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Mouse circulating extracellular vesicles contain
virus-derived siRNAs active in antiviral immunity
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Abstract

Induction and suppression of antiviral RNA interference (RNAi) has
been observed in mammals during infection with at least seven dis-
tinct RNA viruses, including some that are pathogenic in humans.
However, while the cell-autonomous immune response mediated
by antiviral RNAi is gradually being recognized, little is known
about systemic antiviral RNAi in mammals. Furthermore, extracel-
lular vesicles (EVs) also function in viral signal spreading and host
immunity. Here, we show that upon antiviral RNAi activation,
virus-derived small-interfering RNAs (vsiRNAs) from Nodamura
virus (NoV), Sindbis virus (SINV), and Zika virus (ZIKV) enter the
murine bloodstream via EVs for systemic circulation. vsiRNAs in the
EVs are biologically active, since they confer RNA-RNA homology-
dependent antiviral activity in both cultured cells and infant mice.
Moreover, we demonstrate that vaccination with a live-attenuated
virus, rendered deficient in RNAi suppression, induces production of
stably maintained vsiRNAs and confers protective immunity against
virus infection in mice. This suggests that vaccination with live-
attenuated VSR (viral suppressor of RNAi)-deficient mutant viruses
could be a new strategy to induce immunity.
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Introduction

(EVs) are small membrane structures
containing a complex cargo of proteins, lipids, and nucleic acids

(Théry et al, 2018). EVs are produced by different types of cells and

Extracellular vesicles

& Yang Lit*®"

can be detected in most body fluids including blood, saliva, urine,
and cerebrospinal fluid (Srinivasan et al, 2019). EVs are classified as
apoptotic bodies, microvesicles, or exosomes. Cells undergoing apo-
ptosis release apoptotic bodies 1-5 pm in diameter. Microvesicles
are generated via shedding/budding from the plasma membrane and
are between 150 nm and 1 um in diameter. Exosomes originate from
multivesicular bodies (MVBs) with the cellular plasma membrane
and small dimensions (30-150 nm) (Théry et al, 2018). EVs have
essential roles in intercellular communication, both locally and sys-
temically. Recent studies have demonstrated that EVs with viral
components play dichotomous roles in viral infections and pathology
(Nolte et al, 2016; Raab-Traub & Dittmer, 2017; Caobi et al, 2020;
McNamara & Dittmer, 2020). Viruses often exploit the EV biogenesis
pathway to promote viral infection and propagation. On the other
hand, EVs can help the host cell to suppress virus infection by trig-
gering antiviral responses and cytokine secretion. Sometimes, this
enigmatic dual roles of EVs are observed in infections by the same
virus (Caobi et al, 2020; Martins & Alves, 2020). Therefore, the role
of EVs during viral infections needs to be further investigated.
Recent studies including ours have demonstrated production of
abundant virus-derived small-interfering RNAs (vsiRNAs) to target
several distinct RNA viruses, such as influenza A virus (IAV), Zika
virus (ZIKV), and Dengue virus (DENV), in mammalian cells (Li
et al, 2013, 2017; Maillard et al, 2013; Qiu et al, 2017, 2020; Xu
et al, 2019; Zhang et al, 2020). Infection of mouse embryonic stem
cells (mESCs) and human neural progenitor cells (hNPCs) respec-
tively by wild-type encephalomyocarditis virus (EMCV) and ZIKV
triggers Dicer-mediated biogenesis of abundant vsiRNAs only before
the cells are induced to differentiate (Maillard et al, 2013; Xu et al,
2019). Reis e Sousa and colleagues have recently demonstrated a
critical role for a Dicer isoform in vsiRNA production to initiate anti-
viral RNAi in mouse and human stem cells (Poirier et al, 2021). In
contrast, vsiRNAs accumulate to high levels in both mESCs and
mature baby hamster cells as well as infant mice in response to the
infection with Nodamura virus (NoV) only after its VSR protein B2
is rendered either non-expressing or non-functional (Li et al, 2013;
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Maillard et al, 2013). Similarly, abundant vsiRNAs are produced by
Dicer from IAV mutants not expressing its VSR non-structural pro-
tein 1 (NS1) in mature human and monkey cells after infection (Li
et al, 2017). Zhou and colleagues also showed that the 3A protein of
human enterovirus 71 (HEV71) is a dsRNA-binding VSR that sup-
presses Dicer-mediated production of vsiRNAs like B2 and NS1
despite no sequence similarity among the three mammalian VSRs
(Qiu et al, 2017; Fang et al, 2021).

The role of antiviral RNAi in the innate immunity and its rela-
tionship to the interferon (IFN) response remain poorly understood
(Berkhout, 2018; Ding et al, 2018; Guo et al, 2019; Maillard et al,
2019). It is well known that the IFN response directs a potent innate
antiviral pathway. Independent studies have shown that the RNAi
response is antiviral in undifferentiated cells, in which the canonical
IFN system is not active (Maillard et al, 2013, 2019; Wu et al, 2019;
Xu et al, 2019). In differentiated mammalian cells, antiviral RNAI is
active against only mutant viruses defective in RNAi suppression (Li
et al, 2013, 2017; Qiu et al, 2017, 2020; Han et al, 2020). Moreover,
Dicer-mediated siRNA production and sequence-specific RNAi can
be triggered by artificial long dsSRNAs only when the IFN pathway is
defective (Kennedy et al, 2015; Maillard et al, 2016). Notably, acti-
vation of siRNA production in cells from artificially introduced long
dsRNA confers specific antiviral resistance to subsequent infections,
indicating that mammalian cells can be “vaccinated” by RNA in a
virus-specific manner (Maillard et al, 2016). Subsequently, Reis e
Sousa and colleagues further showed that binding of LGP2 to Dicer
inhibited cleavage of dsRNA into siRNAs in vitro and in cells but did
not inhibit Dicer-dependent pre-miRNA processing (Van der Veen et
al, 2018). Interestingly, a recent study found abundant accumula-
tion of vsiRNAs from Dicer processing of viral dsRNA replicative
intermediates in adult mice either wild-type or defective in the sig-
naling of IFN, suggesting that vsiRNA biogenesis is distinct from
Dicer processing of artificial long dsRNA (Han et al, 2020). Our
recent work also revealed that viral dsRNA replicative intermediates
made during authentic infection of mature somatic cells are effi-
ciently processed by Dicer into vsiRNAs to direct antiviral RNAi
(Zhang et al, 2021).

The control of viral infections in mammals requires signaling
molecules to elicit an effective response and to establish systemic
immunity at the organismal level. These signals must be amplified
and disseminated throughout the organism to inhibit pathogen prop-
agation and establishment of the infection (Hu & Shu, 2018; Hur,
2019). In mammals, cells contain pattern-recognition receptors
(PRRs) to detect molecules associated with infection. These PRRs,
once stimulated by their appropriate ligands, activate intracellular
signaling cascades leading to transcription of IFN genes. Once
secreted, IFN binds to the IFN receptor on neighboring uninfected
cells and activates an intracellular signaling cascade leading to upre-
gulation of several hundred IFN-stimulated genes (ISGs), many of
which have direct or indirect antiviral activities (Schneider et al,
2014). Cell-autonomous antiviral RNAi has been shown to be func-
tional in mammals, but whether there is a systemic immune
response mediated by RNAi needs to be investigated (Berkhout,
2018; Ding et al, 2018; Maillard et al, 2019).

We have shown that infection with the VSR-deficient mutant of
NoV, NoVAB2, induces production of abundant vsiRNAs and is rap-
idly cleared in suckling mice in contrast to lethal infection by wild-
type NoV (Li et al, 2013). Intriguingly, we subsequently found that
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infant mice became fully protected against lethal NoV challenge
after immunization with NoVAB2 for only two days, suggesting
rapid induction of protective immunity at whole organism level. A
recent study has shown that infection of fruit flies with Sindbis virus
(SINV) induces secretion of vsiRNAs-containing exosome-like vesi-
cles circulating in the hemolymph sufficient to confer passive pro-
tection against SINV challenge in naive flies (Tassetto et al, 2017).
This prompted us to investigate a potential role of EVs in NoVAB2-
triggered protection in mice. We demonstrate that immunization of
suckling mice with NoVAB2 induced accumulation of EV-associated
vsiRNAs in the blood stream capable of conferring resistance against
NoV challenge in naive mice. Notably, our findings indicate that
murine EV-associated vsiRNAs mediate Ago2-dependent RNAi in
cultured cells. We propose that the cell-autonomous and systemic
antiviral RNAi are both active in mammals and that mutant viruses
rendered deficient to suppress vsiRNA biogenesis can be explored
as a new class of live-attenuated vaccines against animal and
human RNA viruses.

Results

Vaccination with a live-attenuated, VSR-deficient NoV
(NoVAB2) confers complete protective immunity in mice
against lethal infection

Our previous study have shown that unlike the 100% mortality
observed 5 days post-NoV infection, suckling mice challenged by
NoVAB2 remained healthy for the duration of the experiment, up
to 4 weeks post-inoculation (Li et al, 2013). If the viral siRNAs pro-
duced de novo in NoVAB2-infected mice directed the clearance of
NoVAB2 by RNAIi, they might confer specific protective immunity
against secondary infection by NoV since NoVAB2 and NoV differ
only by three nucleotides. To test this hypothesis, we inoculated 6-
day-old mice with buffer (mock), NoVAB2, or NoVAB2 inactivated
by ultraviolet light (UV) irradiation, and two days later, challenged
the mice with a lethal dose of NoV. The timing of NoV challenge
was chosen according to the accumulation profile of viral siRNAs
in the NoVAB2-immunized neonatal mice. We found that all of the
suckling mice pre-inoculated with either buffer or UV-inactivated
NoVAB2 developed hind limb paralysis 4 days after NoV challenge
before death by 5 dpi. By contrast, none of the suckling mice
immunized with NoVAB2 exhibited any signs of disease up to
4 weeks after the secondary infection, indicating complete protec-
tion of the NoVAB2-immunized mice (Fig 1A). Western blotting
detected abundant expression of both the B2 and coat proteins,
encoded by the NoV genomic RNAs 1 and 2, respectively, after
NoV infection in the control mice pre-inoculated with either buffer
or UV-inactivated NoVAB2 (Fig 1B). However, neither viral protein
was detectable in the NoVAB2-immunized mice after NoV chal-
lenge (Fig 1B). RT-qPCR further verified successful infection by
NoV in the two control groups of mice, but not in the mice immu-
nized with NoVAB2 (Fig 1C).

We showed recently that NoVAB2-immunized suckling mice sup-
port significantly reduced replication of Sindbis virus (SINV) when
engineered to contain a NoV fragment targeted by high densities of
vsiRNAs in the immunized mice (Zhang et al, 2021), suggesting a
role of vsiRNAs in the induced protection. Thus, we further
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Figure 1. Vaccination with a VSR-deficient mutant virus induces protection against secondary infection in neonatal mice.

A At 2 days post vaccination with NoVAB2, UV-inactivated NoVAB2 (UV- AB2) or culture medium DMEM, BALB/c mice were challenged with WT NoV. The survival
data were analyzed by the log rank test, **** indicates P < 0.0001, n = 7 per group.

B, C NoV levels in the vaccinated mice hindlimb muscle tissue at 2, 3, or 4 days post infection (dpi) with WT NoV were determined by Western blotting to detect the
viral coat protein (CP) and B2 (B) or quantitative RT—qPCR to detect the viral genomic RNA1, n = 7 per group (C). Staining of B-actin was used as a loading control
(B). The viral RNAL level was normalized by B-actin mRNA levels (C). n = 7 per group. Horizontal bars represent for means. * indicates P < 0.05, ** indicates
P < 0.01, and *** indicates P < 0.001 by Student’s t-test.

D, E Time course analysis of the accumulation of NoVAB2 RNA1 determined by RT-qPCR (D) and 21- to 23-nt vsiRNAs determined by deep sequencing (E, two
independent sets) from BALB/c suckling mice infected with NoVAB2. Mice, n = 3, in each independent analysis. Data are shown as mean = SD. Normalization was
done by B-actin mRNA levels for NoVAB2 RNA1 (D) or by mature miRNAs for vsiRNAs (E). Accumulation levels of NoVAB2 RNA1 or vsiRNAs at 3 dpi are set as 100%,
respectively.

F Properties of viral siRNAs (per million mature miRNAs) cloned and sequenced from the time course series of NoVAB2-infected BALB/c suckling mice. Size
distribution, 5" terminal nucleotide, and duplexes by 22-nt vsiRNAs are indicated. The percentage of 1 U vsiRNAs (21- to 23-nt) in each library is shown in
parentheses.

investigated the in vivo stability of the vsiRNAs in suckling mice fol- following peak replication at 3 dpi (Fig 1D). Cloning and sequenc-
lowing the clearance of NoVAB2. As described previously (Li et al, ing of the small RNAs from NoVAB2-infected suckling mice at 3, 7,
2013), NoVAB2 was rapidly cleared from the infected mice 11, 15, 19, 23, and 27 dpi in two independent repeats demonstrated
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accumulation of vsiRNAs throughout the time course (Figs 1E and
F, and EV1). The vsiRNAs cloned after virus clearance were similar
to those cloned at earlier time points in the size distribution and the
strand ratios. We found that the vsiRNAs sequenced from mice at
7 dpi and afterward were as highly enriched for 1 U vsiRNAs
(Figs 1F and EV1) as found for those co-immunoprecipitated with
AGOs (Li et al, 2017; Zhang et al, 2020). Consistently, we observed
de-enrichment of the canonical vsiRNA duplexes among the total
vsiRNAs cloned from the mice from later time points (Figs 1F and
EV1). These findings indicate that the vsiRNAs remain stable in vivo
up to two weeks following the clearance of the virus, which is likely
a result of their association with Argonaute complexes.

The vsiRNA profiles of serum EVs upon NoVAB2 infection

We next investigated whether murine vsiRNAs enter the blood
stream for systemic circulation by sequencing the total small RNAs
extracted from the whole blood upon NoVAB2 infection. The results
showed that vsiRNAs were detectable by small RNA sequencing
(Table EV1). To clarify the origin of the vsiRNAs, exosome-enriched
EVs were precipitated from mouse serum through exosome isolation
kit (Fig 2A). These EVs were physically homogenous, with a size
distribution peaking at 110 nm in diameter as determined by nano-
particle tracking analysis (NTA) and electron microscopy (Fig 2B
and C). To further confirm that the isolated particles were exosome-
enriched EVs, we examined the accumulation of five proteins
known as exosomal biomarkers, CD9, CD63, CD81, HSP70, and
tsgl01, by Western blotting. The results showed that these proteins
are readily detectable in the isolated preparations, indicating that
EVs isolated from the serum were enriched for exosomes (Fig 2D).
The small RNA sequencing was performed to characterize the
RNA species in the EVs from mock and NoVAB2 infection. The
results indicated that the length of these small RNAs formed two
peaks at approximately 21-23 nt and 29-31 nt (Figs 2E and EV2A).
We found that miRNAs and transfer RNA (tRNA) contents (tRNA-
derived fragments, tRFs and tRNA-halves, tiRNAs) were also the
two main types of small RNA species in the EVs as previously
reported (El-Mogy et al, 2018; Srinivasan et al, 2019; Zhao et al,
2020). However, tRNA contents were highly enriched in the EVs to
levels higher than those of miRNAs (Fig 2E). In contrast, miRNAs
were the most abundant small RNAs in the whole blood and blood
clot samples. Notably, we detected the accumulation of the vsiRNAs
not only in the whole blood, but also in the purified EVs from
NoVAB2-infected mice (Figs 2F and G, and EV2A). The EV-
associated vsiRNAs were similar in the size distribution, strand
ratio, 1 U preference, and abundance to those sequenced from
mouse hindlimb muscle tissues (Figs 2F and EV3). By comparison
with the respective total miRNAs, the vsiRNAs were approximately
60-fold more abundant in the EVs (2.8% of the total) than those in
the whole blood (0.05% of the total) (Fig 2F and H). Moreover, the
distribution patterns of vsiRNA hot spots on the two positive-strand
viral genomic RNAs were similar between the whole blood and EV
libraries, indicating enrichment of the vsiRNAs in the EVs (Fig 2G).
To track the source of the EVs, we further compared the fre-
quency of known miRNAs among the hindlimb, EVs, whole blood,
and blood clot samples. In hindlimb muscle tissue, miR-1a-3p,
which has been reported as one of the most highly expressed
miRNAs in differentiated muscle tissues, accounted for 48.5% of the
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total miRNAs (Fig 2H). In contrast, the accumulation of miR-1a-3p
in whole blood and blood clot was relatively low. Instead, the miR-
451a was the most abundant miRNA in these two blood samples.
The most abundant EVs miRNA was miR-381-3p (15.4% of the
total), whose expression level was low in the two blood samples,
but ranked third (5.6% of the total) in the muscle tissue (Fig 2H).
The accumulation patterns of specific cellular miRNAs and vsiRNAs
indicate that although additional studies are necessary to conclude
an origin from the virus-infected muscle tissues, EVs-associated
vsiRNAs are unlikely from blood cells.

The induction of EV-vsiRNAs in distinct mouse strains by NoVAB2,
SINV, and ZIKV

To determine whether the accumulation of EV-associated vsiRNAs
is mouse strain-specific, we profiled the vsiRNAs in the blood and
the EVs in C57BL/6 infant mice infected with NoVAB2. Similar to
BALB/c mice, a typical population of vsiRNAs was detected in both
the whole blood and the purified EVs in C57BL/6 mice after infec-
tion with NoVAB2 at 3 and 9 dpi (Figs 3A and B, and EV2B and C,
Table EV1). Interestingly, we noted that the abundance of EV-
associated vsiRNAs from NoVAB2-infected C57BL/6 mice (1.1% of
the total miRNAs at 3 dpi and 1.0% of the total miRNAs at 9 dpi)
was similar to that from NoVAB2-infected BALB/c mice.

We have shown that the vsiRNAs are induced with SINV or ZIKV
infections in vivo (Zhang et al, 2020, 2021). Thus, we next purified
the EVs from the mouse serum after infection with SINV or ZIKV
using the exosome isolation kit. We detected the accumulation of
abundant SINV vsiRNAs predominantly within 21 to 23-nt size
range in the EVs of C57BL/6 mice infected with SINV at 2 dpi
(Fig 3C and Table EV1). The 22-nt vsiRNAs of SINV found in the
EVs were highly enriched for canonical siRNA duplexes with 2-nt 3’
overhangs, and its abundance equivalent to 4.9% of the total EV-
associated miRNAs (Fig 3C and Table EV1). We also isolated the
EVs from the serum of A6 (type I IFN receptor knockout C57BL/6)
mice infected with ZIKV at 4 dpi. We also detected the accumulation
of abundant vsiRNAs predominantly in 21 to 23-nt size range in EVs
from ZIKV-infected A6 mice (Fig 3D and Table EV1). The vsiRNAs
of ZIKV (21-23-nt) found in the EVs were highly enriched for 22-nt
canonical siRNA, and its abundance equivalent to 14.9% of the total
EVs miRNAs (Fig 3D and Table EV1). These results indicate the cir-
culation of abundant vsiRNAs via the EVs in mice after infection
with NoVAB2, SINV, or ZIKV.

The EV-associated vsiRNAs confer homology-dependent antiviral
activity in vitro and in vivo

We next explored whether the systemic spread of the vsiRNAs in
NoVAB2-infected mice provides protection against secondary virus
infection. To this end, we investigated whether the vsiRNAs in the
circulating EVs of NoVAB2-immunized mice play a role in the acti-
vation of specific virus resistance at the organismal level. In the first
set of in vitro experiments, we examined NoV infection of baby
hamster kidney fibroblasts (BHK-21 cells) after prior incubation
with the EVs purified from NoVAB2-infected infant mice (Fig 4A
and B). As controls, we purified EVs from infant mice either mock-
inoculated or infected with SINV that also induced systemic spread
of SINV vsiRNAs via EVs (Fig 3C). We found that NoV replicated to

© 2022 The Authors
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significantly reduced levels in BHK-21 cells treated by two different
concentrations of the EVs purified from NoVAB2-infected infant

The EMBO Journal

contrast, we detected no significant differences in the accumulation
of NoV RNAs in BHK-21 cells treated with EVs from either mock-

mice compared to the EVs from mock-inoculated mice (Fig 4B). In inoculated or SINV-infected mice (Fig4C). These results
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Figure 2. Characterization of viral siRNAs in murine EVs.

A Model of sample preparation for small RNA deep sequencing.
B Size distribution of the purified EVs analyzed by NTA.

C TEM images of purified EVs. Scale bar: 100 nm.
D

Yugiang Zhang et al

Western blotting of HSP70, tsg 101, CD81, CD63, and CD9 in EVs, whole blood, and blood clot derived from suckling mice infected with DMEM or NoVAB2. Staining

of B-actin was used as a loading control.

E Size distribution of total sequenced small RNAs in the libraries constructed from EVs of DMEM challenged BALB/c suckling mice, and EVs, whole blood, blood clot of

BALB/c suckling mice infected with NoVAB2 at 3 dpi.

F, G Size distribution of 18- to 28-nt vsiRNAs (F) and genomic coverage depth of each nucleotide position by 21- to 23-nt vsiRNAs (G) were analyzed from BALB/c

suckling mice libraries infected by NoVAB2 at 3 dpi.

H Pie charts of the top ten most abundant miRNAs and vsiRNAs in hindlimb, EVs, whole blood, blood clot from BALB/c suckling mice infected by NoVAB2 at 3 dpi. Red
charts indicate 18- to 28-nt vsiRNAs abundance. The percentage of miRNA reads was shown above. The abundance of total miRNAs and 18- to 28-nt vsiRNAs reads

was set as 1.

demonstrate that pre-incubation with the EVs circulating in mice
immunized with NoVAB2 but not SINV inhibited NoV infection
of BHK-21 cells, suggesting a specific antiviral activity of the EV-
associated vsiRNAs.

We performed another set of experiments to examine the RNAi
activity of EV-associated vsiRNAs in human 293T cells using a dual
luciferase reporter system. A fragment of NoV RNA1 in sense orien-
tation known to be targeted by high densities of EV-associated
vsiRNAs from NoVAB2-infected infant mice was inserted into the 3’
UTR of a dual luciferase reporter plasmid and the same length of
GFP mRNA sequence was used in a control construct (Fig 4D). Four
hours after transfection with one of the reporter constructs, the
human 293T cells were treated by the EVs purified from NoVAB2-
infected infant mice or mock-inoculated mice. We observed signifi-
cant suppression of the luciferase reporter containing the NoV frag-
ment treated by the EVs purified from NoVAB2-infected infant mice
but not from mock-inoculated mice (Fig 4E). In contrast, treatment
with the two different pools of EVs did not cause significant differ-
ence in the expression of the luciferase reporter containing the GFP
fragment (Fig 4E). We further generated an Argonaute-2 knockout
(Ago2 KO) line of 293T cells (Fig EV4) and performed the same
luciferase reporter experiment using these cells. We found that the
specific suppression of the luciferase reporter containing the NoV
fragment by the EVs purified from NoVAB2-infected infant mice was
abolished in 293T-Ago2 KO cells (Fig 4F). These findings suggest
that the specific antiviral effect of EVs from NoVAB2-immunized
infant mice is mediated by RNAI.

The next set of experiments examined the antiviral activity of
the EV against NoV infection in vivo (Fig 4G). We challenged the
infant mice with a lower dose of NoV (1/10 dose of vaccination
experiment as described above) one day after i.p. injection
with the EVs purified from NoVAB2- or mock-inoculated mice,
measured NoV titers at 1 and 3 days post challenge (dpc) by
quantitative RT-PCR (RT-qPCR) detection of the NoV RNA1, and
monitored survival of the challenged mice. As a control, infant
mice immunized with NoVAB2 for 1 day were also challenged by
the same dose of NoV. At 1 dpc with NoV, accumulation of the
viral RNAI in both groups of mice injected with EVs was signifi-
cantly lower than that in NoVAB2-immunized mice (Fig 4H), pos-
sibly resulting from the on-going replication of NoVAB2 rather
than NoV. By 3 dpc, however, whereas NoV replicated to high
levels in mice pre-injected with the EVs from mock-inoculated
mice, NoV titers in mice pre-injected with the EVs from NoVAB2-
infected mice were as low as those in NoVAB2-immunized mice
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(Fig 4I). Among the three groups of mice challenged with
NoV, viral B2 and coat proteins were detectable by Western blot-
ting only in mice pre-injected with EVs from mock-infected mice
(Fig 4J), indicating suppression of NoV infection by prior injec-
tion with either NoVAB2 or the EVs from NoVAB2-immunized
mice. Notably, after NoV challenge, none of the seven infant mice
immunized with NoVAB2 for 1 day exhibited any signs of dis-
ease, and the mice pre-injected with the EVs purified from
NoVAB2-infected mice also survived significantly longer compared
to those pre-injected with EVs from mock-infected mice (Fig 4K).
We found that mice at 21 days post immunization with either
live NoVAB2 or EVs from NoVAB2-immunized mice remained
highly resistant to NoV challenge compared to those immunized
with DMEM, UV-inactivated AB2, or EVs from mock-immunized
mice (Fig EV5). These results show that the EVs circulating in
mice during the course of antiviral RNAi activation and NoVAB2
clearance conferred passive protection against NoV infection in
naive mice, suggesting an in vivo antiviral role of the EV in
NoVAB2 immunization-induced antiviral protection.

Extracellular vesicles can mediate communication between
immune cells and other cell types upon virus infection (McNamara
& Dittmer, 2020). EVs carry cytokines and cytokine-related RNAs
that can affect recipient cells in the antiviral response (Nolte et al,
2016; Raab-Traub & Dittmer, 2017; Caobi et al, 2020). It is therefore
possible that EVs from NoVAB2-infected mouse serum may carry
ISGs or dsRNAs and induce an IFN response to suppress reinfection.
To investigate this possibility, we performed the EV immunization
experiments in infant AG6 mice, which are deficient of both the type
I and II IFN receptors in C57BL/6 background (Fig 5A). In control
experiments, we detected only extremely low levels of NoVAB2
RNA1 in mice injected with the EVs from either naive or NoVAB2-
infected BALB/c suckling mice compared to those injected directly
with NoVAB2 (Fig 5B), suggesting presence of very few NoVAB2
virions in the EVs purified from NoVAB2-infected BALB/c suckling
mice. We immunized infant AG6 mice for 12 h with the EVs purified
from NoVAB2- or mock-inoculated BALB/c mice before challenge
with WT NoV, and compared NoV accumulation by RT-qPCR detec-
tion of the NoV RNAI between the two groups of mice at 1 dpc
(Fig 5A). We found that the accumulation of the viral RNA1 in mice
immunized with the EVs from NoVAB2-infected mice was signifi-
cantly lower than those immunized with EVs from mock-inoculated
mice (Fig 5C).

Furthermore, we determined whether vsiRNAs produced from
NoVAB2-infected mice trigger the homology-dependent viral RNA

© 2022 The Authors
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Figure 3. Characterization of EV-vsiRNAs with distinct virus infections.

A-D Properties of total small RNA reads and vsiRNAs sequenced from EVs in C57BL/6 suckling mice infected with NoVAB2 at 3 dpi (A) and 9 dpi (B), SINV at 3 dpi (C) and

Ifnar~'"~

mice infected with ZIKV at 4 dpi (D). Length distribution of total 18- to 35-nt reads in each library, size distribution of 18- to 28-nt virus-derived siRNAs,

and viral genomic coverage depth of each nucleotide position by 21- to 23-nt vsiRNAs are presented as described in previous figures. Reads are shown as per
million total mature miRNAs. 5’ terminal nucleotide and the percentage of 1 U vsiRNAs and duplex pattern of the 22-nt vsiRNAs are indicated.

degradation guided by the vsiRNAs using Sindbis virus recombi-
nants described recently (Zhang et al, 2021). SINVy,y contains an
insert corresponding to a region of NoV genomic RNA1 targeted
by high densities of vsiRNAs in NoVAB2-infected mice whereas
SINVgrp contains the sequence of GFP (Fig 5D). SINVyoy repli-
cated to significantly lower levels than SINVgpp in the AG6 suck-
ling mice immunized with the EVs from NoVAB2-infected infant
mice, but not in mice pre-inoculated with the control EVs,
suggesting the EV-containing vsiRNAs were able to guide the
homology-dependent antiviral response in the absence of IFN sig-
naling (Fig SE).

© 2022 The Authors

Discussion

It is known that the EV composition changes drastically during virus
infection (Nolte et al, 2016; Raab-Traub & Dittmer, 2017). EVs carry
cytokines and cytokine-related RNAs that can affect viral pathoge-
nicity, restrict viral propagation in recipient cells, and play an
important role in the antiviral response. Different types of nucleic
acids have been detected in EVs, such as miRNAs, IncRNA, mRNA,
and various viral RNAs (Nolte et al, 2016; Raab-Traub & Dittmer,
2017). EV-associated host miRNAs produced by virus-resistant cells
can confer resistance against various viruses (Delorme-Axford et al,
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Figure 4. Passive protection in vitro and in vivo conferred by isolated EV.
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Days post infection(dpi)

10 plor 50 pl EVs stock from naive [EVs (mock)] or NoVAB2-infected [EVs (AB2), B] or SINV-infected [EVs (SINV), C] mice were added to BHK cell culture medium

along with NoV-WT, and then BHK cells were harvested at 24 hpi. Accumulation of NoV RNAL in BHK cells were measured by RT-qPCR. Normalization was done by
B-actin mRNA levels. Data from at least three independent experiments were combined. Data are shown as mean =+ SD. ** indicates P < 0.01, ns indicates no

significant difference by Student’s t-test.

D Diagram showing the 462-nt sequence in length from NoVAB2 RNA1 was inserted into the 3’ untranslated region (UTR) of firefly luciferase reporter mRNA, to be
targeted by antisense vsiRNAs with EVs from NoVAB2-immunized BALB/c suckling mice. A translation initiation codon-deleted GFP sequence of the same length

was inserted into the same site as control.
E F

Relative luciferase activity of the two reporter constructs after transfection of 293T cells (E) and 293T-Ago2 KO cells (F) and treatment by different pools of EVs, EVs

(AB2), or EVs (Mock). Error bars indicate standard deviation of three independent replicates. *** indicates P < 0.001, ns indicates no significant difference by

Student’s t-test.

G Experimental design for the in vivo functional analysis of EVs. In brief, mice were first immunized with live NoVAB2, EVs (mock), or EVs (AB2) and challenged with
WT NoV at 12 h post immunization. The NoV-challenged mice were sacrificed at 1 and 3 days after challenge infection for determining the viral load or monitored

daily for survival.

mean =+ SD. **** indicates P < 0.0001 by Student’s t-test.
J Total proteins were extracted from the hindlimb muscle tissue of NoVWT-infected BALB/c suckling mice to measure the viral coat protein (CP) and B2 protein by
Western blotting. Staining of B-actin was used as a loading control.
K Survival curve of WT NoV-challenged suckling mice immunized with live NoVAB2, EVs (AB2), or EVs (mock). n = 7 per group. *** indicates P < 0.001. All data were

analyzed by log rank test.
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Accumulation of NoV RNA1 was determined by RT-qPCR in NoVWT-infected BALB/c suckling mice at 1 (H) or 3 dpi (I). n = 5-7 per group. Data are shown as
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Figure 5. The EV vsiRNAs of NoV induce homology-dependent virus resistance in AG6 mice.

indicates P < 0.05 by Student’s t-test. n = 3—4 per group. Data are shown as

A Schematic overview of antiviral function of EVs. Briefly, EVs from naive or NoVAB2-infected BALB/c suckling mice were extracted 3 days post infection, and then
injected into AG6 suckling mice. After 12 h post immunization, AG6 suckling mice were challenged by WT NoV and then sacrificed at 1 dpi.

B NoV replication was determined by RT-qPCR from hindlimb muscle of AG6 suckling mice challenged with NoVAB2 as control or EVs from naive or NoVAB2-infected
BALB/c suckling mice at 3 dpi. Normalization was done by B-actin mRNA levels. *
mean =+ SD.

C Relative viral RNAL accumulation levels at 1 dpi in NoV WT-infected AG6 mice 12 h after injection with EVs from NoVAB2 or mock-inoculated BALB/c mice were
measured by RT-qPCR. Normalization was done by B-actin mRNA levels. **** indicates P < 0.0001 by Student’s t-test. n = 5-6 per group. Data are shown as
mean + SD.

D Diagram of recombinant SINVy,y (top) and SINVgep (bottom). The gene of B2 protein was inserted at downstream of the duplicated subgenomic promotor sequence
as shown.

E

AG6 suckling mice were challenged with EVs from naive or NoVAB2-infected BALB/c suckling mice and then inoculated by SINVyo, and SINV¢ep respectively. Viral titer

(PFU/mI) in the hindlimb muscle of infected mice was measured by a standard plaque assay and normalized by tissue mass, and the viral genomic RNA accumulation
was determined by RT-qPCR amplification of the viral nsP1 coding region. Normalization was done by B-actin mRNA levels. *** indicates P < 0.001, ns indicates no
significant difference by Student’s t-test, n = 5 per group. Data are shown as mean =+ SD.

2013). Notably, a previous study demonstrated EV-mediated deliv-
ery of herpesvirus-encoded miRNAs from infected cells into non-
infected recipient cells (Kalamvoki et al, 2014). In this work, we
show for the first time that abundant vsiRNAs accumulate in serum
EVs upon infections by three distinct RNA viruses. We further show
that both BHK cells and mice appear to be partially protected from
reinfection with WT NoV when immunized by the EVs originated
from the NoVAB2-infected mice. The induced protection comes at
least in part from nucleotide sequence homology-dependent anti-
viral immunity, suggesting a role for the systemic accumulation of
vsiRNAs induced by NoVAB2. However, other proteins or nucleic
acids from the EVs with NoVAB2 infection may also simultaneously
vaccinate the naive mice, allowing the mice to establish an immune
protective effect.

In our current work, EVs were isolated from the serum by an
exosome-enriched protocol. Several established methods used for EV
isolation, such as differential ultracentrifugation, immunomagnetic-
bead separation, density gradient centrifugation, chromatography,
precipitation-based separation, and ultrafiltration, can also be used
to isolate virions (Théry et al, 2018; Caobi et al, 2020). Thus, it is

© 2022 The Authors

often difficult to fully separate high-purity EVs from virions since
they are of similar size, density, and biochemical content (Caobi
et al, 2020). However, our isolated EVs from the serum of NoVAB2-
immunized suckling mice contained little infection-competent
virions as verified in AG6 infant mice (Fig 5B). The small non-
enveloped particles (28 nm in diameter) of NoV (Newman et al,
1978) and the severe in vivo defects of NoVAB2 in replication (Li
et al, 2013) may contribute to our successful separation of the EVs
from the virions. In contrast, our use of the same isolation protocol
in this study did not allow the purification of the EVs from the larger
enveloped virions (65 nm in diameter) of SINV (Griffin, 2013),
suggesting that optimization is necessary to obtain virion-free EVs
from SINV-infected cells.

In addition to the ZIKV-induced antiviral RNAi response charac-
terized in human NPCs (Xu et al, 2019), our recent study demon-
strates that abundant vsiRNAs targeting ZIKV were also produced in
the central neuron system (CNS) and muscle tissues of Ifnarl’/ -
mice upon virus infection (Zhang et al, 2020). A growing body of
evidence indicates that EVs mediate the restriction of ZIKV infection
(Caobi et al, 2020). For instance, Avraham et al showed that
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exosomes carrying the chromosome 19 microRNA cluster (C19MC)
of miRNAs attenuate ZIKV infection of U20S cells in an IFN-
independent manner (Bayer et al, 2018). Janis et al showed that
semen prevents ZIKV attachment to the target cells by the anti-ZIKV
activity of EVs; however, which components of semen EVs confer
this inhibition remains unknown (Miller et al, 2018). Here, we
detected abundant 21- to 23-nt vsiRNAs (equivalent to 14.9% of the
total EVs miRNAs) in the serum EVs from ZIKV-infected mice, indi-
cating that these EVs-associated vsiRNAs may have potential anti-
viral functions. Recently, Wu and colleagues provide evidence that
EVs engineered to contain a host restriction factor, IFN-induced
transmembrane protein 3 (IFITM3), can effectively move across the
placental barrier to suppress ZIKV infection of fetuses (Zou et al,
2021). Thus, knowledge of the phenotypes and functions of EVs
generated in response to natural viral infection may be applied to
improve anti-virus treatment in the future.

Fang et al (2021) have recently achieved antiviral protection in
mice using synthetic peptides designed to specifically inactivate the
VSR of HEV71, demonstrating the functional importance of antiviral
RNAi in mammals and a new therapeutic strategy of antiviral treat-
ment. Maillard et al (2016) have shown that transfection with artifi-
cial long dsRNA specifically vaccinates cultured IFN-deficient cells
against infection with viruses bearing a homologous sequence by
RNAi. However, whether viral dsRNA replicative intermediates
made during the authentic virus infections can trigger similar
immune protection in an IFN-competent animal is not known.
Results from this study show that infant mice were fully protected
against lethal NoV challenge only one or two days after immuniza-
tion with NoVAB2, a live-attenuated mutant of NoV rendered defec-
tive to suppress vsiRNA biogenesis. Importantly, the vsiRNAs

Yugiang Zhang et al

accumulated in the hindlimb muscle tissues and the serum EVs of
NoVAB2-immunized mice were similar in the size distribution,
strand ratio, 1 U preference, and abundance and these vsiRNAs
were stably maintained in the immunized mice up to 27 days post
vaccination and at least more than one week after the mutant virus
is cleared. These findings suggest a role for the EVs in the spread of
the protective immunity induced by NoVAB2 immunization to unin-
fected cells and a new strategy for the development of animal and
human RNA virus vaccines using mutant viruses attenuated by inac-
tivating their VSRs.

In summary, we show for the first time that mammalian vsiRNAs
of three positive-strand RNA viruses entered the blood stream for
systemic circulation via EVs. The population of EV-associated
vsiRNAs is indistinguishable from those found in the limb muscle
tissues of the same mice immunized with NoVAB2. Notably, immu-
nization of infant mice with either NoVAB2 or vsiRNA-containing
EVs induced specific protective immunity against challenge infec-
tion, suggesting a critical role for the systemic spread of vsiRNAs.
Similar to antiviral RNAI in fruit flies (Li et al, 2002; Galiana-Arnoux
et al, 2006; Van Rij et al, 2006; Wang et al, 2006; Tassetto et al,
2017), antiviral RNAI is not only active in the infected cell but also
sends immune signals to prevent viral infection in distant non-
infected cells in mammals (Fig 6). In addition to the biogenesis of
vsiRNAs from Dicer processing of the viral dsRNA replicative inter-
mediates, insect vsiRNAs are further amplified using viral DNA tem-
plates reverse-transcribed from the invading RNA viruses (Goic et
al, 2013; Tassetto et al, 2017; Poirier et al, 2018). There are reports
of viral DNA synthesis from non-retroviral RNA viruses by endoge-
nous reverse transcriptases in mammalian cells (Klenerman et al,
1997; Geuking et al, 2009; Shimizu et al, 2014). Thus, it will be

@ @ @ virus infection

B % Transmembrane protein

¢ e
@9 -

3 Protein DNA
Viral double-stranded RNA i g | MIRNA
replicative intermediates G Nedleaad ncRNA

| Lipid vsiRNA

|

|

|

| ,’

| ’

' EVs

Restriction of virus infection

Figure 6. The EV-vsiRNAs confer antiviral activity upon antiviral RNAi activation.

VsiRNAs are induced in virus-infected cells by dicing the viral double-stranded RNA replicative intermediates and loaded into RISC for subsequent cleavage of viral RNA
genomes. Part of the vsiRNAs enter the EVs together with miRNAs, ncRNAs, proteins, and lipids. EVs in MVBs are secreted to the extracellular system. When attached to
recipient cells, vsiRNAs in EVs are released into the cytoplasm to restrict the virus replication.
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interesting to investigate a possible contribution of an insect-like
vsiRNA amplification mechanism to the prolonged accumulation of
vsiRNAs and the spread of the induced protection in mice immu-
nized by VSR-deficient mutant of NoV.

Materials and Methods

Viruses and cell culture

Wild-type NoV and mutant NoVAB2 strains used in this study were
as described previously (Li et al, 2013). SINV was rescued from the
plasmid of pSVNI, a gift from Dr. C.M. Rice. ZIKV strain (SZ01) was
provided from Shanghai Public Health Clinical Center, Fudan Uni-
versity. ZIKV stocks were propagated in Vero cells after inoculating
at a multiplicity of infection (MOI) of 0.01 and harvesting superna-
tants after 5 days post infection. Viruses were harvested and tittered
as previously described (Zhang et al, 2020). Human embryonic kid-
ney (293T) cell was gift from Dr. B. Cullen. Baby hamster kidney
cells (BHK) and African green monkey kidney epithelial cells (Vero)
were purchased from the American Type Culture Collection (ATCC).
All cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) containing 10% fetal bovine serum (Gibco).

Animals

BALB/c and C57BL/6 mice were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd. and Jackson labs (Bar Harbor, ME).
Ifnarl’/’ mice (A6) were bought from Cyagen Biosciences (Suzhou,
China). Ifnarl/Z’/ ~ mice (AG6) were a gift from Dr. Y. Xu. All the
animal experiments in China were carried out under the guidelines
of the Institutional Animal Care and Use Committee, Fudan Univer-
sity of China. Animals in USA were housed in the Animal Resources
Facility according to the guidelines described under the federal Ani-
mal Welfare Regulations Act and the procedures were approved by
the Institutional Animal Care and Use Committee at the University
of California, Riverside.

NoV infection

WT NoV or NoVAB2 preparations shown to contain 7 x 10° copies
of genomic RNA1 from the titrated set of stocks was inoculated to
each of suckling mice of 6 to 8 days old after birth by intraperitoneal
injection (i.p.) as described previously (Li et al, 2013). Total RNAs
were extracted from the hindlimb muscle tissues of mice after infec-
tion with NoVAB2, which were used to determine the accumulation
of NoVAB2 RNA1 by RT-qPCR and the construction of small RNA
libraries as described. Whole blood samples were obtained from
NoVAB?2 infected suckling mice at 3 dpi and 9 dpi, and then used to
isolate EVs.

Vaccination

For the suckling mouse immunization and challenge study, 6-day-
old BALB/c mice were inoculated by i.p. with NoVAB2 (shown to
contain 7 x 10° copies of genomic RNA1) either with or without
UV-inactivation, or with the same volume of DMEM (mock).
To inactivate NoVAB2 by UV, virus stocks were placed on ice in a

© 2022 The Authors
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XL-1000 UV crosslinker (Spectronics corporation, Rolling Meadows,
IL), and irradiated twice at 1 J/cm? for 30 min. Virus inactivation
was verified by in vivo infection. Two days after immunization,
mice were challenged by i.p. inoculation with WT NoV (shown
to contain 7 x 10° copies of genomic RNA1 for BALB/c suckling
mice). One suckling mouse immunized with DMEM, UV-inactivated
NoVAB2, or NoVAB2 was euthanized 2, 3, or 4 days after WT NoV
challenge to determine virus titers in the hind limb tissues by RT-
gPCR and Western blotting. All suckling mice immunized with
DMEM or UV-inactivated NoVAB2 were euthanized 4 days after WT
NoV challenge since they began to show hind limb paralysis. The
vaccination experiments were repeated two additional times.

Construction of SINVy,y

The pSVNI1 and pTE/5’2J/GFP (SINV expression EGFP) and pTE/
5’2J were gifts from Dr C.M. Rice (Rockefeller University, New York,
NY, USA). In pTE/5°2], the gene of interest can be inserted at a mul-
tiple cloning site (MCS) downstream of the duplicated subgenomic
promotor sequence (Pierro et al, 2003). pTE/5°2J/NoV were
constructed by ligating PCR products of NoV RNAL1 flanked by Xbal
sites at 5” and Apal sites at 3’ into the MCS of pTE/5’2J.

SINV Viruses production

SINV, SINVgrp, and SINVy,y viruses were rescued separately from
the plasmids of pSVN1, pTE/5°2J/GFP, and pTE/5’2J/NoV. Briefly,
plasmids containing SINV genomic RNAs were linearized with Xhol
and transcribed in vitro using an SP6 mMESSAGE mMACHINE
kit (Ambion). Purified SINV genomic RNAs were transfected into
BHK cells by TransIT®-mRNA Transfection Kit (Mirus Bio, WI).
Viruses were harvested and tittered as previously described (Zhang
et al, 2021).

SINV and ZIKV infection

50 PFU of SINV was inoculated to C57BL/6 suckling mice and 10*
PFU of ZIKV was inoculated to Ifnarl™/~ suckling mice by i.p.
Whole blood samples were obtained from SINV-infected suckling
mice at 2 dpi and ZIKV-infected suckling mice at 4 dpi, and then
used to isolate EVs.

EVs isolation

Whole blood samples were obtained from infected or mock-infected
suckling mice at respective dpi for each virus. The whole blood sam-
ples were placed in 37°C, thermostated for 15 min, then spun at
3,000 g, 30 min to collect serum. Centrifugation was performed
twice to remove cells and cell debris, and serum were used to isolate
EVs according to manufacturer’s protocol of Exosome isolation Kkits:
ExoQuick Exosome Isolation Reagent (System Biosciences, Palo
Alto, CA, USA). Serum was placed into 1.5 ml tube with ExoQuick
Exosome Precipitation Solution at a ratio of 4:1. Mixture were
thermostated at 4°C for an hour then centrifuged at 1,500 g for
30 min and supernatant were aspirated. EVs were resuspended in
1x PBS. The isolated EVs were prepared for Transmission Electron
Microscope (TEM) (FEI, Holland) and Nanoparticle Tracking Analy-
sis (NTA) (Paricle Metrix-PMX, Germany). The presence of five
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exosome marker proteins, HSP70, tsgl01, CD81, CD63, and CD9,
were confirmed by Western blotting. EVs obtained by precipitation
were quantified for particle number by NTA. The concentration of
EVs stock was suspended in PBS to 8 x 10! particles/ml. EVs,
whole blood, and blood clot derived from different virus-infected
suckling mice were used for RNA extraction by TRIzol (Invitrogen,
Carlsbad, CA). Total RNAs obtained were used for the construction
of small RNA libraries as described, and proteins samples were used
for Western blot analysis (Li et al, 2017).

Function assay of EV in vitro and vivo

For in vitro study, BHK cells were seeded in a 12-well plate at a den-
sity of 5 x 10°/well one day before infection. Cell culture medium
was removed to opti-MEM and then the cells was inoculated with
10 pl or 50 pl EVs stock (stock concentration, 8 x 10! particles/ml)
and then infected with NoV WT (shown to contain 7 x 10° copies of
genomic RNA1). The cells were cultured at 30°C for next 24 h, and
were harvested for the extraction of total RNAs using TRIzol
according to the manufacturer’s protocol. For in vivo study, 7-day-
old BALB/c and AG6 suckling mice were inoculated with NoVAB2
(shown to contain 7 x 10° copies of genomic RNA1), 2.4 x 10'° EVs
(from NoVAB2-infected mice), or 2.4 x 10'° EVs (from mock-
infected mice). 12 h after inoculation, the mice were infected with
WT NoV (shown to contain 7 x 10° copies of genomic RNA1; note,
it is the 1/10 dose of vaccination experiment as described previ-
ously) by i.p. The hindlimb muscle tissues were isolated to obtain
total RNAs and proteins for detecting RNA1 accumulation, Capsid,
and B2 protein expression at 1 and 3 dpi. Survival was monitored
daily. To exclude the effect of NoV particle existing in EVs, NoV rep-
lication was determined by RT-qPCR from hindlimb muscle of AG6
suckling mice challenged with NoVAB2 as control or EVs from naive
or NoVAB2-infected BALB/c suckling mice at 3 dpi.

293T Ago2-KO cell generation

293T cells were seeded in a 60 mm dish the day before transfection
with 6 ug elF2c (Ago2)-targeting CRISPR plasmids (Santa Cruz sc-
400813) by lipofectamine 2000 according to the manufacturer’s
instructions. Two days after transfection, culture medium was
replaced with DMEM containing puromycin at a dose of 2 pg/ml.
Single clones were separated at 2 weeks post treatment. Positive
Ago2-KO clones were identified and confirmed by siRNA knock-
down analysis. In brief, siRNAs targeting GAPDH mRNA or control
siRNAs were transfected into the Ago2-KO cells and the loss of
knockdown ability was determined by comparing the expression
levels of GAPDH mRNA in 293T and Ago2-KO cells after transfec-
tion with the specific and control siRNAs.

Luciferase reporter assay

The pmirGLO-NoV/GFP reporters were constructed by cloning a frag-
ment (nt 2743-3204) of NoVAB2 genomic RNA1 in sense orientation
(to be targeted by the antisense vsiRNAs) or GFP (nt 4-465 of the cod-
ing sequence) into pmirGLO plasmid at Xbal site, by ClonExpress II
One Step Cloning Kit (Vazyme Biotech Co., Ltd). Luciferase reporter
assay was performed as described by the manufacturer’s instruc-
tions. Briefly, 293T cells in 12-well plates were transfected with 1 pg
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of pmirGLO-NoV/GFP plasmid DNA by lipofectamine 2000. At 4 h
post-transfection, culture medium was replaced with fresh medium
containing pre-diluted EVs at a density of 5 x 10° particles/well.
Luciferase activity was analyzed using the Dual Luciferase Reporter
Assay Kit (Vazyme Biotech Co., Ltd) and measured on Fluoreskan
Ascent FL (Thermo Scientific) after 24 h post-transfection. The nor-
malized relative luciferase activity was calculated by dividing the
firefly luciferase value with Renilla luciferase value.

Western and Northern blot analyses

Western blotting analysis was performed as described previously (Li
et al, 2017). Antibodies to NoV B2 and coat protein were described
previously (Li et al, 2013). Antibodies to exosomal marker proteins,
CD9, CD63, CD81, HSP 70, and tsg 101 (sc-13118, sc-5275, sc-
166029, sc-24, sc-7964), were purchased from Santa Cruz Biotech-
nology, Santa Cruz, CA.

In vivo recombinant SINV reporter experiments

For AG6 suckling mice, 7-day-old mice were inoculated by i.p. with
2.4 x 10" EVs (from NoVAB2-infected mice) or 2.4 x 10'° EVs
(from mock-infected mice). 12 h after inoculation, the mice were
infected by i.p. with SINVggp or SINVy,y viruses of 500 PFU. Each
group of four suckling mice were euthanized one day after SINV
infection to determine virus titers in the hind limb tissue by viral
plaque assays as described (Zhang et al, 2021). In brief, hindlimb
muscles were isolated from infected or mock-infected suckling mice.
After homogenization, 1 ml DMEM were added to per 50 mg tissue.
The tissue homogenates were used for plague assay. BHK cells were
plated at a density of 5.0 x 10° cells/ well in 3 ml DMEM, 10% FBS,
on 6-well plates and incubated at 37°C. On the next day, 1 ml of 10-
fold gradient dilutions of supernatants was added to each well. After
incubation of 1 h, supernatants were discarded and the cells were
overlaid with 5 ml 1xMEM containing 0.5% agarose in each well.
One day after incubation, the agarose gels were removed, and cell
layer was stained with Coomassie Brilliant Blue staining solution.
Virus content of the supernatants was calculated as plaque forming
units (PFU)/ml.

Long-term protection

Six-day-old BALB/c suckling mice were vaccinated with NoVAB2,
UV-inactivated AB2, EVs (AB2), or EVs (Mock) as the same dose of
NoV vaccination or in vivo function assay of EVs. At 21 days post
treatment, the mice were infected with WT NoV by intraperitoneal
injection (shown to contain 2.8 x 10° copies of NoV genomic RNA1,
grown mice were challenged four times dose of virus as much as
suckling mice based on body weight). Infected mice were sacrificed
at 3 dpi, and relative accumulations of NoV RNA1 were determined
by RT-qPCR.

RNA extraction, RT-qPCR, and data analysis
For virus infection and exosomal function assay in vitro and in vivo,
total RNAs were extracted using Trizol reagent (Thermo) from

hindlimb muscle of infected mice according to the manufacturer’s
instructions as described (Zhang et al, 2020) and reverse-
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transcription were done by 1 strand synthesis kit (Vazyme Biotech
Co., Ltd). Virus accumulation of mice tissues was determined by
RT-qPCR using ChamQ Universal SYBR qPCR Master Mix (Vazyme
Biotech Co., Ltd). Primers were shown in Table EV2. GraphPad
Prism was used for all statistical analyses, which was carried out by
unpaired t-test or the log rank test for the survival data. All experi-
ments were repeated at least three times.

Construction of small RNA libraries

RNA preparations in this study were used for the construction of
small RNA libraries by the method that depends on the 5 monopho-
sphate of small RNAs as described previously with the TruSeq Small
RNA Sample Preparation Kit of [llumina (San Diego, CA).

Deep sequencing and bioinformatic analysis of small RNAs

Libraries of small RNAs were cloned from the RNA samples (mice
n =3, in each independent analysis) and sequenced by Illumina
HiSeq 2000/2500. 26 libraries in total were sequenced from this
work (Table EV1). Adapters were removed and reads containing
any N base were removed. Trimmer reads were then mapped to
virus genome references or compared to mature miRNAs of mouse
(mmu21-). Alignment was done by Bowtie 1.2.2 with perfect match.
Reads mapped to positive and negative strands were used to define
positive and negative vsRNAs separately. For scheme of vsRNAs
size distribution and genome mapping results, reads were normal-
ized to per million miRNA. All the references used were down-
loaded from web sources. Subsequent bioinformatic analysis of
virus-derived small RNAs was carried out using in-house Perl scripts
as described previously. 22-nt vsiRNAs in each library were used to
calculate overhang length of complemented duplexes by a previ-
ously described algorithm (Li et al, 2017). Detailed information of
vsRNAs in each library are shown in Table EV1. The reference
sequences used in this study are either identical with those
described previously or as listed below:

1 NoV RNAs 1 and 2: AF174533.1 and AF174534.1

2 NoVAB2 RNAs 1 and 2: the same as NoV except for 3 substitutions
in RNA1: U2745C, U2754C, C2757G.

3 SINV: J02363.1

4 ZIKV: KX253996.1

5 Mature miRNAs and miRNA precursors: miRBase 21 (http://
www.mirbase.org/).

Data availability

The RNA sequencing data have been deposited to the database under
the accession number PRINA716839. All SRR data can be achieved
through SRA-toolkit. Go to: https://www.ncbi.nlm.nih.gov/Traces/
study/?acc=PRINA716839

Expanded View for this article is available online.
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