by the protective antiviral activity.
On the other hand, RIG-I may even exhibit antibacterial activities.
The experimental dissection of antiviral and antibacterial activities
of therapeutic RIG-I activation is challenging because viral infection
of epithelial cells and bacterial outgrowth are tightly intertwined.
RIG-I activation may positively or negatively interfere with multiple
mechanisms reported to promote bacterial superinfection in the
context of influenza infection: impaired NK cell response,56 deple-
tion of alveolar macrophages,57 suppressed phagocytic bacterial clear-
ance,58 Setdb2-mediated crosstalk between the type I interferons and
Molecular Therapy Vol. 25 No 9 September 2017 2099
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Figure 6. Therapeutic Administration of 3pRNA

Improves the Outcome of Influenza-Infected Mice

Superinfected with S. pneumoniae

B6.A2G-Mx1 mice were infected with 50 PFU of hvPR/8.

18 hr later, mice received an i.v. injection of 25 mg of

3pRNA. At 4 days after influenza virus infection, mice

were challenged with 4.4 � 106 CFU of S. pneumoniae

(strain TIGR4). Mice infected with either influenza or

S. pneumoniae but without 3pRNA treatment served as

controls (PR/8 only, Streptococcus pneumonia [strept]

only, and PR/8 + strept). (A) Experimental setup. (B) Body

weight. (C) Survival (log-rank [Mantel-Cox] test: strept

versus PR/8 + strept, p = 0.11; strept versus PR/8 +

strept + 3pRNA, p = 0.22; PR/8 + strept versus PR/8 +

strept + 3pRNA, p = 0.005). (D) Clinical score. Results

show mean values of n = 4–6 mice. Error bars represent

the SD.
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NF-kB pathways,59 and downregulation of IL12 p70.60 Interestingly,
there is recent evidence from the literature that death in influenza
viral infection is due to endogenous bacterial burden, even in the
absence of additional exogenous bacterial challenge. Pillai and col-
leagues61 conclusively demonstrate that mice infected with influenza
virus died of bacterial bloom in the lungs on the basis of virus-induced
tissue damage. Their work showed that mortality is due to bacterial
burden, caspase-1/11, and neutrophil-dependent tissue damage,
and that mortality was reversed by a functional blockade of the in-
flammasome despite even enhanced viral replication. In our experi-
mental setting it is likely that the reduced viral load as a consequence
of 3pRNA treatment is associated with reduced virus-induced epithe-
lial damage leading to reduced bacteria-induced lethality. The future
characterization of potential antibacterial activities of RIG-I in the
absence of viral infection requires an elaborate set of experiments
that are specifically designed to answer this question.

The fact that enhanced RIG-I activity obviously provides a robust
protection against infection with respiratory viruses provokes the
question why RIG-I is not permanently activated by nature. One
could speculate that increased sensitivity of the RIG-I pathway for
prolonged periods of time has negative effects for the host, because
this may increase the detection of endogenous RIG-I ligands, and
thus may lead to a chronic activity resulting in generalized inhibition
of translation of proteins contributing to the normal homeostasis of
the cell. Consequently, fine-tuning of RIG-I function most likely is
a trade between protection from viral infection and proper biological
homeostasis. Therefore, prophylactic treatment with RIG-I ligands
should be limited to times of enhanced viral threat.

In conclusion, with this work we establish the activation of the innate
immune sensor RIG-I as a promising strategy to treat influenza virus
infection in both therapeutic and prophylactic settings. Specifically,
2100 Molecular Therapy Vol. 25 No 9 September 2017
for influenza, this novel therapeutic strategy
has the advantage of acting independently of
the specific virus strain and independently of
viral resistance mechanisms to other established targeted anti-
viral treatments. Furthermore, our results suggest that activation of
RIG-I may be useful to limit outbreaks of infections with other newly
emerging RNA viruses such as Ebola or Zika before vaccination
becomes available.

MATERIALS AND METHODS
Pathogens

The influenza A virus variant hvPR/8 is closely related to the Cam-
bridge strain of A/PR/8/34 (H1N1),62 which is moderately pathogenic
forMx1+/+ mice and was generated by serial lung passages inMx1+/+

mice.63 hvPR/8 is closely related to the Mount Sinai strain of A/PR/8/
34,64 which is non-pathogenic forMx1+/+mice even at high doses. Vi-
rus stocks were produced in embryonated chicken eggs. Streptococcus
pneumoniae strain TIGR4 (provided by S. Hammerschmidt, Greifs-
wald, Germany) was plated on Columbia sheep red blood agar and
incubated at 37�C and 5% CO2 overnight. For infections, bacteria
were resuspended in sterile NaCl 0.9% solution adjusted to an optical
density of 1 McFarland unit, which corresponds to 3 � 108 CFU/mL
in a Densimat (BD Biosciences), a standard method to measure the
inoculum size.65

In Vivo Infection Models

C57BL/6 mice and Mx1-positive B6.A2G-Mx1 mice with or without
defective receptors for type I interferon or interferon-l28,29 were
treated according to animal welfare. Mice were anesthetized with
isoflurane (Baxter) and intranasally inoculated with a non-lethal
dose (105 plaque-forming units [PFU]) of A/PR/8/34 or a lethal
dose (103 PFU) of hvPR/8 in 50 mL of PBS. Weight loss, survival,
and a clinical score (0 = normal; 1 = slightly ruffled fur, cold sensation;
2 = ruffled fur, shivering; 3 = ruffled fur, inactivity, slowed move-
ments; 4 = ruffled fur, inactivity, hunched; 5 = dead)66 was deter-
mined daily. 3pRNA was injected i.v. at concentrations and time
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points indicated using in vivo jetPEI in an N/P ratio of 8 as recom-
mended by the manufacturer (Polyplus-transfection) CXCL10, che-
mokine (C-X-C motif) ligand 10. In case of bacterial superinfection,
mice were intranasally inoculated with a non-lethal dose (50 PFU)
of hvPR/8 and in addition with 4.4 � 106 CFU of S. pneumoniae
(TIGR4).

Oligonucleotides

Synthetic 3pRNA was chemically synthesized by solid-phase syn-
thesis using product-specific labeling as described.15,67,68 CA20-
RNA (50-CACACACACACACACACACA-30), CpG 1826,69 and
9.2 s-RNA36 were purchased from Biomers. Base-paired in-vitro-
transcribed 3pRNA was generated as described previously61 and
purified by separation in a Quick Spin DNA/RNA column (Roche)
to eliminate short oligonucleotides (<8 nt). Activity of in-vitro-tran-
scribed 3pRNA was functionally monitored by type I interferon in-
duction in human peripheral blood mononuclear cells (PBMCs),
which were prepared as previously described70 and stimulated with
1.2 mg/mL 3pRNA complexed to Lipofectamine 2000 (Invitrogen).

Analysis of Viral Copy Number

RNA was purified by using Nucleo Spin RNA Virus kit (Macherey &
Nagel) according to the manufacturer’s instructions. Purified RNA
was quantified by RT-PCR using One Step RT-PCR Kit (QIAGEN).
The following primers (TIB Molbiol) were used: 50-AGA TGA
GTC TTC TAA CCG AGG TCG-30 and 50-TGC AAA AAC ATC
TTC AAG TCT CTG-30 with the probe: 50-FAM-TCA GGC
CCC CTC AAA GCC GA-TAMRA-30. A standard curve (7.95 �
109 copies/mL to 7.95 � 105 copies/mL) was used for quantification.
Data were obtained using the LightCycler 480 Software (Roche).

Real-Time qPCR

cDNA synthesis was performed using VILO cDNA Synthesis Kit
from Life Technologies (11754050) as described in the manual. For
mouse CXCL10, cDNAwas amplified in a total volume of 20 mL using
LightCycler 480 System (Roche). Primer and probe designs were per-
formed using Universal Probe Library (Roche). Used probes from
Roche were 18 for mouse CXCL10 and 51 for mouse TATA box bind-
ing protein (TBP). The following primers were used: mCXCL10 fwd:
50-gctgccgtcattttctgc-30, mCXCL10 rev: 50-tctcactggcccgtcatc-30; and
mTBP fwd: 50-ccaatgactcctatgaccccta-30, mTBP rev: 50-cagccaagattc
acggtagat-30.

Cytokine Assays

CXCL10 was measured in the supernatant using ELISA (BD Biosci-
ences) according to the manufacturer’s recommendations.

Statistics

Results of multiple donors are presented as means with error bars
indicating SD. Statistical analysis was performed using two-sided
paired Student’s t test for dependent samples. In case of multiple com-
parisons, ANOVA was applied with Tukey’s or Holm-Sidak’s test
for multiple comparison. Survival curves were analyzed using log
rank Mantel-Cox test. The p values less than 0.05 were considered
statistically significant. GraphPad Prism 6 for Mac OS X was used
for analysis.

Study Approval

Animal studies were performed after approval by the respon-
sible animal welfare authority under approval number TVA 887-
50103709110 and G13/54.
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