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Global control of infectious diseases depends on the continuous development and deploy-
ment of diverse vaccination strategies. Currently available live-attenuated and killed virus
vaccines typically take a week or longer to activate specific protection by the adaptive
immunity. The mosquito-transmitted Nodamura virus (NoV) is attenuated in mice by
mutations that prevent expression of the B2 viral suppressor of RNA interference (VSR) and
consequently; drastically enhance in vivo production of the virus-targeting small-interfering
RNAs. We reported recently that 2 d after immunization with live-attenuated VSR-disabled
NoV (NoVAB2), neonatal mice become fully protected against lethal NoV challenge and
develop no detectable infection. Using Ragl”™ mice that produce no mature B and T
lymphocytes as a model, here we examined the hypothesis that adaptive immunity is dis-
pensable for the RNAi-based protective immunity activated by NoVABZ immunization.
We show that immunization of both neonatal and adult Ragl mice with live but not
killed NoVAB2 induces full protection against NoV challenge at 2 or 14 d postimmuni-
zation. Moreover, NoVAB2- mduced protective antiviral immunity is virus-specific and
remains effective in adult Ragl ™ mice 42 and 90 d after a single-shot immunization. We
conclude that immunization with the live-attenuated VSR-disabled RNA virus vaccine
activates rapid and long-lasting protective immunity against lethal challenges by a distinct
mechanism independent of the adaptive immunity mediated by B and T cells. Future
studies are warranted to determine whether additional animal and human viruses atten-
uated by VSR inactivation induce similar protective immunity in healthy and adaptive
immunity-compromised individuals.
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Antiviral RNA interference (RNAI) is a recently recognized mammalian immune response
to RNA virus infection (1-14). Within this antiviral immunity, viral double-stranded RNA
replicative intermediates (VRI-dsRNA) are processed into 22-nucleotide small interfering
RNAs (siRNA) by the Dicer endonuclease (15-17). These virus-derived siRNAs (vsiRNA)
are then loaded into RNA-induced silencing complex (RISC) to guide the specific clearance
of viral RNA by Argonaute-2 (Ago2). Consistent with its role in antiviral defense, the RNAi
pathway is targeted for suppression by diverse mammalian RNA viruses (18). Notably,
RNA viruses from the Flaviviridae, Nodaviridae, Orthomyxoviridae, and Picornaviridae
families encode nonhomologous dsRNA-binding proteins as viral suppressors of RNAi
(VSR) to suppress Dicer-dependent production of vsiRNAs during infection (18). Prior to
the demonstration of antiviral RNAi in mammals, it is well established that the conserved
long dsRNA—siRNA pathway of RNAi directs an essential defense mechanism against
viruses in invertebrates and plants (19, 20).

Much is known about the induction and suppression of antiviral RNAIi in mice by
Nodamura virus (NoV), a member of the Nodaviridae that causes lethal infection in
suckling mice and hamsters (10, 21). The bipartite positive-strand RNA genome of the
mosquito-transmitted NoV encodes three functional proteins, A, B2, and capsid protein.
Protein A (RNA-dependent RNA polymerase, RARP) and capsid protein are translated
from genomic RNAs 1 and 2, respectively. The B2 protein is expressed from RNA 3, a
subgenomic RNA of RNA 1 synthesized after RNA 1 replication (22). B2 is the VSR
and the genus-conserved arginine at position 59 (R59) of B2 is essential for binding to
dsRNA and for suppressing Dicer processing of long dsRNA into siRNAs (23). Unlike
wild- t(gpe NoV, infection with NoV mutants expressing either no B2 (NoVAB2) or
B2"?? (NoVmB2) induces no signs of disease in suckling mice and both attenuated
NoV mutants are cleared within a week of intraperitoneal (IP) injection upon reaching
the peak of accumulation at 3 d postinoculation (2, 10). In adult Rag/ ™~ mice, which
produce no mature B and T cells, NoV also causes lethal disease and both NoVAB2
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and NoVmB?2 are as attenuated as in wild-type suckling mice.
NoV RNA replication is potently inhibited by the RNAi pathway
requiring both Dicer and the slicer activity of Ago2. In the
absence of the VSR activity to suppress vsiRNA biogenesis, both
of the attenuated NoV mutants trigger production of abundant
NoV vsiRNAs by Dicer in the infected mouse embryonic fibro-
blasts and suckling and adult mice. These vsiRNAs accumulate
in RNAij-active RISC capable of directing Ago2-mediated,
vsiRNA-guided RNA cleavage. Moreover, the vsiRNAs made
in vivo by mouse immune system in response to NoVAB2 infec-
tion circulated systemically in the bloodstream, remained readily
detectable in the mice long after NoVAB2 clearance, and medi-
ated RNA sequence homology-dependent inhibition of second-
ary infection by the unrelated Sindbis virus engineered to be
targeted by these vsiRNAs (13, 14). Notably, immunization of
neonatal BALB/c mice with live-attenuated VSR-disabled
NoVAB2 induced full protection against lethal NoV challenge
at 2 d postimmunization (14), which is approximately a week
earlier compared to the live-attenuated virus vaccines that acti-
vate the adaptive immunity (24).

In this work, we examined the hypothesis that the adaptive immu-
nity mediated by B and T lymphocytes is dispensable for the pro-
tective antiviral immunity triggered by immunization with NoVAB2.
Our results demonstrate that the live-attenuated NoVAB2, known
to trigger the production of highly abundant virus-targeting vsiRNAs
in vivo, induced rapid protection in both neonatal and adult mutant
mice lacking mature B and T lymphocytes. Moreover, the induced
protection remained effective in the immunized mutant mice for at
least 90 d after a single-shot injection.

A Challenged at 2 days post-immunization

10— - ------------------- A
e ] -A- Live NoVAB2 (n=10)
X
= —e— Killed NoVAB2 (n=7)
o ]
>
‘?, ] p< 0.0001
0 1 - 1 1
0 10 20 30

days post-challenge

Survival (%)

Results

Full Protection of Neonatal Rag?”’~ Mice Lacking Mature B
and T Cells Induced by Immunization with a Mutant RNA Virus
Attenuated by Inactivating the Viral RNAi Suppressor Activity.
Our previous studies revealed rapid activation of full protection of
neonatal BALB/c mice from lethal dose of wild-type NoV infection
at 2 d postimmunization with live NoVAB2, a NoV mutant
attenuated by the loss of B2-VSR expression (14). To determine
the dispensability of the adaptive immune system, we performed
NoVAB2 immunization in Rag! " mice lacking mature B and T
lymphocytes (25) due to the knockout of recombination activating
gene 1 (RAG1). In brief, we first immunized neonatal Rag! " mice
through IP injection with live or UV-killed NoVAB2, and 2 d
later, challenged the immunized mice with a lethal dose of NoV.
The outcomes reveal that all of the neonatal mice immunized with
killed NoVAB2 developed hind limb paralysis and succumbed
within 2 wk postchallenge with NoV (Fig. 14). By contrast, none
of the 10 neonatal mice immunized with live NoVAB2 exhibited
any signs of disease up to 4 wk after NoV challenge (Fig. 14). As
described previously for BALB/c neonatal mice (14), therefore,
immunization with live NoVAB2 for only 2 d in advance induced
rapid and complete protection of neonatal Ragl™™ mice against
lethal NoV challenge.

Similarly, the suckling Ragl”" mice immunized with live
NoVAB2, but not with killed NoVAB2, were fully protected when
they were challenged with NoV at 14 d postimmunization (Fig. 1B).
Our previous results showed that NoV was undetectable by either
Western blotting or RT-qPCR in the NoVAB2-immunized neonatal
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Fig. 1. Rapid induction of protection by the live-attenuated NoVAB2 in neonatal Rag7™"~ mice. (A and B) Newborn Rag7~~ mice were immunized with live or killed
NoVAB2 and 2 (A) or 14 (B) d later, challenged with a lethal dose of NoV. Survival curves were compared using a log rank (Mantel-Cox) test. (C-E) Viral load was
determined by Western blotting (C), Northern blotting (D), and RT-qPCR (E) at 5 d postchallenge in each mouse that was immunized for 14 d as those in panel B.
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BALB/c mice after challenge infection at 2 d postimmunization (14).
Here, we examined whether NoV established infection in the immu-
nized Ragl "~ mice after challenge infection at 14 d postimmuniza-
tion. It is known that NoV replicates to the highest levels in the hind
limb muscle tissues at 4 d postinoculation by IP injection (2, 10).
At 5 d after challenge inoculation with NoV, we detected accumu-
lation of abundant viral B2 and capsid proteins, as along with viral
genomic and subgenomic RNAs, by Western and Northern blotting
assays and/or RT-qPCR in the suckling Ragl mice immunized
with killed NoVAB2 (Fig. 1 C-E), which is consistent with the
development of lethal disease in these mice (Fig. 1B). In contrast,
these viral RNAs and proteins were all undetectable in five of the six
examined suckling mice immunized with live NoVAB2 (Fig. 1 C-
E). NoV infection was successful in one of these mice immunized
with live NoVAB2 although the viral capsid protein was undetect-
able and the viral B2 protein and genomic/subgenomic RNAs accu-
mulated only to low levels in this mouse (Fig. 1 C-£). Therefore,
the induced i 1mmun1ty remained protective against NoV infection
in the suckling Ragl”™ mice at 14 d postimmunization with live
NoVABZ Together, our results show that immunization of neonatal
Ragl mice with live NoVAB2 induced full protection against
lethal NoV challenge at both 2 and 14 d postimmunization, indi-
cating induction of a distinct type of protective antiviral immunity
independent of the adaptive immune system in neonatal mice.

Rapid and Full Protection of Adult Rag?™”~ Mice Induced by
Immunization with Live NoVAB2. Adult BALB/c and C57BL/6
mice are resistant to NoV and develop no signs of disease after
NoV inoculation (10, 21). However, adult Rzzg] mice are as
susceptible as wild-type neonatal mice to NoV infection and the
virulence and abundant accumulation of NoV in both types of
mice require the expression of a functional VSR-B2, which does
not appear to alter the induction levels of interferon-stimulated
genes or the activation of global RNA cleavages by RNase L (10).

To determine whether NoVAB2 also is an active immunogen in
adult mice, 6- to 8-wk-old Rag] mice were immunized with

live NoVAB?2 using killed NoVAB2 and buffer as controls At2
or 14 d postimmunization, the three groups of adult Ragl ™~ mice
were all challenged with a lethal dose of NoV.

We found that all of the adult Ragl mice immunized for either
2 or 14 d with live NoVAB2 in independent experiments survived
the challenge infection without any signs of disease up to 6 wk
(Fig. 2 A and B). In contrast, both groups of control mice exhibited
significant weight loss and almost all died before 18 d postchallenge
(Fig. 2 A and B). These results show that immunization with llve
NoVAB?2 induced rapid and complete protection of adult Rﬂgl
mice against lethal NoV challenge and that the induced immunity
remained protective at 2 wk postimmunization.

Previous studies indicated that microbiota do not play an impor-
tant role in regulating antibody responses to vaccines in adult mice
(26, 27). We found that immunization with live but not killed
NoVAB2 also induced highly effective protection in adult Ragl ™~
mice depleted of the intestinal microbiota by antlbIOtICS treatment
(81 Appendix, Fig. S1 A-C). Moreover, Rag2 yc '~ double knock-
out mice lack Band T lymphocytes as well as natural killer cells (28,
29). We found that adult Rag2 y¢~ mice immunized with live
but not killed NoVAB2, were also fully protected when they were
challenged with NoV at 14 d postimmunization (S/ Appendix,
Fig. S2). Together, our results show that immunization of adult
Ragl or Rag2 knockout mice with live NoVAB2 induced full pro-
tection against lethal NoV challenge at both 2 and 14 d postimmu-
nization, indicating induction of a protective antiviral immunity
independent of the adaptive immune system in adult mice.

Immunlzatlon W|th Live NoVAB2 Induces Long-Lasting Protection
in Adult Rag1™"~ Mice. Vaccine efficacy studies in adult mice routinely
assay for protection by B and T lymphocytes after immunization
for 6 wk or longer. For a comparison, we also determined whether
the dlStlnCt protective immunity induced by live NoVAB2 in adult
Ragl™ mice remained active at 42 d postimmunization when
NoVAB2 accumulatlon was undetectable (87 Appendix, Fig. S3).
In the adult Ragl”~ mice immunized with killed NoVAB2, NoV
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Fig. 2. Rapid induction of protection by the live-attenuated NoVAB2 in adult Rag7™~ mice. (A and B) Survival and body weight change of the adult Rag7™" mice
that were immunized with buffer, live or killed NoVAB2 and 2 (A) or 14 (B) d later, challenged with a lethal dose of NoV. Survival curves were compared using a
log rank (Mantel-Cox) test whereas body weight changes between immunization by live and killed NoVAB2 were analyzed by Multiple unpaired t tests.
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infection caused significant weight loss and all the challenged mice
died in contrast to those 1mmumzed but not challenged (Fig. 34).
However, all the adult Ragl mice immunized with live NoVAB2
survived NoV inoculation without significant weight loss (Fig. 2C).
Moreover, we observed 51m11ar1y efficient protection against lethal
challenge in adult Ragl™"~ mice when a 100-fold lower concentration
of live NoVAB2 was used for immunization (Fig. 34). These findings
show that the induced antiviral immunity remained fully protective
at 6wk postlmmumzatlon with live-attenuated NoVAB2 in a single
injection in adult Ragl”™ mice defective in the classical adaptive
immunity.

We further investigated the durablhty of the protective antiviral
immunity induced in the adult Rag/~~ mice by immunization with
the NoV mutant attenuated by abolishing the VSR activity. In the
first set of experiments, we performed NoV challenge infection of

the immunized adult RagZ ™~ mice at 90 d postimmunization with
live or killed NoVAB2 in a single injection (Fig. 3B). All of the mice
immunized with killed NoVAB2 for 90 d suffered significant weight
loss and died before 20 d after NoV inoculation. However, only one
of the 12 Rag] mice immunized with live NoVAB2 for 90 d did
not survive NoV inoculation, whereas all of the remaining immu-
nized Ragl™™ mice were healthy and exhibited no obvious weight
loss under the pathogen-free conditions (Fig. 3B). These results
revealed that the protective antiviral immunity established in the
adult Rzzgl mice by immunization with live NoVAB2 remains
effective 3 mo after immunization, indicating induction of a
long-lasting protective antiviral immunity in adult mice in the
absence of the classical adaptive immunity.

In the second set of experiments, we determined whether paren-
tal immunization in the adult Rﬂgl ~ with live NoVAB2 triggers
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Fig. 3. Induction of long-lasting protection by the live-attenuated NoVAB2 in adult Rag7™~ mice. (A and B) Survival and body weight change of the adult Rag7™~
mice that were immunized with live or killed NoVAB2 and 42 (A) or 90 (B) d later, challenged with a lethal dose of NoV. When not challenged (mock), all adult mice
immunized with killed NoVAB2 remained healthy (A). @ indicated the use of a 100-fold lower concentration of live or killed NoVAB2 for immunization. (C) Survival
of the neonatal mice born from Rag1"' (Left) or C57BL/6 | (Right) parents immunized with live or killed NoVAB2 (as indicated at the bottom) after challenge at 6 to
8 d after birth with a lethal dose of NoV. Protection against NoV infection was observed only for the neonatal mice born from C57BL/6 | mothers immunized with
live NoVAB2. Unless directly immunized with live NoVAB2 (#6), all neonatal mice of unimmunized Rag?™~ parents (naive) succumbed to NoV infection as expected.
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protective antiviral immunity in the offspring. To this end, adult
female and male Ragl ™~ mice were immunized with live or killed
NoVAB2 and 4 wk later, they were used as breeders in various
different combinations (Fig. 3C). We found that the neonatal mice
born from all of these Ragl ™ parents were highly susceptible to
NoV challenge and succumbed within 10 d postinfection with
NoV (Fig. 3C). In contrast, maternal immunization in the adult
C57BL/6 mice with live but not killed NoVAB2 triggered pro-
tective antiviral immunity in the offspring against lethal NoV
challenges (Fig. 3D), consistent with previous findings (21). These
findings indicate that while immunization with live NoVAB2
triggers long-lasting protective antiviral immunity in the absence
of adaptive immunity, the induced protection does not appear to
pass onto the offspring of the immunized Ragl™™ mice.

Virus-Specific Protective Immunity Induced in Adult Rag1_/_ Mice
by Live NoVAB2. We next investi%ated whether the protective
antiviral immunity induced in Rag/™" mice by immunization with
live NoVAB2 is virus-specific. At 42 d postimmunization with
live or killed NoVAB2, the immunized adult Rag! " mice were
challenged with a lethal dose of Influenza A virus (IAV-PR8) or
Coxsackievirus B3 (CVB3). IAV-PRS is a neﬁative-strand RNA
virus in the Orthomyxoviridae and both Ragl™ and Rag2™™ mice
develop a lethal infection after intranasal inoculation (30, 31).

PNAS 2024 Vol.121 No.17 2321170121

days post-challenge

throughout the course of the experiment. Statistical
differences in survival (Left) and body weight changes
(Right) are shown respectively by P value and the
number of the star symbol between immunization
with live NoVAB2 in vehicle- and Abx-treated mice
(*P<0.05; **P<0.01; ***P < 0.001; ****p < 0.0001).

We found that Rag! " mice immunized with either live or killed
NoVAB2 showed continuous weight loss after IAV-PR8 challenge
and all succumbed to infection (Fig. 4A4). These results indicate that
the antiviral immunity induced in Rag! ~ mice by immunization
with live NoVAB2 did not confer protection to IAV-PRS.

CVB3 is a positive-strand RNA virus in the Picornaviridae and
all Ragl " mice die after CVB3 infection via IP injection (32).
We found that Ragl = mice immunized with killed NoVAB2
remained highly susceptible to CVB3 (Fig. 4B). Interestingly, we
observed partial protection of the Rag! “~ mice immunized with
live NoVAB?2 against CVB3 challenge (Fig. 4B). Nevertheless, we
detected no protection against CVB3 infection in the live NoVAB2-
immunized adult Ragl ™~ mice depleted of the intestinal microbi-
ota (Fig. 4C), in contrast to the protection against lethal challenge
by NoV (8] Appendix, Fig. S1C). These findings indicate that the
protective antiviral immunity induced in Rzgl~~ mice by immu-
nization with live NoVAB2 is virus-specific and ineffective against
heterologous RNA viruses.

Discussion

In this work, we examined the protective antiviral immunity induced
in mice by immunization with a live-attenuated VSR-disabled RNA
virus vaccine, NoVAB2. The RNA-based virus-specific antiviral
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responses elicited by NoVAB2 have been extensively characterized
in previous studies (2, 3, 10, 13, 14). In response to the immuniza-
tion with NoVAB2 by IP injection, mice produce highly abundant
NoV-specific vsiRNAs that are readily detectable in limb skeletal
muscle tissues by Northern blotting (2, 10, 13, 14). These vsiRNAs
also enter the bloodstream for systemic circulation and remain
detectable in the immunized mice at least 20 d after NoVAB2 is
cleared (14). Notably, these vsiRNAs produced by the mouse
immune system accumulate in the RISC complex exhibiting the
activity to direct specific target RNA slicing by Ago2 (10), providing
direct evidence for their role as the specificity-determinants of the
induced antiviral immunity. NoVAB2-immunized mice also spe-
cifically suppress the accumulation of a recombinant Sindbis virus
carrying a NoV RNA sequence and this vsiRNA-mediated suppres-
sion of the challenge infection becomes more effective in the type I
interferon (IFN) receptor knockout mice (13). Moreover, LGP2
(laboratory of genetics and physiology 2), a known IFN-stimulated
gene (ISG) product, inhibits Dicer processing of both artificial and
viral dsRNA (12, 13, 33), which further indicates RNAi suppression
by IFN signaling, However, compared to Ragl ™~ mice, neither the
production of NoV-specific vsiRNAs nor the assembly of the slicing-
competent vsiRNAs-RISC is enhanced in STAT/ 7 STATZ2™" mice
completely defective in IFN signaling although NoVAB2 is cleared
in both mutant mice (10). Thus, a better understanding of the inter-
play between the IFN- and RNAi-dependent antiviral responses
requires further mechanistic studies using in vivo models (17, 34).

Our findings from this work show that the protective antiviral
immunity induced by a single shot with live NoVAB2 is both
virus-specific and long-lasting, which are the same as those virus
vaccines that activate the adaptive immunity. However, the pro-
tective immunity induced by immunization with NoVAB2 exhib-
its several distinct features compared to the currently available
virus vaccines.

Ensuring global protection against infectious diseases demands
the consistent innovation and use of diverse vaccination strate-
gies (24, 35-37). However, only a few approved vaccines (e.g.,
poliovirus and hepatitis B virus) are currently available for the
protection of infants younger than 12 mo (24, 35, 38, 39). Our
studies showed that after immunization with live NoVAB2,
neonatal BALB/c and Ragl” mice became fully protected
against lethal NoV challenge and exhibited no signs of disease
(14) (Fig. 1). Moreover, NoV accumulation was undetectable in
most or all of the immunized BALB/c and Ragl " mice following
NoV inoculation, indicating efficient inhibition of the challenge
infection in newborn mice due to the induced antiviral responses.
Our results further demonstrated that the adaptive immunity
mediated by B and T lymphocytes, which is essential for pro-
tection by currently available virus vaccines, is dispensable for
the protective immunity activated by immunization with the
live-attenuated VSR-disabled NoVAB2. Full protection was
established 2 d after immunization in both neonatal and adult
Ragl™"~ mice against lethal challenge and the immunized Ragl ™
mice remained fully protected against challenge inoculation at
least 3 mo after the single-shot immunization. These distinct
features of NoVAB2-induced protection align with the earlier
conclusion that enhanced production of the circulating and sta-
bly maintained virus-targeting vsiRNAs confers antiviral pro-
tection by the RNAi pathway in mice immunized with the
live-attenuated VSR-disabled virus vaccine (10, 13, 14).

Several human RNA viruses including human enterovirus-A71,
flaviviruses, and influenza viruses (4, 5, 7, 40), encode dsRNA-binding
VSRs and trigger significantly enhanced vsiRNA production and
infection defects in human cells when their VSR is rendered nonfunc-
tional (18). Thus, there is potential to develop similar live-attenuated
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VSR-disabled virus vaccines against these viruses (41-43), especially
for the protection of infants and individuals with dysfunctional adap-
tive immunity. Presumably, VSRs encoded by additional human
viruses may be identified by available approaches (18) to facilitate the
development of similar live-attenuated VSR-disabled virus vaccines.
Compared to a few epitopes recognized by adaptive immunity, almost
all regions of the viral RNAs are targeted for antiviral RNAi by a large
pool of overlapping vsiRNAs produced during the immune response
to VSR-disabled virus infection (15-18, 23, 44). Consequently, it
will be of interest to determine whether VSR-disabled live-attenuated
virus vaccines confer a broad spectrum of protection against diverse
virus strains.

Materials and Methods

Mice. C57BL/6J,Rag7‘/' (B6.12957-Rag 1™ ™™ J)and Rag2™"~ yc ™' (C;12954-
Rag2™ 1™ 112rg™"™1J) mice (Strain #:000664, 002216, and 014593, respec-
tively) were purchased from the Jackson Laboratory (Sacramento, California).
Animals were housed and bred in the Animal Resources Facility under specific
pathogen-free conditions according to the guidelines described under the fed-
eral Animal Welfare Regulations Act. All animal procedures were approved by
the Institutional Animal Care and Use Committee at the University of California,
Riverside.

Viruses. Nodamura virus (NoV) and its mutant NoVAB2 were described previ-
ously (2). NoVAB2 contains three-point mutations in RNA1 to block B2 transla-
tion; however, the genetic change in the mutant virus doesn't alter the amino
acid sequence of the viral replicase encoded by RNA1 or the B1 protein, which
is identical in sequence to the C-terminal region of the viral replicase and is
translated from RNA3 without a known function. All virus stocks were prepared
and titrated as described previously (2, 10) and diluted in 1x Dulbecco's modified
Eagle's medium (DMEM, Gibco) supplemented with 0.3% BSA (Invitrogen) in
fresh for mice injection.

The mouse-adapted CVB3 H3 strain virus stock kindly provided by Dr. Jeff
Bergelson, was prepared as described in literature (45, 46) with minor modifi-
cations. Briefly, viral RNA genomes were prepared via in vitro RNA transcription
from pH3 plasmid and transfected into 293 T cells. The cell culture superatant
containing viral particles was then collected on day-3 posttransfection. After fur-
ther amplification in 293 T cells, CVB3 particles were purified using ultraspeed
centrifugation and resuspended in PBS complemented with 0.1% BSA. Virus stock
was frozen in aliquot at —80 °C after being titrated using the TCID50 method in
293 T cells cultured in a 96-well plate. This same virus stock was used in all the
CVB3inoculation experimentin mice after proper dilution in PBS plus 0.1% BSA.

Influenza A virus was cultured in embryonated chicken eggs. Influenza
A Puerto Rico/8/34(HTN1T) virus (IAV/PR8) was amplified in 10-d-old specific
pathogen-free (SPF) chicken embryonated eggs (Charles River LLC.). Specifically,
each egg was infected with 50 PFU of IAV/PR8 in 100 uL of PBS/BSA/Penn-Strep
as previously described (47) and incubated at 37 °Cfor 48 h. The eggs were then
stored at 4 °C overnight, and the allantoic fluid was collected. The allantoic fluid
was spun down at 4,000 rpm for 30 min at 4 °C. The supernatant was pooled,
aliquoted, and stored at —80 °C. Virus titers were determined by plaque assay
with MDCK cells.

.Mouse Infection. Sex-matched suckling (6- to 8-d-old) or adult (6- to 8-wk-old)
mice were used for immunization followed by challenge. Littermates were ran-
domly assigned to experimental groups.

Immunization. Mice were infected by IP injection of live NoVAB2 virus particle
suspension. NoVAB2 virus particle containing the same amount of virus was
killed by UV exposure as control. Suckling mice were injected with 50 pL virus
particle suspension titrated to contain 3 x 10° copies of the viral genomic RNAT
inthe buffer as described previously (2, 10). Adult mice were injected with 150 plL
virus particle suspension titrated to contain 4.5 x 107 copies of the viral genomic
RNAT in the buffer.

Challenge. For NoV challenge, mice were infected by ip injection of NoV virus
particle suspension (50 pL containing 1.5 x 10° copies of the viral genomic
RNAT in the buffer for suckling mice and 150 pL containing 4.5 x 107 copies
of the viral genomic RNA1 in the buffer for adult mice). For survival and body
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weight change experiments, mock or virus-infected mice were observed for 4 to
6 wk postinfection. Virus inoculations were performed under anesthesia, and all
efforts were made to minimize animal suffering. For chaIIente with CVB3, adult
mice were ip injected with 100 uL CVB3 containing 1 x 10° PFU, while for IAV/
PR8 challenge in adult mice, 50 pL of IAV/PR8 containing 50 PFU was given
intranasally under isoflurane anesthesia.

RNA Extraction. Based on UCR IACUC guidelines, mice were euthanized with
CO, followed by cervical dislocation, and the hind limb skeletal muscle tissues
were collected in Eppendorf tubes with metal beads, flash-frozen in liquid nitro-
gen, and then stored at —80 °C. For RNA extraction, 1 mL of cold TRIzol Reagent
was added to each tube and homogenized using Tissuelyzer Il (Qiagen). After
removal of cell debris, total RNA was extracted by TRIzol Reagent.

Detection of the Viral RNA by Northern Blot Analysis. Northern blotting
detection of the viral RNAs was conducted as described (2). Briefly, approximately
4 ug of total tissue RNA were analyzed using a *2P a-dCTP (PerkinElmer) labeled
DNAfragment corresponding to the B2 coding region of the NoVRNAT and RNA3,
for the detection of the viral genomic RNA1 and subgenomic RNA3.

Detection of the Viral RNA by RT-qPCR. As it was described previously (10), the
RNA1 level of wild-type and mutant NoVin mouse tissue was quantitated with the
RT-qPCR technique using B-actin mRNA as the internal reference. One pg of total
tissue RNA was used for cDNA synthesis using iScript™ ¢cDNA Synthesis Kit (Bio-
Rad). The cDNA products were subjected to quantitative PCR with iQ SYBR green
Supermix (Bio-Rad), using primers 5'-CCG TTCATG GCTTACACCTT-3 (NoV Fwd)
and 5'-GCA CCA GTC CCAAACTTCAT-3' (NoV Rev); 5'-ATT GGC AAC GAG CGG TTC
C-3’ (beta-actin Fwd)and 5’-AGCACT GTG TTG GCATAG AGG-3’ (beta-actin Rev).

Detection of the Viral Proteins by Western Blot Analysis. Western blot
detection of NoV and mouse proteins was carried out as described previously (2).
The hind limb skeletal muscle tissues were collected immediately after mice were
killed and flash-frozen in liquid nitrogen in Eppendorf tubes prefilled with metal
beads, and then stored at —80 °C until in use. After homogenization in 1x RIPA
buffer (Cell Signaling) supplemented with cOmplete™ Protease Inhibitor Cocktail
(Roche) and phosphatase inhibitor cocktail PhosStop™ (Roche) using Tissuelyzer
Il (Qiagen), NoV B2 and CP proteins were probed with house-made polyclonal
rabbit antibodies. Mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

1. P.Parameswaran et al., Six RNAviruses and forty-one hosts: Viral small RNAs and modulation of
small RNA repertoires in vertebrate and invertebrate systems. PLoS Pathog. 6, 1000764 (2010).

2. Y.Li,J.Lu, Y. Han, X. Fan, S.W. Ding, RNA interference functions as an antiviral immunity mechanism
in mammals. Science 342,231-234(2013).

3. P.V.Maillard et al., Antiviral RNA interference in mammalian cells. Science 342, 235-238 (2013).

4. Y.lietal, Induction and suppression of antiviral RNA interference by influenza A virus in
mammalian cells. Nat. Microbiol. 2, 16250 (2016).

5. Y.Qiuetal., Human virus-derived small RNAs can confer antiviral immunity in mammals. Immunity
46,992-1004 (2017).

6. Y.P.Xuetal,Zika virus infection induces RNAi-mediated antiviral immunity in human neural
progenitors and brain organoids. Cell Res. 29, 265-273 (2019).

7. Y.Qiuetal, Flavivirus induces and antagonizes antiviral RNA interference in both mammals and
mosquitoes. Sci. Adv. 6, eaax7989 (2020).

8. F.Adiliaghdam et al., A requirement for Argonaute 4 in mammalian antiviral defense. Cell Rep. 30,
1690-1701.1694 (2020).

9. Y.Zhang etal., The activation of antiviral RNA interference not only exists in neural progenitor cells
but also in somatic cells in mammals. Emerging Microbes Infect. 9, 1580-1589 (2020).

10. Q. Han etal., Mechanism and function of antiviral RNA interference in mice. mBio 11, e03278-19
(2020).

11. Y.Fang etal., Inhibition of viral suppressor of RNAi proteins by designer peptides protects from
enteroviral infection in vivo. Immunity 58, 2231-2244.e2236 (2021).

12. E.Z. Poirier et al., An isoform of Dicer protects mammalian stem cells against multiple RNA viruses.
Science 373,231-236(2021).

13. Y.Zhang et al., Efficient Dicer processing of virus-derived double-stranded RNAs and its modulation
by RIG-I-like receptor LGP2. PLoS Pathog. 17,1009790 (2021).

14. Y.Zhang et al., Mouse circulating extracellular vesicles contain virus-derived siRNAs active in
antiviral immunity. EMBO J. 41,e109902 (2022), 10.15252/embj.2021109902.

15. S.W.Ding, Q. Han, J. Wang, W.X. Li, Antiviral RNA interference in mammals. Curr. Opin. Immunol.
54,109-114(2018).

16. Z.Guo, Y.Li, S.W. Ding, Small RNA-based antimicrobial immunity. Nat. Rev. Immunol. 19, 31-44
(2019).

17. D.P.Anobile, E. Z. Poirier, RNA interference, an emerging component of antiviral immunity in
mammals. Biochem. Soc. Trans. 51, 137-146 (2023).

18. W.X.Li, S.W. Ding, Mammalian viral suppressors of RNA interference. Trends Biochem. Sci. 47,
978-988(2022).

19. S.W.Ding, RNA-based antiviral immunity. Nat. Rev. Immunol. 10, 632-644 (2010).

PNAS 2024 Vol.121 No.17 2321170121

was probed with the mouse monoclonal anti-GAPDH antibody (Invitrogen, MA5-
15738) and served as the sample loading control.

Antibiotics (Abx) Treatment. Adult mice were treated with Abx as described
in literature (48) with some modification. Briefly, Abx cocktail (1 g/L ampicillin
and 0.5 g/L vancomycin; from Sigma) in 20 g/L grape Kool-Aid (Kraft Foods) or
Kool-Aid (vehicle) alone were added in drinking water throughout the whole
length of the experiment.

Fecal pellets were collected pre- and 3 or 8 d post-Abx or vehicle treatment
into screw-cap tube with 1 mm diameter zirconia/silica beads (Biospec). Fecal
DNA was extracted with QIAamp Fast DNA Stool Mini Kit (QIAGEN) as instructed
by the manufacturer. Bacterial 16S rDNA copies were detected by quantitative
RT-PCR of the V4 hypervariable region of the 16S rRNA gene, with iQ SYBR green
Supermix (Bio-Rad), using primers 515Fwd (5’-GTG CCA GCM GCC GCG GTAA-3)
and 805Rev (5'-GACTAC CAG GGT ATCTAATCC-3").

Statistical Analysis. Mouse body weight changes were analyzed by mul-
tiple unpaired t test. Survival curves were compared by using a log rank
(Mantel-Cox) test. Unpaired Student's t test was used for statistical analysis
of RT-qPCR data. Body weight and RT-qPCR data are shown in mean =
SEM. All statistical analyses and graphs were performed using GraphPad
Prism version 10.1.0.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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