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West Nile Virus Noncoding Subgenomic RNA Contributes to Viral
Evasion of the Type I Interferon-Mediated Antiviral Response
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We previously showed that a noncoding subgenomic flavivirus RNA (sfRNA) is required for viral pathogenicity, as a mutant
West Nile virus (WNYV) deficient in sfRNA production replicated poorly in wild-type mice. To investigate the possible immuno-
modulatory or immune evasive functions of sSfRNA, we utilized mice and cells deficient in elements of the type I interferon (IFN)
response. Replication of the sSfRNA mutant WNV was rescued in mice and cells lacking interferon regulatory factor 3 (IRF-3) and
IRF-7 and in mice lacking the type I alpha/beta interferon receptor (IFNAR), suggesting a contribution for sfRNA in overcoming
the antiviral response mediated by type I IFN. This was confirmed by demonstrating rescue of mutant virus replication in the
presence of IFNAR neutralizing antibodies, greater sensitivity of mutant virus replication to IFN-« pretreatment, partial rescue
of its infectivity in cells deficient in RNase L, and direct effects of transfected sfRNA on rescuing replication of unrelated Semliki
Forest virus in cells pretreated with IFN-o. The results define a novel function of sfRNA in flavivirus pathogenesis via its contri-

bution to viral evasion of the type I interferon response.

West Nile virus (WNV) is a member of the Flavivirus genus of
the Flaviviridae family of RNA viruses and is closely related
to a number of human pathogens of global concern, including
dengue (DENV), yellow fever (YFV), tick-borne encephalitis
(TBEV), and Japanese encephalitis (JEV) viruses. Many flavivi-
ruses cause fatal disease in humans, and outbreaks affect 50 to 100
million people every year (20, 36). Since 1999, highly pathogenic
North American strains of WNV have caused more than 30,000
clinical cases of meningitis, encephalitis, and acute flaccid paraly-
sis in the United States alone. In comparison, the Australian
strains of WNV circulating prior to 2011, which are referred to as
Kunjin virus (WNV ), are closely related (~97% homology at
the amino acid level) but do not cause disease in immunocompe-
tent adult animals and humans (22).

The flavivirus genome is a single-stranded, positive-polarity
RNA of ~11 kb. It contains one open reading frame flanked by 5’
and 3’ untranslated regions (UTRs) and encodes 10 viral proteins
that are required for the complete viral life cycle (30-34, 58, 59).
The UTRs play essential functions in the initiation of RNA repli-
cation, translation, and genome packaging (40). In addition to
full-length genomic RNA (gRNA), an abundant RNA species of
about 0.5 kb derived from the 3" UTR of gRNA was previously
detected in flavivirus-infected cells (29, 44, 49, 57) and termed
subgenomic flavivirus RNA (sfRNA). Recent studies demon-
strated that the sfRNA of WNV and YFV is generated as a
product of degradation by a host enzyme, presumably the 5’-3’
exoribonuclease XRN1 (44, 51). XRN1-mediated degradation of
gRNA likely stalls due to the rigid and conserved secondary and
tertiary RNA structures in the 5" end of the 3 UTR (18, 51). Thus,
incomplete degradation of WNV;,; RNA results in a 525-nucle-
otide (nt) RNA remnant that forms the sfRNA. The sfRNA con-
tributes to virus-induced cytopathic effect in cell culture and to
virulence in weanling mice highly sensitive to flavivirus infections
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(44) although the mechanism(s) that explain these outcomes re-
main unknown. Because of the requirement of sfRNA for viru-
lence in mice but not for replication in BHK-21 or Vero cells that
lack intact cell-intrinsic antiviral immune pathways, we hypothe-
sized that sSfRNA modulates the host antiviral response.

Viral infection of host cells results in the induction of cell-
intrinsic and cell-extrinsic antiviral responses that limit replica-
tion and spread. Pathogen recognition receptors (PRRs), includ-
ing the cytoplasmic receptors retinoid acid-inducible gene I
(RIG-I) and melanoma differentiation-associated gene-5 (MDAS5),
or membrane-bound Toll-like receptors (TLR 3, 7, or 8) serve as
initial sensors of pathogen-associated molecular patterns
(PAMPs) after RNA virus infection and trigger signal transduc-
tion cascades that induce the expression of genes with specific
inhibitory functions. For RNA viruses, double-stranded RNA
(dsRNA) intermediates of gRNA replication are believed to be the
primary PAMPs. Activation of PRRs results in signaling through
distinct adaptor molecules. RIG-I and MDAS5 signal through beta
interferon (IFN-f) promoter stimulator 1 (IPS-1), whereas TLR3
and TLR7/TLR8 signal through Trif and MyD88, respectively. Ul-
timately, these pathways result in phosphorylation and activation
of transcription factors (e.g., interferon regulatory factor 3 [IRF-
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3], and IRF-7), which, together with NF-kB and ATF-2/c-jun,
induce transcription of antiviral cytokines such as IFN-a4 (39)
and IFN-3 (54). Secreted type I IFN binds to the IFN-a/[3 receptor
(IFNAR) in an autocrine and paracrine manner and activates the
Janus kinase/signal transducers and activators of transcription
(JAK/STAT) signaling cascade. This leads to formation of the
IFN-stimulated gene factor 3 (ISGF3) complex (STAT1, STAT?2,
and IRF9/p48), which translocates into the nucleus and induces
expression of several hundred IFN-stimulated genes (ISGs), many
of which likely have antiviral functions. A number of ISGs, includ-
ing RNase L, PKR, IFIT-1, IFIT-2, ISG20, IFITM3, viperin, and
other genes, are believed to possess antiviral activity against flavi-
viruses (4, 14, 25, 47, 49).

To investigate whether sfRNA modulates virus-host interac-
tions, we compared replication of wild type (wt) WNV virus
to a mutant virus incapable of producing sfRNA utilizing cells and
mice deficient in various components of the innate antiviral re-
sponse. Using this approach, we show that sfRNA contributes to
viral evasion of the type I IFN-mediated antiviral response.

MATERIALS AND METHODS

Viruses and cells. Wild type (wt) WNV, full-length ¢cDNA clone
FLSDX(pro)HDVr (designated FLSDX; where HDVr is hepatitis delta
virus ribozyme) and sfRNA-deficient virus FL-IRAACS3 were described
previously (30, 44). For virus reconstitution, viral RNA was in vitro tran-
scribed from the corresponding full-length cDNA clones, electroporated
into BHK-21 cells, and subsequently passaged once on Vero76 cells to
grow a high-titer stock. Titers of passage 2 virus were determined by
standard plaque assay on BHK-21 cells and used for experiments. Semliki
Forest virus (SFV) was grown and titers were determined on Vero76 cells.
WNV RNA for in vitro RNase L assays was transcribed from C20DXrep, a
cDNA construct containing the FLSDX sequence but lacking the struc-
tural C, prM, and E genes (27).

For WNV, infection experiments, all murine embryonic fibro-
blasts (MEFs) with the exception of RNase L/~ MEFs were low-passage-
number primary cultures (n = 2 to 10) generated from wt and deficient
mice. RNase L™/~ and corresponding control MEFs were immortalized
after transformation with simian virus 40 (SV40) T antigen (61). IRF-
37/~ X IRF-7 "/~ MEFs for IFN sensitivity experiments and control wt
MEFs for sfRNA electroporation and SFV rescue experiments were im-
mortalized spontaneously by iterative passaging.

WNV yn infection, growth kinetics, and plaque assays. MEFs were
infected at different multiplicities of infection (MOI) for 2 h at 37°C,
washed three times with phosphate-buffered saline (PBS), and incubated
with Dulbecco’s modified Eagle’s medium (DMEM) containing 5% fetal
bovine serum (FBS). For viral growth kinetics in Fig. 1 and 5, cell culture
supernatant was harvested at the indicated times to determine virus titers
by standard plaque assay on BHK-21 cells (44).

RNA isolation and Northern blotting. RNA from infected cells was
isolated with TRIzol reagent (Invitrogen) following the manufacturer’s
recommendations, and Northern blots were performed using **P-labeled
c¢DNA probes specific for the WNV;; 3’ UTR and SFV nsp4 gene as
described previously (44).

In vitro sfRNA transcription. The template for in vitro transcription
was generated by PCR from plasmids pBS3'XX (containing T7 promoter
and the last 813 nucleotides of viral cDNA including part of WNV
NS5 and the entire 3’ UTR) and pBS3'XX-IRAACS3 (as above, but con-
taining IRAACS3 mutations in the 3" UTR) (44). The PCR product was
purified with a Wizard SV Gel and PCR Clean-Up System (Promega), and
1 g was used for in vitro transcription with GMP and T7 polymerase
according to the manufacturer’s instructions (Promega).

RNA electroporation, IFN treatment, and SFV infection. Wild-type
MEFs were trypsinized and resuspended at 2 X 10° cells/ml in OptiMEM
(Invitrogen). A 400-pl cell suspension was mixed with ~10 g of in vitro
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transcribed RNA and electroporated in a 4-mm gap cuvette with a single
pulse at 400 V for 5 ms using an ECM 830 square wave electroporator
(BTX/Harvard Apparatus). Cells were seeded in six-well plates and left to
attach for 1 to 2 h before treatment with 1,000 IU/ml mouse IFN-a (Hy-
cult Biotechnology) for 8 h. The IFN solution was removed, and cells were
infected with SFV at an MOI of 1 for 1 h. At 12 h postinfection (hpi), cells
were lysed with TriReagent (Sigma) for RNA extraction, and supernatants
were harvested for plaque assay on Vero76 cells.

Virulence in mice. All animal studies were carried out in strict accor-
dance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The protocols
were approved by the Institutional Animal Care and Use Committee at
the Washington University School of Medicine (assurance number
A3381-01). All inoculation and experimental manipulation were per-
formed under anesthesia that was induced and maintained with ketamine
hydrochloride and xylazine, and all efforts were made to minimize suffer-
ing. Wild-type C57BL/6 mice, 17 to 20 days old, were inoculated subcu-
taneously into the footpad with 10> PFU of WNVy; FLSDX or FL-
IRAACS3 in Hanks balanced salt solution (HBSS) supplemented with 1%
FBS, monitored for the signs of illness, and sacrificed when signs of en-
cephalitis became apparent. Mice were bled at days 2 and 3 after infection,
and viral genomic RNA was determined by real-time reverse transcrip-
tion-PCR (RT-PCR), as described previously (47).

Eight- to 12-week old IRF-37/~ X IRF-7/~ mice and IFNAR ™/~
mice (13), both on the C57BL/6 genetic background, were inoculated via
footpad with various doses (10', 10 and 10° PFU) of wt (FLSDX) or
sfRNA-deficient virus (FL-IRAACS3).

In vitro RNase L assays. Radiolabeled in vitro transcribed WNV RNA
(C20DXrep), RNase L-resistant poliovirus (PV) RNA, and RNase L-sen-
sitive PV RNA containing the mutation G*”°'A were incubated at a con-
centration of 150 nM (each) for specified times with 20 nM RNase L and
20 nM 2-5A (a negative control was incubated without 2-5A). For inhibi-
tion experiments, radiolabeled in vitro transcribed WNV RNA was incu-
bated for 60 min in reaction mixtures containing 20 nM RNase L and 20
nM 2-5A or 20 nM RNase L without 2-5A. The reaction mixtures included
500, 1,000, and 2,000 nM sfRNA, ORF 2122 of PV competitive inhibitor
RNA (PV?'*2 ¢iRNA), and PV?!?! RNA. All reactions were terminated by
addition of SDS buffer, and products were phenol-chloroform extracted,
ethanol precipitated with tRNA carrier, and fractionated by electropho-
resis in agarose. The integrity of the RNAs was analyzed by ethidium
bromide staining and phosphorimaging.

Statistical analyses. Statistical significance of IFN sensitivity experi-
ments was analyzed by regression analysis using the R program (45). All
other data were analyzed using Prism software (GraphPad Prism). A two-
way analysis of variance (ANOVA) was used to analyze differences in viral
burden in mice. Kaplan-Meier survival curves were analyzed by the log
rank test. Fold decrease of SFV titers after electroporation and IFN treat-
ment was analyzed by an unpaired  test.

RESULTS

Antiviral responses mediated by IRF-3 and IRF-7 restrict repli-
cation of sfRNA-deficient virus in MEFs. Our previous studies
have shown that sfRNA is required for virulence in vivo as an
sfRNA-deficient mutant virus (FL-IRAACS3) failed to cause mor-
tality in wild-type (wt) weanling Swiss mice after intraperitoneal
infection even at high virus doses (10* PFU) (17, 44). In contrast,
sfRNA-deficient mutants replicated like wild-type virus (FLSDX)
in cells (e.g., BHK-21 clone 15 and Vero) lacking intact cell-intrin-
sic antiviral response pathways. Thus, we hypothesized that
sfRNA modulates the host antiviral response. To investigate this,
we performed viral growth analyses in MEFs deficient in various
components of the type I interferon response. IRF-3 and IRF-7 are
key transcriptional regulators of IFN induction and ISG expres-
sion in response to viral infections (1, 24, 48). Using IRE-3 '~ X

jviasm.org 5709


http://jvi.asm.org

Schuessler et al.

FLSDX FL-IRAACS3
T 1 T 1
0 12 2436 48 6072 12 24 36 48 6072 hpi B
—— L gRNA 1024 wt MEFs
") 107+
mj
= E 106
=
H & 10°-
- L SFRNAT
I — 104+ -- FLSDX
= FL-IRAACS3
= 103 T | T ) T T T
[~ TRNA 0 12 24 36 48 60 72
hpi
m -
T gRNA 10'%y IRF-37-x IRF-7--MEFs
= 10°-
?'\ 1084
1 —
w £ 1074
o —
= i 10°
- - STRNA1 10°1
T L sRNAS 10%+ ~e- FLSDX
o - ° o = FLIRAACS3
— T T T T T T T
|- rRNA 0 12 24 36 48 60 72
hpi
C moi 0.1 moi 0.01
100 100
108 108
107 107
£ 108 £ 106
S108 Emﬁ
& 104 o 10*
3.
102 - FLSDX o - FLSDX
10 = FL-IRAACS3 10 - FLIRAACS3
1011 — T T 1 10— T T )
0 24 48 72 0 24 48 72
hpi hpi

FIG 1 Replication of sfRNA-deficient WNV .,y is rescued in IRE-3"/~ X IRE-7/~ MEFs. (A) Northern blot of viral RNA using a 3’ UTR-specific probe in wt
and IRF-37/~ X IRF-7~/~ MEFs infected at an MOI of 1 with wt (FLSDX) and sfRNA-deficient (FL-IRAACS3) viruses. Ethidium bromide staining of rRNA is
included as a loading control. (B) Corresponding titers of infectious virus in the supernatant of the infected cells. The results are the average of two (wt MEFs)
or four (IRF-37/~ X IRF-7~/~ MEFs) independent experiments. Error bars indicate standard deviations. (C) Virus titers in the supernatants of IRF-37/~ X
IRF-7/~ MEFs infected at an MOI of 0.1 and 0.01 with wt (FLSDX) or sfRNA-deficient (FL-IRAACS3) virus.

IRF-7/~ MEFs, we investigated whether IRF-3 and IRF-7 are
required for induction of the antiviral response that limits repli-
cation of sfRNA-deficient virus. While the sfRNA-deficient mu-
tant FL-IRAACS3 replicated poorly in wt MEFs (Fig. 1A and B,
upper panels), infection at an MOI of 1 of IRF-3~/~ XIRE-7 '~
cells with FL-IRAACS3 virus resulted in a substantial increase in
RNA replication and virus production, particularly during the
first 2 days after infection (Fig. 1A and B, lower panels). Rescue of
viral RNA replication and virus production in the IRF-37/~ X
IRF-7 /'~ MEFs was rapid and approached levels of the wt virus as
early as 12 to 24 hpi. A similar rescue was observed in IRF-37/~ X
IRF-7 '~ MEFs when lower levels (MOI of 0.1 or 0.01) of sfRNA-
deficient FL-IRAACS3 virus were used (Fig. 1C). Again, replica-
tion of mutant virus at lower MOIs was as efficient as that of the wt
virus. These results demonstrate that the IRAACS3 mutation did
not affect virus replication in the absence of IRF-3 and IRF-7, thus
confirming our prior data in BHK-21 cells, another cell line
known to be deficient in IFN response (17), and establish that the
mutations that abolish sfRNA production do not inherently atten-
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uate virus replication. The results also suggest that IRF-3/IRF-7-
dependent transcription is a primary factor limiting replication of
viruses deficient in sSfRNA production and imply a role for sfRNA
in counteracting this antiviral pathway.

sfRNA contributes to higher viral resistance to type I IFN in
MEFs. To begin to test whether sfRNA contributes to viral evasion
of the IFN response, we compared the sensitivity of wt and mutant
viruses to IFN-a pretreatment in IRF-3"/~ X IRF-7 /" MEFs.
Replication levels of wt and sfRNA-deficient viruses are equivalent
in these cells (Fig. 1A), and they produce little, if any, type I IFN
after WNV infection (13); so the antiviral effects will reflect only
exogenously administered IFN. Cells were pretreated with in-
creasing concentrations of IFN-a for 8 h, infected with wt or
sfRNA-deficient virus at an MOI of 1, and incubated for 48 h
before viral RNA was harvested from cells and titers of extracellu-
lar virus were determined. Although starting at slightly lower lev-
els, viral RNA amounts for sfRNA-deficient virus were reduced to
a greater extent than those for wt virus in cells treated with increas-
ing concentrations of IFN-o. While RNA of wt virus could still be
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FIG 2 sfRNA-deficient virus is more sensitive to IFN-a, and its replication is rescued by neutralizing antibodies to IFNAR. (A) Northern blot of viral RNA in
IRF-37/~ X IRF-7~/~ MEFs infected with wt (FLSDX) or sfRNA-deficient (FL-TRAACS3) virus after pretreatment with IFN-a (0 to 1,000 IU/ml for 8 h prior to
infection atan MOI of 1). Supernatants and cells were harvested at 48 hpi for plaque assay and Northern blotting with a 3" UTR-specific probe. Ethidium bromide
staining of rRNA is included as a loading control. (B) Corresponding titers of infectious virus in the supernatant of the infected cells. Results are representative
of two independent experiments. (C) Northern blot of viral RNA in wt MEFs infected with wt (FLSDX) and sfRNA-deficient (FL-IRAACS3) viruses in the
presence of indicated concentrations of IFNAR-neutralizing antibody (ab) MAR1-5A3 or isotype control antibody. wt MEFs were infected with the wt and
mutant viruses for 2 h at an MOI of 1, after which MAR1-5A3 or an isotype control antibody was added. Cells were harvested 4 days later, and Northern blotting
was performed to detect viral RNA using a 3" UTR-specific probe. Ethidium bromide staining of rRNA is included as a loading control.

detected in cells treated with 1,000 IU/ml IFN-o, RNA of the
sfRNA-deficient virus was undetectable after treatment with as
little as 100 IU/ml (Fig. 2A). To further quantify this reduction,
viral titers were measured by plaque assay and showed a signifi-
cantly larger reduction in virus yield for the sSfRNA mutant virus,
ranging from a reduction of ~10 to 1,000-fold for IFN-a concen-
trations from 1 to 1,000 IU/ml (P < 0.01), respectively (Fig. 2 B).
To confirm the role of type I IFN as the primary factor limiting
replication of the mutant virus, wt MEFs were treated with differ-
ent concentrations of a neutralizing IFNAR-1 monoclonal anti-
body (MAR1-5A3), which binds to the IFNAR-1 subunit and pre-
vents IFN signaling (50). Treatment of wt MEFs with MAR1-5A3
but not the isotype control antibody rescued replication of sfRNA-
deficient virus in wt MEFs and also increased wt virus replication
(Fig. 2C). These experiments indicate that the type I IFN response
downstream of IFNAR signaling has a primary role in restricting
replication of sfRNA-deficient virus in MEFs.

Virulence of sfRNA-deficient virus is partially rescued in
IRF-37/~ x IRF-7~'~ mice and IFNAR ™'~ mice. To investigate
whether the findings in MEFs translated into an effect on virulence
of sfRNA-deficient virus in mice, wt and IRF-3~/~ X IRF-7/~
mice were initially infected via footpad injection with 10° PFU of
FLSDX and FL-IRAACS3 viruses. As adult wt mice are not suscep-
tible to infection with a wt WNV virus (9), weanling (17- to
20-day-old) wt mice were used. In contrast, adult IRF-3"/~ X
IRF-7~'" mice were used for infections as they are highly suscep-
tible to infection with WNV virus (9). All wt weanling mice
succumbed to infection with wt virus by day 15 after infection
(n = 16), whereas 50% of animals survived infection with sfRNA-
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deficient virus (Fig. 3A) (P < 0.002, n = 18). Virulence of the
sfRNA-deficient virus was largely rescued in IRF-37/7 X
IRF-7'~ mice and approached that of the wt virus, with only 20%
of animals surviving the infection (Fig. 3B) (P = 0.02, n = 10).
Our previous studies had indicated that wt virus replicated more
efficiently in IFNAR ™~ mice than in IRF-37/~ X IRF-7"'" mice
(9). To examine whether virulence of sfRNA-deficient virus was
rescued more efficiently in IFNAR /™ mice, we infected them
with the same dose (10° PEU) of wt and sfRNA-deficient virus. All
animals died by day 8 after infection with mutant virus, whereas
wt virus killed all IENAR ™/~ mice by day 5 after infection (Fig.
3C). Quantitative RT-PCR analysis of viral RNA in serum showed
a 137-fold decrease in serum virus load at 3 days postinfection
(dpi) for wt mice infected with the sfRNA-deficient virus com-
pared to wt virus but only a 6-fold decrease for the mutant virus in
IFNAR '~ mice (Fig. 3F and G). As IENAR '~ mice are highly
sensitive to infection, it may be difficult to discern phenotypes
with a high (10° PFU) dose of input virus. To address this, we also
infected IFNAR ™/~ mice with 10- and 100-fold smaller amounts
of virus. However, lower viral doses resulted in similar kinetics of
pathogenesis (Fig. 3D and E) and viral burden in serum (Fig. 3H
and I), thus demonstrating that rescue of virulence of sfRNA-
deficient virus in the absence of IFNAR-mediated antiviral re-
sponse was independent of viral dose. For all viral doses tested, wt
virus was more virulent, suggesting that a type I IFN-independent
pathway also contributed to restricting replication of the sfRNA-
deficient virus in mice.

sfRNA partially rescues replication of Semliki Forest virus in
IFN-treated MEFs. To examine whether sfRNA can inhibit the
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FIG 3 Rescue of pathogenesis of stRNA-deficient virus in mice deficient in IFN induction or signaling. (A) Weanling (1- to 20-day-old) wt C57BL/6 mice were
inoculated with 10° PFU of wt (FLSDX) or sfRNA-deficient (FL-IRAACS3) virus by footpad injection and followed for mortality for 21 days. Survival data were
combined from three independent experiments with a total of 16 to 18 mice per group (P < 0.002). (B) Adult (8- to 10-week-old) IRF-3~/~ X IRF-7~/~ mice
were inoculated with 10° PFU of wt (FLSDX) or sfRNA-deficient (FL-IRAACS3) virus by footpad injection and followed for mortality for 21 days. Survival data
were combined from two independent experiments with a total of 6 to 10 mice per group (P < 0.05). (C to E) Adult (8- to 10-week-old) IFNAR ™/~ mice were
inoculated with 10% (C), 10? (D), or 10" (E) PFU of wt (FLSDX) or sfRNA-deficient (FL-IRAACS3) virus by footpad injection and followed for mortality. Survival
data were combined from three independent experiments with a total of 5 to 9 mice per group (10° PFU, P < 0.02; 10% and 10" PFU, P < 0.001). (F to I) Viral
RNA levels were determined from serum samples harvested on the indicated days after infection of weanling mice with 10°> PFU or from adult IENAR ™/~ mice
infected with 10%, 10%, or 10" PFU of wt (FLSDX) or sfRNA-deficient (FL-IRAACS3) virus using qRT-PCR. Data are shown as log, , viral RNA equivalents per ml
from 11 to 18 (wt) or 4 to 9 (IFNAR /™) mice per time point. The error bar indicates standard error of the mean, and the dotted line represents the limit of
sensitivity of the assay. Asterisks and corresponding P values shown represent differences that are statistically significant by two-way ANOVA.

IFN-induced antiviral response directly in the absence of active transcription reaction were used to ensure proper processing of
WNVn replication, an in vitro transcribed 5° GMP RNA en-  theelectroporated RNA in cells by XRN1 to generate native sfRNA
compassing the last 813 nucleotides of genomic RNA was electro-  (sfRNA1). An RNA containing IRAACS3 mutations (IARNA),
porated into wt MEFs. The cells were then treated with mouse  which rendered it unable to resist XRN1 degradation and produce
IFN-a for 8 h and infected with Semliki Forest virus (SFV), which  full-length sfRNA1 (17), was used as a negative control. Indeed,
is highly sensitive to the antiviral activity of IFN, for 12 h. Alonger =~ Northern blot hybridization of RNA isolated from electroporated
RNA fragment and incorporation of 5 GMP during the in vitro  wt MEFs using an sfRNA-specific probe confirmed proper pro-
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Samples were harvested at 10 h postelectroporation (before SFV infection) and 12 h after SFV infection. (A) Northern blot of RNA isolated before SFV infection
showing different sfRNA species using a 3" UTR-specific probe. RNA from cells infected with FLSDX (F) and FL-IRAACS3 (IA) viruses were used as controls for
detecting sfRNA1 and sfRNA3, respectively. Ethidium bromide staining of rRNA is included as a loading control. (B) Northern blot detecting SFV gRNA with
a probe for the SFV nsp4 gene. Ethidium bromide staining of rRNA is included as a loading control. A representative blot from three independent experiments
is shown. (C) Fold reduction of SFV titers after IFN treatment in the presence of sSfRNA or IARNA. Values are the mean of three independent experiments. Error
bars indicate standard errors of the means. Statistical significance as analyzed by unpaired ¢ test is indicated by an asterisk (*, P < 0.05).

cessing of electroporated RNAs into sfRNA1 and sfRNA3 for
sfRNA and IARNA, respectively (Fig. 4A). Northern blot hy-
bridization of RNA isolated from SFV-infected cells showed a
decrease in the level of SFV RNA accumulation in cells pre-
treated with IFN compared to those not treated with IFN for
mock and TARNA electroporations; the decrease associated
with IFN treatment, however, was not as pronounced in cells
electroporated with sfRNA (Fig. 4B). To quantify this effect,
SFV titers in the culture supernatant of infected cells were de-
termined. While IFN treatment reduced virus titers in mock or
IARNA electroporated cells by 533- or 650-fold, respectively,
the antiviral effect of IFN was less pronounced in the presence
of sfRNA, and titers were reduced on average by only 204-fold
(Fig. 4C) (P < 0.05). Thus, sfRNA conferred some resistance to
the antiviral activity of IFN-a independently of WNVy in-
fection

RNase L partially restricts replication of sfRNA-deficient vi-
rus in MEFs. To begin to define ISGs responsible for restricting
replication of sfRNA-deficient virus, we used MEFs deficient in
PKR or RNase L, ISGs which have documented inhibitory activity
against WNV in vitro and in vivo (4, 19, 25,47, 49, 52). Replication
of sfRNA-deficient virus was not rescued in PKR ™'~ MEFs (Fig.
5A and B) but was partially rescued in RNase L/~ MEFs (Fig. 5C
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and D). However, the extent of rescue in RNase L™/~ MEFs was
less than that observed in TFNAR™/~ MEFs or IRF-37/~ X
IRF-7~/~ MEFs, suggesting that either additional ISGs or another
more general mechanism induced by IFN also contributes to the
restriction of replication of sfRNA-deficient virus. Consistent
with this, the sfRNA-deficient virus remained attenuated in adult
RNase L™/~ mice, and no mortality was observed (data not
shown).

sfRNA fails to inhibit RNase L activity in vitro. Poliovirus
(PV) competitive inhibitor RNA (ciRNA) is an RNA element in
PV genomic RNA (gRNA) that has been shown to inhibit RNase L
activity, thereby rendering PV genomic RNA resistant to cleavage
by RNase L (23, 55). Because of the partial rescue of the sfRNA-
deficient virus in RNase L™/~ MEFs, we hypothesized that stRNA
might inhibit RNase L activity in a manner similar to that of PV
ciRNA and thus protect the WNV genome from RNase L-medi-
ated degradation. We initially tested the sensitivity of WNV gRNA
to RNase L-mediated degradation in an in vitro assay using recom-
binant RNase L and its activator 2-5A. WNV gRNA and PV RNA
containing the G*”*' A mutation that disables the ciRNA and con-
fers sensitivity to RNase L cleavage (55, 56) were almost com-
pletely degraded after 60 min of incubation, whereas RNase L-re-
sistant PV RNA remained mostly intact (Fig. 6A, upper panel). No
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FIG 5 Replication of sfRNA mutant WNV ., is partially rescued in RNase L™/~ but not in PKR™'~ MEFs. (A) Northern blot of viral RNA in wt and PKR ™/~
MEFs infected with wt (FLSDX) and sfRNA-deficient (FL-IRAACS3) viruses. (B) Corresponding titers of infectious virus in the supernatant of the infected cells.
The data are the average of two independent experiments. Error bars indicate standard deviations. (C) Northern blot of viral RNA in wt MEFs or RNase L™/~
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degradation was observed in reactions without 2-5A, confirming
that cleavage was RNase L specific (Fig. 6A, lower panel). To assess
the inhibitory potential of sfRNA on RNase L-mediated cleavage
of WNV gRNA, we added increasing concentrations of sfRNA to
the degradation assay. PV ciRNA and a PV RNA lacking inhibitory
capacity (PV?'*") were used as positive and negative controls, re-
spectively. As expected, PV ciRNA protected WNV gRNA from
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RNase L-mediated degradation at concentrations of 500 to 2,000
nM. In contrast, neither PV*'*! nor sfRNA was able to protect
WNV RNA from degradation by RNase L, even at the highest
concentration of 2,000 nM (Fig. 6B). Thus, despite the partial
rescue of replication of sfRNA-deficient virus in RNase L™/~
MEFs, we did not observe a direct inhibitory effect by sfRNA on
RNase L activity in vitro.
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L-resistant PV RNA, RNase L-sensitive PV G>’*'A RNA, and WNV RNA at 150 nM were incubated for the indicated periods of time in reaction mixtures
containing 20 nM RNase L and 20 nM 2-5A or 20 nM RNase L without 2-5A. Reactions were terminated in SDS buffer, and products were phenol-chloroform
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and poliovirus RNAs are indicated with asterisks in the left panel.
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DISCUSSION

We along with others have shown previously that a small noncod-
ing RNA (ncRNA) derived from the 3" UTR of the flavivirus ge-
nome (sfRNA) is produced in vitro and in vivo after infection by
several members of the genus (29, 44, 49, 57). sfRNA is produced
as a result of incomplete degradation of the gRNA by a cellular
RNase, presumably XRN1, and is required for efficient replication
and virulence in mice (44). Flaviviruses are not unique in their
ability to generate small noncoding RNA or RNA structures
within the genome that inhibit the host response. Several picor-
naviruses, including group C enteroviruses and poliovirus, en-
code structures within their open reading frames that inhibit the
endoribonuclease domain of RNase L (23, 55). In addition, a
number of viruses produce noncoding RNAs (ncRNAs) including
microRNAs (miRNAs) and longer ncRNAs (53). Viral miRNAs
function in evasion of the host antiviral response or in regulation
of the viral life cycle (8). Longer ncRNAs also modulate host an-
tiviral responses. For example, an adenovirus-associated RNA of
~160 nt and Epstein-Barr virus-encoded EBER1 and EBER2
ncRNAs of ~170 nt inhibit PKR (6, 41). Viral ncRNAs also have
other functions, including maintenance of ATP levels during hu-
man cytomegalovirus infection (46) or activation of T cells during
herpesvirus saimiri infection by inhibiting a cellular miRNA (5,
7). Given the role of viral ncRNAs in inhibiting host antiviral
responses and the highly attenuated phenotype of a WNV
mutant lacking sfRNA, we hypothesized that sfRNA also might
counteract the host response against flavivirus infection.

Type I and, to a lesser extent, type II IFNs control WNV and
other flavivirus infections (reviewed in reference 12). Nonethe-
less, WNV has evolved several strategies that counteract IFN-de-
pendent antiviral responses. WNV delays the induction of type I
IFNs in infected cells by uncertain mechanisms, which allows for
more efficient early replication (16). In addition, WNV encodes
proteins with specific inhibitory functions that prevent activation
of certain arms of the innate immune response (2, 3, 21, 28, 34, 35,
42, 43, 60). Importantly, the efficiency with which a particular
WNV strain inhibits the antiviral activity of IFN is linked to viru-
lence and pathogenicity (26). A contribution of NS5 to this effect
recently has been established (28). In contrast to the extensive
studies on the role of flavivirus proteins in inhibition of the IFN
response, RNA-based evasion mechanisms have only recently be-
gun to be identified (14).

Our results show that a mutant WNV , deficient in the pro-
duction of sfRNA replicated poorly in wt mice and in wt MEFs,
whereas it replicated more efficiently in mice and MEFs deficient
in major factors involved in the type I IFN response. A mortality
rate of 50% in 17- to 20-day-old wt C57BL/6 mice after footpad
challenge with mutant virus differs from our previous data that
showed no mortality after intraperitoneal challenge of 19- to 21-
day-old Swiss outbred mice (44). It is most likely that the differ-
ence is due to the difference in the genetic background of the mice;
however, the different routes of inoculation and age variations
could also contribute to observed differences. Nevertheless, mu-
tant virus was still significantly less virulent than wt virus in wt
C57BL/6 mice. In contrast, virulence of the mutant virus was
largely rescued in mice with a combined deficiency of the tran-
scription factors IRF-3 and IRF-7, which act downstream of IPS-1
and MyD88, or a deficiency of IFNAR. Both IRF-3 and IRF-7 are
master transcriptional regulators of the type I IFN response to
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WNV infection (10, 11). In IRE-7/~ MEFs, the IFN-a response
and positive feedback loop are abolished, whereas the IFN-(3 re-
sponse remains intact (11). IRF-3"/~ MEFs, in contrast, show a
significant reduction in early IFN-a and IFN- responses to WNV
(10) and fail to limit WNV spread (15). A combined deficiency of
IRF-3 and IRF-7 rescued sfRNA-deficient mutant virus almost to
wt virus levels, which is consistent with the finding that IRF-37/~ X
IRF-7~'~ MEFs had severely impaired type I IFN responses after
WNYV infection (13). WNV was more pathogenic in IRE-37/7 X
IRF-7 '~ mice than in wt mice but was still not as virulent as in
IFNAR '~ mice, possibly because of a small residual IFN response
(13). Analogously, the virulence of the sfRNA-deficient virus was
greater in IFNAR ™/~ mice than in IRF-37/" X IRF-7"/" mice.
Clearly, replication of the sfRNA-deficient virus was impaired by
the IFN-mediated antiviral response although remaining differ-
ences in virulence between wt and sfRNA-deficient virus in IFN
response-defective mice suggest also some contribution of an
IFN-independent antiviral response in restricting virulence of
sfRNA-deficient virus.

The higher sensitivity of sfRNA-deficient virus compared to wt
virus to IEN pretreatment in IRF-3/~ X IRF-7~/~ MEFs and
rescue of its replication in wt MEFs in the presence of IFNAR-
neutralizing antibodies suggest a role for sfRNA in modulating an
IFN-induced effector function. Consistent with this, sSfRNA gen-
erated in MEFs (presumably by XRN1) from an in vitro tran-
scribed longer RNA with an additional 5’ 288 nucleotides after
electroporation resulted in partial inhibition of the IFN-induced
antiviral response against an unrelated virus, SFV. Interestingly,
when a shorter in vitro transcribed RNA representing sSfRNA with
only six additional nucleotides upstream of the sfRNA start was
used under the same conditions, no inhibition of the IFN response
was observed (data not shown), indicating that inhibition of the
IEN response by sfRNA may require prior processing or copro-
cessing by XRN1. Although the exact mechanism of sfRNA-me-
diated inhibition of the effector function of IEN is unclear, we
hypothesized that sfRNA may directly interact with and antago-
nize an ISG that binds RNA. Two of these RNA-binding ISGs,
PKR and RNase L, have antiviral activity against a number of
viruses including WNV (4, 19, 25, 47, 49, 52). In addition to de-
grading single-stranded RNA, which could have direct antiviral
functions, RNase L can generate viral or host-derived small RNAs
that amplify the IFN response by generating PAMPs that activate
the RIG-I/MDAS5 pathway (37, 38). Because of these two crucial
direct and indirect antiviral activities, RNase L is targeted by viral
evasion mechanisms, including a small poliovirus RNA, termed
PV ciRNA (23, 55). In the current study, we observed a partial
rescue of sfRNA-deficient virus in RNase L™/~ MEFs, suggesting
that RNase L could be one of the ISG targets of sSfRNA. We hy-
pothesized that sSfRNA might inhibit RNase L-mediated cleavage
of WNV RNA in a manner similar to PV ciRNA. However, our in
vitro experiments showed that WNV RNA was sensitive to degra-
dation by RNase L but that sfRNA failed to inhibit RNase L activity
directly. Thus, the mechanism by which sfRNA interferes with
RNase L-mediated inhibition of WNV, remains uncertain.
Further detailed study on how sfRNA interferes with the function
of RNase L and/or other yet unidentified ISGs, as well as other
IFN-dependent and IFN-independent antiviral pathways, is re-
quired.

In summary, we have demonstrated that WNV sfRNA
contributes to viral evasion of the [IFN-induced antiviral response.
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In addition to the many prior studies showing that viral proteins
can inhibit IFN induction or signaling, flaviviruses, and likely
other RNA viruses, independently utilize RNA-based strategies to
subvert the antiviral response. An improved understanding of vi-
ral evasion strategies may facilitate novel strategies for therapeutic
intervention against viral pathogens. Possibly, new classes of drugs
that alter production of sfRNA in infected cells could sensitize
flaviviruses to the innate antiviral effects of type I IFN.
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