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Plant-derived exosomal microRNAs
inhibit lung inflammation induced
by exosomes SARS-CoV-2 Nsp12
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Lung inflammation is a hallmark of coronavirus disease 2019
(COVID-19). In this study, we show that mice develop inflamed
lung tissue after being administered exosomes released from the
lung epithelial cells exposed to severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) Nsp12 and Nsp13 (exo-
somes VP1ZNsP13) Mechanistically, we show that exoso-
mes™*P12NP13 are taken up by lung macrophages, leading to
activation of nuclear factor kB (NF-kB) and the subsequent in-
duction of an array of inflammatory cytokines. Induction of tu-
mor necrosis factor (TNF)-a., interleukin (IL)-6, and IL-13 from
exosomes™ P'?NP13_5 tivated lung macrophages contributes to
inducing apoptosis in lung epithelial cells. Induction of exoso-
mes"P1?NP13_mediated lung inflammation was abolished with
ginger exosome-like nanoparticle (GELN) microRNA (miRNA
aly-miR396a-5p. The role of GELNs in inhibition of the
SARS-CoV-2-induced cytopathic effect (CPE) was further
demonstrated via GELN aly-miR396a-5p- and rlcv-miR-
rL1-28-3p-mediated inhibition of expression of Nspl2 and
spike genes, respectively. Taken together, our results reveal
exosomes™ P'?NP13 a5 potentially important contributors to
the development of lung inflammation, and GELNs are a poten-
tial therapeutic agent to treat COVID-19.

INTRODUCTION

Severe cases of coronavirus disease 2019 (COVID-19) cause a cytokine
storm that results in high mortality. Hyperproduction of cytokines ulti-
mately results in tissue damage including apoptosis and necrosis, lead-
ing to injury of alveolar epithelial cells and vascular endothelial cells, as
well as to lung infiltration sustained by continuously infiltrating
immune cells. However, delivering viral-specific therapeutic agents
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that can inhibit the expression of viral genes that contribute to the
cytokine storm is challenging. nRNA encoding severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) virulent factors could have
homolog sequencing with the host mRNA. Therefore, it is unlikely
to target to viral mRNA without an effect on the expression of the
host mRNA.

We hypothesize that anti-viral therapeutic agents derived from plants
that are not co-evolved within the mammalian kingdom could provide
a more potent anti-viral effect with less potential to induce side effects.
Recently we' and others” have identified exosome-like nanoparticles
(NPs) (ELNs) from the tissue of edible plants. The reason we refer
to edible plant-derived nanoparticles as plant ELNs is for the following
reasons: similar to exosomes, ELNs are nanosized; they consist of pro-
teins, lipids, and RNAs, in particular, small-sized RNA; and they are
stable. When we eat food, ELNs are naturally released and they are
taken up by host cells and subsequently communicate with ELN recip-
ient cells, which is a biological hallmark of mammalian cell-derived
exosomes. Unlike animal exosomes, which are difficult to produce
in large quantities, ELNs can easily be isolated and purified in large
quantities. Therefore, in this study, we sought to identify the
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therapeutic factors in ELNS, such as ginger ELN (GELN) microRNAs
(miRNAs), that may inhibit the expression of SARS-CoV-2 genes
without inducing side effects. Moreover, multiple species of miRNAs
can be encapsulated in a single ELN, and each miRNA can potentially
bind to multiple sites of the viral genome. Thus, the production of in-
fectious virus is expected to be inhibited via blocking a number of
pathways that are critical for generating a viral infection. Exosomes
released from virally infected cells contribute to the cytokine
storm.”® Whether exosomes released from SARS-CoV-2-infected
lung epithelial cells play a role in induction of inflammation cytokines,
which further triggers tissue damage, is not known.

Studies in mice and humans have suggested that activation of the nu-
clear factor kB (NF-kB) pathway contributes to viral factors inducing
the lung cytokine storm. The details of whether SARS-CoV-2-derived
factors can induce lung inflammation are unknown. The SARS-CoV-
2 Nspl12 RNA-dependent RNA polymerase (RdRP) and Nsp13 heli-
case are non-structural proteins. RARP is an enzyme that catalyzes the
synthesis of the SARS RNA strand complementarily to the SARS-
CoV-2 RNA template and is thus essential to the replication of
SARS-CoV-2 RNA. Similar to most other RNA viruses, SARS-
CoV-2 RdRPs are considered to be highly conserved to maintain viral
functions, and for this reason they are targeted in antiviral drug devel-
opment as well as diagnostic tests.”

In this study, our results support the hypothesis that SARS-CoV-2
Nspl12 induces lung inflammation mediated by exosomes released
from lung epithelial cells that can be inhibited by GELN-derived
miRNA. Nsp13 has synergistic effects with Nsp12 on lung inflamma-
tion. These findings may shed light on therapy development for
COVID-19 patients and open a new avenue for studying mechanisms
underlying plant kingdom crosstalk with the mammalian kingdom
via plant ELNs.

RESULTS

Lung epithelial-derived exosomes containing SARS-COV-2
Nsp12 and Nsp13 have a synergistic effect on the induction of
inflammatory cytokines in vitro and in vivo

A growing number of reports suggest that infected cells use exosome-

. . . . . . . 6,8-15
mediated intercellular communication to induce inflammation.”™ "~
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We first assessed whether exosomes released from lung epithelial cells
expressing SARS-CoV-2 genes are loaded with the viral protein cargo.
A mammalian expression vector expressing viral genes encoding for
SARS-CoV-2, including spike (S), envelope (E), matrix (M), Nsp7,
Nspl0, Nsp12, Nspl3, and orf8, were transfected into human lung
epithelial A549 cells (Figure 1A; Table S1). Seventy-two hours after
the transfection, exosomes released from the supernatants of cultured
human lung epithelial A549 cells were isolated by differential centrifu-
gation and confirmed by the exosome marker CD63 in a western blot
assay (Figure 1B, left and middle panels). Using Strep-Tactin-horse-
radish peroxidase (HRP) conjugate, we found that all of the viral pro-
teins co-expressed with 2xStrep were successfully expressed in A549
cells; the cargo in A549 cell-released exosomes contained viral protein
E,Nsp7,Nsp10, Nsp12, Nsp13, and slight protein M, but not orf8 (Fig-
ure 1B, left and middle panels). In an independent experiment, we also
demonstrated that viral protein S fused with green fluorescent protein
(GFP) in the cell-derived exosomes (Figure 1B, right panel; Figures
S1A and 1B). To further confirm this result, Vero E2 cells were trans-
fected with plasmid expressing Nsp12 and Nspl3, respectively, for
three days, the exosomes in the medium were isolated, and the western
blot analyses suggested that the exosomes released from Vero E2 cells
contain viral Nsp12 and Nsp13 (Figure 1C). Considering that the lung
epithelial cell exosomes can be taken up by lung macrophages,'® we
evaluated the impact of the exosomes with viral protein on macro-
phage activation. The level of cytokines in the medium of human
monocyte U937 cells was quantitatively analyzed with a standard
enzyme-linked immunosorbent assay (ELISA). Interestingly, as an
RNA polymerase, Nsp12 alone slightly induced tumor necrosis factor
(TNF)-a and interleukin (IL)-6. Moreover, the synergistic effect of
Nsp12 working with Nsp13 was observed where a dramatic induction
of TNF-a, IL-1B, and IL-6 occurred when compared to Nsp12 alone,
whereas protein M, Nsp13 alone, or Nsp10 did not (Figure 1D). We
also found that exosomes containing protein S induce TNF-a, IL-
la, IL-1B, and IL-6, but such exosomes have no synergistic effect
with Nsp12 or Nspl3 on the impact of cytokines (Figure 1D). To
further confirm that the A549 exosome-mediated induction of inflam-
mation cytokine TNF-a, for example, is viral Nsp12 and Nsp13 spe-
cific, U937 cells were exposed to A549-derived exosomes, and ELISA
analysis of cytokines suggested no significant influence of protein
expression of TNF-a from 1 h up to 12 h post-exposure (Figure S1C).

Figure 1. Lung epithelial cells release exosomes containing Nsp12 of SARS-CoV-2 that enhances the inflammatory response in lung

(A) Schematic representation of the treatment schedule for the effect of lung epithelial cell-derived exosomes containing SARS-CoV-2 proteins on lung immune cells. (B)
SARS-CoV-2 protein expression plasmids transfected into lung epithelial A549 cells. (Left and middle panels) Representative blots of viral proteins in exosomes and cells as
well as exosomal marker CD63 by western blot using Strep-Tactin-HRP conjugate and antibody to CD63. (Right panel) Intensity of GFP fused with spike (S) protein expressed
in exosomes (Exos) and cells using BioTek’s Synergy microplate reader. (C) Representative western blot of exosomes from Vero E2 cells transfected with Nsp12 and Nsp13
plasmids. (D) Cytokines in the medium assessed by ELISA. (E) Schematic representation of intratracheal injection (left panel) and a mouse undergoing laryngoscopy to
expose the vocal cords (right panel). (F and G) Exosomes from mouse lung LLC1 cells transfected with SARS-CoV-2 plasmids administered to C57BL/6 mice (5 x 108/kg,
body weight, n = 5) by intratracheal injection. After 24 h, the frequencies of F4/80" cells (F), Gr-1* cells (G), and PKH26-labled exosomes in the lung from C57BL/6 mice were
assessed using flow cytometry. Numbers in boxes indicate the percentage of exosome/PKH26™ cells. (H) Quantification of percentage of exosome/PKH26" in F4/80™ cells
and Gr-1* cells. (I) (Top panel) Assessment of cytokines in the lungs using ELISA. (J) Cytokines in the F4/80" cells assessed by flow cytometry. (Bottom panel) Quantification of
data from flow cytometry. (K) Representative hematoxylin and eosin (H&E)-stained sections of formalin-fixed, paraffin-embedded lungs (original magnification, x400; scale
bars, 200 um) from C57BL/6 mice. (L) A549 cells co-transfected with the plasmids of pAcGFP1-C-Nsp12-FLAG and pLVX-Nsp13-Strep. At 72 h after transfection, Nsp12/
13 complex pull-down by Strep-Tactin XT magnetic beads and immunoblot analysis with anti-FLAG antibody are shown. Data are representative of three independent
experiments (error bars, SD). *p < 0.05, **p < 0.01 (two-tailed t test).
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To further investigate the effect of exosomes with viral protein in vivo,
exosomes isolated from mouse lung epithelial LLCI cells transfected
with appropriate viral genes were administered to mice by direct in-
tratracheal injection (Figure 1E). LLCI cells are immunologically
compatible with the murine immune system of C57BL/6 mice. The
imaging fluorescence signals indicated that exosomes labeled with
fluorescent DiR dye were present in lungs and serum as soon as 1 h
after intratracheal administration of C57BL/6 mice (Figure S2A).
Twelve hours after intratracheal injection, the fluorescent signals
diminished. No significant fluorescence appeared in the brain, heart,
liver, kidney, or intestine of mice (Figure S2A).

To further determine whether injected exosomes preferentially tar-
geted immune cells, leukocytes from the lungs of mice treated with
the fluorescent dye PKH26-labeled exosomes were isolated. Fluores-
cence-activated cell sorting (FACS) analysis (Figures 1F and 1G) and
immunofluorescence (IF) with confocal microscopy (Figures S2B and
S2C) demonstrated that the exosomes were preferentially taken up by
F4/80™ cells (Figure 1F; Figure S2B) and moderately taken up by Gr-
17 cells (Figure 1G; Figure S2B), but not by CD11b" cells (Figure S2C).
Among F4/80" macrophages and Gr-1" neutrophils, 43.3% + 6.8%
(mean + standard deviation [SD]) and 28.2% + 3.7% (mean + SD)
of the cells exhibited exosome and PKH26 positivity, respectively
(Figure 1H). To determine whether injected exosomes have an effect
on cytokine production, after administering LLC1 exosomes three
times via the intratracheal route, murine lung tissues were collected,
and cytokines were quantified with a standard ELISA. The results sug-
gested that exosomes containing Nsp12 induced TNF-a and IL-6 in
the lung, whereas Nsp13 alone did not, but injecting exosomes con-
taining both Nsp12 and Nspl3 led to a dramatic enhancement in
the production of TNF-a., IL-1B, and IL-6 (Figure 1I). These results
were also reproducible when mice were treated with exosomes
released from Vero E2 cells transfected with Nsp12 and Nsp13 plas-
mids. The analysis of cytokines in the lung indicated a synergistic ef-
fect of Nsp12 and Nsp13 on the induction of TNF-a, IL-1p, and IL-6
(Figure S2D). We further assessed the cytokine expression in lung F4/
80" cells since F4/80" cells are the predominant exosome recipient
cells. Consistent with results from human U937 monocytes, the
FACS analysis suggested that Nsp12 induces TNF-a and IL-6 in
F4/80" cells, and Nsp13 enhanced the effect of Nsp12 on the induc-
tion of these cytokines (Figure 1J). The inoculation of exosomes con-
taining both Nsp12 and Nspl3 caused lung alveolar wall thickening
and lung inflammation (Figure 1K). Lung alveolar wall thickening
and lung inflammation did not occur when exosomes containing
either Nsp12 or Nsp13 only were used. In addition, the synergistic ef-
fect of exosomes Nsp12 and Nsp13 was also evidenced by the fact that
increasing levels of TNF-a and IL-6 occur not only in the lung but
also in the peripheral blood (Figure S2E) of mice treated with exoso-
mes™P1?NP13 The induction of inflammatory cytokines in the
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C57BL/6 mouse lung was also confirmed by exosomes released
from lung primary epithelial cells transfected with Nspl2 and
Nsp13 plasmids (Figure S2F).

We then further proposed that Nsp12 might interact with Nsp13 to
form the complex that regulates expression of cytokines of exosome
recipient cells (Figure 1L). To test our hypothesis, we performed
co-immunoprecipitation (coIP) utilizing the Nspl2 with FLAG
tag (pGBW-m4046955) and the Nspl3 with Strep tag (pLVX-
EFlalpha-SARS-CoV-2-nsp13-2xStrep-IRES-Puro). First, a full-
length wild-type Nsp12 gene was constructed from the prokaryotic
vector transfected into the eukaryotic vector pAcGFP1-C with a
promoter of cytomegalovirus (CMV). After transfection and
expression in A549 cells with the plasmids of pAcGFP1-C-Nspl12
and pLVX-Nsp13-Strep, the Nsp13 protein was pulled down with
Strep-Tactin XT magnetic beads and probed to determine whether
Nspl2 was in the Nspl3 pull-down complex with western blot
analysis using anti-FLAG antibody. As expected, the results (Fig-
ure 1L) indicated that Nsp12 interacted with Nsp13 in A549 cells.
Taken together, our data indicate that Nsp12 is not only capable of
mediating RNA synthesis and replication of the viral genome, but it
also is cargo in the exosomes and subsequently induces inflamma-
tory cytokines in the exosome recipient cells. Moreover, Nspl2-
mediated induction of inflammatory cytokines can be further
enhanced by viral Nsp13.

GELN miRNAs inhibit the expression of SARS-CoV-2 S and
Nsp12

Next, we asked whether a therapeutic strategy could be developed to
inhibit the lung cytokine storm and prevent viral Nsp12-induced lung
inflammation. We have published results'” that indicate that GELN’s
can inhibit mouse colitis via GELN miRNA interaction with gut bac-
terial mRNA. Therefore, in this study, we hypothesize that GELN
miRNA may potentially bind to and inhibit SARS-CoV-2 mRNA
expression. We first purified the GELNs from ginger root using differ-
ential ultracentrifugation and a sucrose gradient technique."'’""’
Next-generation sequencing (NGS) analysis of small RNA in the
ginger root tissue and in GELNs identified 2.2 million and 3.6 million
miRNA readouts of 32 and 42 million total reads, respectively (Fig-
ure 2A). Combining our new sequencing data (the sequenced data
deposited in NCBI Gene Expression Omnibus [GEO]: GSE153126)
and previous sequencing data,'” 2,262 of the miRNAs exceeded the
minimum confidence thresholds (cutoff of 50 reads) and have been
mapped to the entire miRNA database. Of the miRNAs, 532 are
higher in GELNs and 1,280 of the miRNAs are higher in ginger tissue
(Figure 2B). Further analysis of the cluster (Figure 2C), abundance
(Figure 2D), and composition (Figure 2E) of miRNAs revealed signif-
icant differences between GELNs and ginger tissue, humans, and
mice.””** The miRNA cargo in GELNs is more enriched than in

miR396a-5p (H, bottom), respectively. The miRNA seed matches in the target RNAs are mutated at the positions as indicated. () A549 cells transfected with CoV-2 Sinserted
into pcDNA3-GFP and GELN rlcv-miR-rL1-28-3p, mutant RNA. Visualization with confocal fluorescence microscopy. (J) A549 cells transfected with Nsp12 inserted into
pLVX-EF1alpha-2xStrep-IRES and GELN aly-miR396a-5p, mutant RNA. Visualization is with Strep-Tactin-HRP conjugate by immunoblot. Data are representative of three

independent experiments (error bars, SD). *p < 0.05, **p < 0.01 (two-tailed t test).
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ginger tissue; in contrast, the ginger tissue has more tRNA compared
to the GELNS.

To further explore the potential therapeutic effects of miRNA against
SARS-CoV-2, a strict seed sequence length of 9 nt in GELN miRNAs
was used as a criterion to search for the genome sequence of SARS-
CoV-2 (NCBI: NC_045512). We chose 9 nt, although 6 nt is the min-
imum requirement, and the 6- to 8-nt-long seed sequence of the
miRNA is sufficient to bind the target mRNA.** 188 GELN miRNAs
(black bars in Figure 2F) that potentially bind to genes of SARS-
CoV-2 were identified across the SARS-CoV-2 viral genome except
for the genes encoding Nsp7, Nspl11, E, Orf8, and Orf10 (Figure 2F).
Considering the world-wide prevalence of SARS-CoV-2 infection
and the apparent lack of immunity to prevent SARS-CoV-2 infection,
host miRNAs that are sequence homologs to GELN miRNA may not
play a critical role in the inhibition of viral gene expression, in partic-
ular, Nsp12, which is an essential gene for viral replication. Therefore,
we excluded from further study the GELN miRNAs (red bars in Fig-
ure 2F) bearing the seed sequences that map to the human or mouse
miRNA database. The remaining 135 miRNAs that are unique for
GELN s were used as the potential miRNAs to target viral genes. The
GELN miRNAs as well as their seed sequences that could potentially
bind to the genes of SARS-CoV-2 are listed in Table S2. Interestingly,
very few of the human or mouse miRNAs were found to potentially
bind to SARS-CoV-2 genes, but more miRNAs with matching se-
quences were found in GELNSs, especially for the SARS-CoV-2
Nspl2 and S genes. Also, some of the GELN miRNAs may bind to
multiple sites of a single viral gene (Figure 2F). As a proof of concept
in this study, we further tested the effect of GELN rlcv-miR-rL1-28-3p
and aly-miR396a-5p on the appropriate viral gene expression. An
alignment of sequences of nucleotides using the Basic Local Alignment
Search Tool (BLAST) indicated that GELN rlcv-miR-rL1-28-3p
potentially binds two sites of the S gene (Figure 2G) and aly-
miR396a-5p binds to the Nsp12 gene (Figure 2H). To confirm our pre-
diction, pcDNA3-SARS-CoV-2-S-GFP and CoV-2-Nspl2-2xStrep
were co-transfected into A549 cells with GELN rlcv-miR-rL1-28-3p
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and aly-miR396a-5p, respectively, synthesized and purchased from
Eurofins. The expression of S and Nsp12 was significantly downregu-
lated by rlcv-miR-rL1-28-3p and aly-miR396a-5p as visualized with
GFP and Strep-Tactin-HRP conjugate, respectively (Figures 2I
and 2J).

GELN aly-miR396a-5p inhibits NF-kB-mediated inflammation
and apoptosis in the lung of mice intratracheally injected with
exosomes/\sP12Nsp13

Lung inflammation and apoptosis leading to acute respiratory distress
syndrome (ARDS) are a hallmark of COVID-19; however, identifica-
tion of the specific pathways that the viral products induce to elicit
lung inflammation and apoptosis are still unknown. Based on the liter-
ature, activation of mitogen-activated protein kinase (MAPK, p38),
extracellular signal-regulated kinase (ERK)1/2 (p44/42), c-Jun N-ter-
minal kinase (JNK), phosphatidylinositol 3-kinase (PI3K), as well as
NE-kB (p65) are all involved in virally induced inflammation and
apoptosis. Western blot analysis indicates that mice intratracheally
administered exosomes™*P'*NP'3 induce more phosphorylated (p-)
p65 (a subunit of NF-kB) and JNK in mouse lung macrophages
compared to Nsp12 alone (Figure 3A). There is no evidence suggesting
the induction of p-p38, p-ERK1/2, or p-PI3K (Figure S3A). Activation
of NF-kB mainly occurs via IkB kinase (IKK)-mediated phosphoryla-
tion of IkB-a.>* Our results show that more phosphorylated IKK-p
and IkB-o are induced by exosomes™P*?NP13 (Figure 3A). Impor-
tantly, GELN aly-miR396a-5p treatment prevents the exoso-
NspI12Nsp13_phediated activation of NE-kB. Activation of JNK was
also detected in the macrophages of mice treated with the exoso-
mes™P12NP13 (Figure 3A), and aly-miR396a-5p treatment prevents
the exosomes™*P'?NP'3_mediated activation of JNK as well (Fig-

ure 3A). To determine whether the NF-«kB activated by exoso-
Nsp12Nspl3

mes

mes is initiated from activation of IKK, we treated mice
with p-IkB-o inhibitor, Bay 11-7821, or p-JNK inhibitor, SP600125,
as a control. The treatments were done daily for 3 days at 10*° or
5 mg/kg/day”® (body weight) before mice were intratracheally injected

with exosomes™*?"*N*P'3 Lung macrophage NF-kB activity induced

Figure 3. aly-miR396a-5p reduces NF-«kB activated by Nsp12/13 through phosphorylation of IKKf

(A) Western blot analysis showing the phosphorylation (p) of IKKB, IkBe, and NF-kB (p65). JNK as well as total NF-kB (p65) are shown in macrophages of the lung in C57BL/6
mice (n = 5) inoculated by intratracheal administration with exosomes (5 x 10%/kg, body weight) from LLC1 cells transfected with Nsp12 and/or Nsp13 as well as aly-
miR396a-5p. Arrows mark the positions of p54 and p46 subunits of p-JNK. GAPDH served as aloading control. Numbers below western blots represent densitometry values
normalized to the loading control. (B) Pretreatment with p-JNK inhibitor (SP600125, 5 mg/kg/day, body weight) and p-IkBe. inhibitor (Bay 11-7821, 10 mg/kg/day, body
weight) (n = 5) by intraperitoneal injection 3 days following intratracheal administration of exosomes. Western blot analysis shows p-IkBe, p-JNK, and p-p65 in lung
macrophages. (C) Western blot analysis of cleaved (c-)caspase-3, c-caspase-7, and c-PARP in the lungs of mice. (D) Analysis of apoptosis by TUNEL staining in lung tissues.
The TUNEL assay revealed apoptotic-positive cells in lung marked by GFP staining. The blue DAPI stain marks intact DNA. Original magnification, x400 (left panel). (Right
panel) Quantification of TUNEL-positive cells. The data were collected by counting positive cells from three lung sections of specimens and are shown as mean + SD versus
vehicle. **p < 0.01. NS, not significant. (E) Analysis of apoptosis by flow cytometry using annexin V-FITC staining in EpCAM* cells of lungs from mice. (Top panel) Numbers in
boxes indicate a representative percentage of EpCAM* apoptotic cells. The adjunct histograms display the univariate plots that correspond to the EpCAM in the bivariate plot.
(Bottom panel) Quantification of percentage of EpCAM*annexin V*7-aminoactinomycin D (7-AAD)~ cells. Data are representative of three independent experiments (error
bars, SD). *p < 0.05, **p < 0.01 (two-tailed t test). (F) Analysis of apoptosis by flow cytometry in lung epithelial A549 cells presented to Nsp12/13 and Bay 11-7821 (top panel),
or culture supernatant from U937 macrophages treated with A549-derived Nsp12/13 exosomes with or without Bay 11-7821 (middle panel), and anti-TNF-e, anti-IL-1p, and
anti-IL-6 antibodies (10 ng/mL, bottom panel), respectively. Numbers in boxes indicate a representative percentage of annexin V*7-AAD™ apoptotic cells. (Right panel)
Quantification of percentage of annexin V*7-AAD ™ cells. Data are representative of three independent experiments (error bars, SD); versus Nsp12/13 group: *p < 0.05, **p <
0.01 (two-tailed t test). (G) Proposed model for the crosstalk between GELN miR396a-5p that regulates cytokine expression mediated by SARS-CoV-2 Nsp12 in a manner
dependent on NF-«B signaling.
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Figure 4. GELN aly-miR396a-5p suppresses the expression of cytokines mediated by Nsp12/13 synergy

(A) GELN-derived nanovectors (GNVs, 10 mg) administered to C57BL/6 mice (n = 5) by intratracheal injection. Representative flow cytometry plots show GNVs stained with
PKH26 in F4/80" cells (left) and EpCAM™* cells (right) of lungs 12 h after intratracheal injection. (B) Western blot analysis expression of Nsp12-Strep and spike protein in lungs
with Strep-Tactin-HRP conjugate and anti-S antibody 48 h after administration of viral plasmid CoV-2-Nsp12-2xStrep and pcDNA3-CoV-2-S, as well as GNVs packing aly-
miR396a-5p and rlcv-miR-rLL1-28 or appropriate mutant RNA, respectively, by intratracheal injection. GAPDH served as a loading control. Numbers below the western blots
represent densitometry values normalized to the loading control. (C) ELISA analysis showing the levels of TNF-«, IL-1p, and IL-6 in human macrophage U937 cells transfected
with Nsp12 and/or Nsp13 as well as aly-miR396a-5p. (D) ELISA analysis showing the level of TNF-a, IL-18, and IL-6 in the lungs inoculated with Nsp12 and/or Nsp13 as well
as aly-miR396a-5p through intratracheal administration. Nsp12/13 versus Nsp12 or Nsp13, *p < 0.05, **p < 0.01; Nsp12/13+miR396a-5p versus Nsp12/13, *p < 0.05, #p <
0.01. (E) Analysis of cytokine levels in lungs from C57BL/6 mice with indicated treatment in the figures through intratracheal administration using a mouse cytokine array (n =

(legend continued on next page)
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by exosomes™P'2NP13 was inhibited as a result of the Bay 11-7821
treatment, but not treatment with SP600125, suggesting that IKK acti-
vated by exosomes™*P'?NP'? is essential in NF-kB activation (Fig-
ure 3B). Inhibition of NF-kB activation with Bay 11-7821 was also
accompanied by attenuation of inflammatory cytokines induced by
exosomes’ P2NP13 (Figure S3B). Cytokines have been reported to
induce lung apoptosis,””*® which is consistent with our observations
that exosomes™*P'*NP13 treatment enhanced the production of the
cleaved caspase-3, caspase-7, and PARP in lung (Figure 3C) and aly-
miR396a-5p against the effect of apoptosis induced by Nsp12/13 (Fig-
ure 3C). TUNEL (terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling) staining lung sections
further showed that apoptotic cells were induced in the lungs of
NSPLIZNSPL3 - nd lung apoptosis induced
by exosomes was reduced as a result of treatment with
IkB-a inhibitor Bay 11-7821 but not SP600125 (Figure 3D). Moreover,
flow cytometry and IF analysis further suggested that higher percent-
ages of apoptotic annexin V* (Figure 3E) and TUNEL" cells (Fig-
ure S3C) in lung epithelial cells (EpCAM™) were induced as a result
of exosomes™*P?NP1? treatment, and the induction of lung epithelial
cell apoptosis was blocked by Bay 11-7821 but not Sp600125 (Fig-
ure 3E). Given that apoptotic cells may generate apoptotic bodies
(ABs),”””° whether ABs may also contribute to induction of inflam-
matory cytokines was further investigated. We analyzed the effect of
ABs released from lung epithelial cells on the immune response of
macrophages. Lung epithelial LLC1 cells were transfected with viral

genes Nspl2 and Nspl3 as well as aly-miR396a-5p. The exoso-
Nspl12Nspl3

mice treated with exosomes
Nspl12Nsp13

mes and exosomes™P'Z/13TmiRIIP from the medium
were administrated to mice via intratracheal injection. The lung
epithelial cells were isolated and the ABs purified from the cultured
medium were quantified with FACS as annexin V' of 1.0-4.0 um in
size.”’ We found that exosomes™P'*P'? gjgnificantly induce the
ABs and aly-miR396a-5p reduced the exosomes™P'*NP-mediated
apoptotic effect of lung epithelial cells (Figure S3D). To identify
whether the ABs released from the lung epithelial cells have an effect
on the activity of lung macrophages, 1 x 10® ABs released from 1 x 10°
lung epithelial cells were administrated to mice via intratracheal injec-
tion. The analysis of cytokines with ELISA indicated that ABs failed to
modulate the cytokine levels in the lung (Figure S3E). Collectively, our
data suggest that GELN aly-miR396a-5p treatment prevented exoso-
mes™ PN mediated NF-kB activation and lung epithelial cell
apoptosis.

NspI2Nsp13 1 ediated the induction of inflam-

We show that exosomes
matory cytokines via activation of NF-kB in macrophages and lung
epithelial cell apoptosis. Whether activated macrophages play a role
in the induction of apoptosis of lung epithelial cells was further inves-
tigated. FACS analysis indicated that Nsp12/13 and Bay 11-7821 have

little influence in lung epithelial A549 cell apoptosis (Figure 3F, top
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panel). However, the supernatant from human macrophage U937

cells treated with exosomes sP12NsP13

significantly induced the
apoptosis of lung epithelial cells (Figure 3F, middle panel). The induc-
tion of apoptosis was inhibited by Bay 11-7821 (Figure 3F, middle
panel), as well as with exosomes \P12Nsp13
pernatants treated with antibodies against inflammatory cytokines
TNF-a, IL-1B, and IL-6 (Figure 3F, bottom panel). Taken together,
these data suggest that lung epithelial cells release SARS-CoV-2 exo-
somes carrying Nsp12/13 as cargo, leading to activation of macro-
phage NF-kB and subsequent induction of inflammatory cytokines.
The cytokine profile induced by exosomes Nspl2 and Nspl3 not
only causes lung inflammation but also induces lung epithelial cell
apoptosis (Figure 3G). GELN aly-miR396a-5p prevents the inflam-
matory response and cell apoptosis through specifically targeting
the inhibition of expression of the Nsp12 viral gene.

-activated macrophage su-

Intratracheal delivery of GELN aly-miR396a-5p inhibits lung
inflammation induced by viral Nsp12

To further determine whether GELN miRNA can inhibit the lung
inflammation induced by Nsp12, GELN Aly-miR396a-5p was packed
into nanoparticles made from GELN-derived total lipids. Along with
rare significant adverse effects,'” GELN-derived nanovectors (GNVs)
have a number of advantages over nanovectors that are available
through commercial markets as demonstrated below.

GNVs administrated by intratracheal injection are selectively taken
up by lung epithelial cells (host cells for SARS-CoV-2 replication)
and macrophages (source for releasing inflammatory cytokines
induced by exosomes™*?'*NP'3)_ First, GELNs were purified with su-
crose gradient centrifugation of ginger juice (Figure S4A) using a
method as described,'” and GNVs were generated with total lipids ex-
tracted from GELNS using an ultrasonication method as described.'”
The GNVs were further characterized using NanoSight NS300 for size
distribution, concentration (Figure $4B), and yield (Figure S4C) and
then electron microscopically examined (Figure S4D). One hour after
intratracheal administration of GNVs in mice, the DiR fluorescent
dye-labeled GNVs/DiR signal was detectable in the lungs and lasted
up to 24 h (Figure S4E, left panel). Imaging of the small intestine
excluded misplacement of the esophagus by intratracheal injection
(Figure S4E, right panel). When comparing the characteristics of
GNVs and GELNs based on size distribution and morphological fea-
tures from transmission electron microscopy (TEM) analysis, we did
not see any visible differences between GNVs and GELNs. FACS
analysis indicated that PKH26" GNVs were taken up by both F4/
80" macrophages and EpCAM" lung epithelial cells (Figure 4A).
This result was further confirmed by fluorescence co-localization
analysis using confocal microscopy (Figure S5A). Moreover, the IF re-
vealed that the cells in lung with high expression of ACE2 preferen-
tially take up GNVs (Figure S5B). Given that the lipid of nanoparticles

3). (F) Quantification of relative intensity of the selective upregulation and downregulation of cytokines shown in the cytokine array. (G) Cytokines in F4/80* cells assessed by
flow cytometry (top panel). (Bottom panel) Quantification of data from flow cytometry. (H) Cytokines in F4/80* cells assessed by qPCR. () Representative H&E-stained
sections of lungs (original magnification, x400; scale bars, 200 um). Data are representative of three independent experiments (error bars, SD). *p < 0.05, **p < 0.01 (two-

tailed t test).
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influences target cell uptake,'” we tested the effect of three predomi-
nate lipids constituting the nanoparticles, i.e., phosphatidic acid (PA),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), on the
uptake of GNVs/PKH26 using flow cytometry. We found that addi-
tional PE promoted the GNVs uptake by A549 cells, whereas PA
and PC inhibited uptake (Figure S5C).

An anti-inflammation effect as demonstrated in a lipopolysaccharide
(LPS)-induced septic mouse model. In contrast to gold nanoparticles
that are widely used for chemotherapeutic drug delivery, the GNV
anti-inflammatory effect was demonstrated in an LPS-induced lung
cytokine storm using the mouse septic model (Figure S5D) without
induced side effects observed. To estimate the GNV-related liver
toxicity and adverse effects on cells, we measured the level of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) in the
serum and cell proliferation. ENVs exhibited neither toxicity in vivo
(Figure S5E) nor growth influence on the lung epithelial cells
(Figure S5F).

miRNA is effectively packed and delivered to the lung with GNVs
To further test whether GNVs can deliver miRNA to the lung, we first
evaluated the packing efficiency of aly-miR396a-5p in GNVs using a
quantitative PCR (qPCR) assay. The cargo aly-miR396a-5p in GNVs
is 1.22 + 0.32 pg per 10" nanoparticles. With 10 pg of aly-miR396a-
5p and 200 umol of GELN-derived total lipids, 4.68 + 1.03 ug of aly-
miR396a-5p per 10" nanoparticles can be generated (Figure S6A).
Moreover, the transfection efficiency of GNVs carrying aly-
miR396a-5p was further evaluated. An in vitro PCR analysis indicated
that the miRNA level delivered with GNVs was higher than that deliv-
ered with poly(ethylenimine) (PEI), which is commonly used to
deliver therapeutic mRNAs; the transfection reagent RNAIMAX ex-
hibited the highest transfection efficiency (Figure S6B). In vivo deliv-
ery efficiency of aly-miR396a-5p packaged in GNVs was compared
with gold nanoparticles. After intratracheal injection, the level of
aly-miR396a-5p packed in GNVs was higher than the miRNA packed
with gold nanoparticles (Figure S6C). We did not find a difference in
the miRNA level between the top and bottom lobes of the lungs
(Figure S6C). This result suggested that the GNVs administered by in-
tratracheal injection were distributed throughout the entire lung.
Immunoblot and qPCR analyses from in vivo experiments suggested
that the expression of viral Nsp12 and S was inhibited by GELN aly-
miR396a-5p and rlcv-miR-rL1-28-3p packed in GNVs, respectively
(Figure 4B; Figure S6D).

We next sought to determine whether the aly-miR396a-5p delivered by
GNVs inhibits the expression of inflammatory cytokines induced by
Nsp12 of SARS-CoV-2. Human monocyte U937 cells were transfected
with Nsp12 and/or Nsp13, simultaneously, in the presence or absence
of aly-miR396a-5p packed in GNVs. ELISA results demonstrated that
aly-miR396a-5p remarkably by some means suppressed the induction
of TNF-a, IL-1B, and IL-6 (Figure 4C). We then harvested the exo-
somes from lung epithelial cells transfected with Nsp12, Nsp13, as
well as aly-miR396a-5p and exposed mice to these exosomes through

. .. . Nsp12Nspl
intratracheal administration. We found that exosomes™ P2NP13_

induced TNF-a, IL-1p, and IL-6 in lung peaked 24 h after inoculation
with exosomes (Figure 4D). Exosomes' P!#/13+miR3%6a5p haye no
influence on cytokines in the lungs (Figure 4D). Collectively, our
data indicated that aly-miR396a-5p had an inhibitory effect of

Nsp12/13 on the expression of inflammatory cytokines.

The results generated from cytokine array analysis further demon-
strated that besides modulation of TNF-a, IL-1PB, and IL-6, exoso-
mes™PI2NPL gionificantly lowered the levels of interferon (IFN)-y
and IL-10, and aly-miR396a-5p prevented the reduction of IFN-y
(Figures 4E and 4F). Moreover, we found a number of proteins
involving cell growth, including granulocyte-macrophage colony-
stimulating factor (GM-CSF), G-CSF, M-CSF, and fibroblastic
growth factor (FGF)-21, which were downregulated by exoso-
mes™*P*NP13 (Figures 4E and 4F; Figures S7A and S7B). The levels
of proteins in the chemokine (C-X-C motif) ligand (CXCL) family,
including CXCL9, CXCL10, CXCL11, and CXCL16, were decreased
as well due to exosomes™P'*™P1? treatment, whereas the expression
of CD160 that involved cytolytic effector activity on natural killer
(NK) cells was increased (Figures 4E and 4F). The effect of exoso-
mestplZNspB
by aly-miR396a-5p in F4/80" cells have been confirmed at the protein
level by FACS analysis (Figure 4G) as well as in transcription level
qPCR analysis (Figure 4H). Histological examination demonstrated
that the pulmonary inflammation caused by exosomes™P#NP13
was improved by aly-miR396a-5p (Figure 4I).

on cytokine production and the reversal of the effect

GELN miRNAs inhibit the SRAS-CoV-2 cytopathic effect (CPE) in

Vero EG6 cells by inhibiting the expression of the viral S and Nsp12

To further investigate whether GELN miRNAs that exhibited potent
viral gene inhibitory activity could significantly inhibit viral replica-
tion, Vero E6 cells (2 x 10* cells per well) were exposed to SARS-
CoV-2 at a concentration of 60 plaque-forming units (PFU) per
well for a multiplicity of infection (MOI) of 0.003. GELN rlcv-miR-
rL1-28-3p and aly-miR396a-5p, which inhibit the expression of the
S gene and Nspl2 genes, respectively, were packed into GNVs and
added to virus-infected Vero E6 cells (Figure 5A). On day 3 post-
infection, the expression of S protein and Nsp12 in SARS-CoV-2 in-
fected Vero E6 cells with or without GELN miRNAs was estimated by
qPCR. The results indicated that both viral S and Nsp12 expression
levels were reduced by either rlcv-miR-rL1-28-3p or aly-miR396a-
5p (Figure 5B). However, GELN-derived mdo-miR-7319-3p and
odi-miR-1479 did not affect the expression of S protein and Nsp12,
although they have seed sequencing potential binding sites to S and
NSp12, respectively. Western blots further confirmed that both
rlev-miR-rL1-28-3p and aly-miR396a-5p reduced the expression of
S protein in transfected Vero E2 cells (Figure 5C). To assess the vi-
rus-induced CPE, Vero E2 cells were seeded in 96-well plates at an
MOI of 0.003. In contrast to the normal cells, which had no CPE (Fig-
ure 5D), the cells infected with SARS-CoV-2 exhibited evident
morphological changes, as shown by the rounded cell bodies and their
elongated shape (Figure 5D, left panel). These CPE-positive cells de-
tached from the plate and were reduced by rlcv-miR-rL1-28-3p and
aly-miR396a-5p in a dose-dependent manner, but the mutant
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Figure 5. GELN miRNAs inhibit cytopathic effects (CPEs) of Vero E2 cells infected with SARS-CoV-2

(A) Schematic representation of the treatment schedule for the effect of GELN miRNAs on the CPEs of Vero E2 cells infected with SARS-CoV-2. (B) gPCR analysis of spike
gene (top panel) and Nsp12 (bottom panel) expression in Vero E2 cells after a 72-h infection with SARS-CoV-2 at an MOI of 0.003. (C) Western blot analysis of spike protein in
transfected Vero E2 cells. Numbers below the western blot represent densitometry values normalized to the loading control. (D) 2 x 104 Vero E2 cells in 96-well plates
exposed to 60 PFU of SARS-CoV-2 and GELN miRNAs as well as control indicated in the graph. A representative CPE estimated at 72 h post-infection is shown. Scale bar,
100 pm (left panel). Semiquantitative analysis of CPE at four levels (<25%, 25%, 50%, >50%) from three independent experiments (right panel). (E) Proposed model of SARS-
CoV-2 activation of cytokines in lung macrophages mediated by exosome cargo of viral protein from infected epithelial cells. GELN miRNA extinguishes the activation of
cytokines in lung by directly targeting the viral gene of SARS-CoV-2. Data are representative of three independent experiments (error bars, SD). *p < 0.05, **p < 0.01 (two-

tailed t test). NS, not significant.
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miRNA had no evident influence on SARS-CoV-2-induced CPE (Fig-
ure 5D, right panel).

Taken together with the evidence that non-human intragenic GELN
miRNA can inhibit SARS-CoV-2 replication through specific binding
and limiting viral gene expression, including viral S protein and RNA
polymerase Nsp12 (Figure 5E), we developed an innovative and safe
strategy for inhibition of the SARS-CoV-2 infection.

DISCUSSION

In this study, we discovered a new biological activity of viral Nsp12 by
which macrophages are activated through the NK-kB-mediated
pathway. Nsp12 is delivered by lung epithelial cell exosomes to mac-
rophages, leading to the activation of the macrophages via NF-kB.
Activated macrophages then release a number of inflammatory cyto-
kines that contribute to lung inflammation. We also found that exo-
somes carrying Nsp13 has a synergistic effect with Nsp12 in terms of
activation of NF-kB. The metabolites released from exoso-
mes™P1?NP13_activated macrophages causes lung epithelial cell

apoptosis.

We discovered that a large number of ginger exosomal miRNAs can
potentially bind to multiple sites of the SARS-Cov-2 viral genome and
that these ginger miRNAs have no homolog sequences shared with
host miRNAs. This finding is significant in that no ginger exosome
homolog miRNAs shared sequences with viral host cell-derived miR-
NAs, which in turn means that it is unlikely that side effects will occur.
This finding provides the impetus for future research into therapeutic
miRNA-derived applications from the plant kingdom for more broad
therapeutic application for the treatment of other diseases. With equal
importance is the fact that many edible plants contain ELNs, with
more than 500 different species of miRNAs in them, and composition
of ELN miRNAs is different among the many ELNs. The finding that
GELN miRNA can bind to multiple viral genes and subsequently
inhibit the expression of viral genes and viral replication establishes
the basis for exploring edible plant ELN miRNA libraries for person-
alized ELN-based therapy.

The results presented in this study also demonstrate that GNVs can
be taken up by lung macrophages and lung epithelial cells with pref-
erential ACE2-positive cells. Targeted delivery of ginger miRNA to
lung epithelial cells inhibits the expression of Nsp12 and subsequently
prevents exosomes™ *'**-mediated lung inflammation. Targeting to
macrophages could lead to inhibiting the activation of macrophages
and subsequently altering the composition of the metabolites of exo-
NSPIZNSPL3 5 ctivated macrophages. Altering the composition of
the metabolites leads to a decrease of apoptosis of lung epithelial cells.
Interestingly, our data suggest that TNF-o, IL-6, and IL-1f in the
context of supernatants from exosomes™*P**NP13_activated macro-
phages play a role in promoting lung epithelial cell apoptosis. There-
fore, our data provide a rationale for future studyies as to which mol-
ecules in the metabolites can work with these cytokines to induce lung
damage. Identifying these factors might be helpful in the treatment of
severe COVID-19 patients.

somes

GNV-mediated targeting to ACE2-positive A549 human lung epithe-
lial cells will provide the foundation for further investigations on
whether this result generated from a human epithelial cell line can
be reproduced in an animal model. Recent studies show that the
low rate of infection in A549 cells is the result of low expression of
the viral receptor ACE2****, This low rate of infectivity’* does not
induce IFN-o, and INF-B and is beneficial for virus to escape the
host immune response upon initial viral infection. The data we pre-
sent (Figure S5B) show that the GNVs are preferentially taken up
by an ACE2-positive sub-population of A549 cells. The result is
meaningful since targeting these ACE2-positive subset human epithe-
lial cells with GN'Vs carrying therapeutic agents will block the SARS-
CoV-2 virus replication at the initial stage.

In conclusion, our data prompt further investigations as to whether
SARS-Cov-2 can transfer a pathogenic signal from viral host cells
to other inflammatory cells such as macrophages infiltrating the
lung. In addition, our study highlights the potential to develop a
lung-targetable edible plant-derived exosome-like vector to treat
lung inflammatory-related disease, which until now has not been at-
tempted or reported. A successful ginger nanoparticle-based therapy
will have multiple applications because the activation of NF-kB-
mediated pathways plays a crucial role in many inflammation-related
diseases, including COVID-19.

MATERIALS AND METHODS

Cell culture

The mouse C57BL/6 lung carcinoma LLC1 and macrophage cell lines,
monkey kidney Vero E6 cells, and human alveolar basal epithelial
A549 and monocytic U937 cell lines (American Type Culture Collec-
tion, Rockville, MD, USA) were grown at 37°C in 5% CO, in Dulbec-
co’s modified Eagle’s medium (DMEM, Life Technologies) and RPMI
1640 medium (Life Technologies), respectively. U937 cells are
induced to differentiate into macrophages using phorbol 12-myristate
13-acetate (PMA, Sigma) at 10 ng/mL for 5-7 days prior to use in
studies. Media were supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin.

Virus infection

SARS-CoV-2 (strain USA-WA1/2020 isolate; BEI Resources, catalog
no. NR-52281) was amplified in Vero E6 cells. Amplified stock virus
was stored at —80°C until use. For infection, cells were incubated with
virus for 1 h in a CO, incubator at 37°C, then washed once with PBS.
The cells were replenished with media. Virus titration was done by
overlaying cells with Avicel overlay media (1% Avicel in DMEM
with 10% FBS) and stained at 3 days post-infection with crystal violet
staining solution (1% crystal violet, 2% paraformaldehyde, 25%
ethanol) for 4 h. Virus titers were determined as 50% tissue culture
infectious dose (TCIDs,)/mL in confluent cells in 96-well microtiter
plates.”” Experiments were performed with three replicates per treat-
ment. Experimental procedures with SARS-CoV-2 virus were
approved by the Institutional Biosafety Committee of the University
of Louisville. All processing of virus was performed in University of
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Louisville Center for Predictive Medicine, which has state-of-the-art
facilities for biosafety level 3 (BSL-3) biocontainment research and
in accordance with relevant guidelines and regulations by the Institu-
tional Biosafety Committee of the University of Louisville and US
Centers for Disease Control and Prevention (interim guidelines for
collecting, handling, and testing clinical specimens for COVID-19).

Mice

8- to 12- week-old male specific pathogen-free (SPF) C57BL/6 mice
were purchased from The Jackson Laboratory (Bar Harbor, ME,
USA) and housed under specific pathogen-free conditions. Animal
care was performed following the Institute for Laboratory Animal
Research (ILAR) guidelines, and all animal experiments were done
in accordance with protocols approved by the University of Louisville
Institutional Animal Care and Use Committee (Louisville, KY, USA).

Plasmid construction

Nspl12 and S protein genes of SARS2 virus were amplified from plas-
mids pGBW-m4046955 (no. 145616) and pGBW-m4046887 (no.
145730) (Addgene), respectively, and cloned into plasmid
PACGFP1-CI (no. 121046) (Addgene) by using the NEBuilder HiFi
DNA assembly cloning kit (NEB, catalog no. E5520S) following the
manufacturer’s instructions. Plasmid pAcGFP1-Cl was linearized
by double digestion of Kpnl and BamHI. The primers used to
generate construction are listed in Table S3. Positive colonies were
confirmed by PCR and Sanger sequencing.

Isolation of lung macrophages in mice

Lung specimen from mice were thoroughly dissected and gently
pressed through nylon cell strainers (70 pm in diameter, Fisher Scien-
tific) to obtain single-cell suspensions in RPMI 1640 containing 5%
FBS. The cell pellet was resuspended in 40% Percoll and layered
onto 70% Percoll in RPMI 1640 with 1x Hanks’ balanced salt
solution (HBSS, Thermo Fisher Scientific). After Percoll gradient
centrifugation, the layer in the interface between the two Percoll con-
centrations was collected and washed with PBS. Erythrocytes in the
cell suspensions were then removed using ammonium-chloride-po-
tassium (ACK) lysing buffer (0.15 M NH,Cl, 10 mM KHCO;,
0.1 mM EDTA). The cells were allowed to adhere to the tissue culture
plate for 24 h at 37°C. Nonadherent cells were removed by gently
washing plates three times with warm PBS. At this point the adhering
cells were more than 90% macrophages.

Isolation and purification of exosomes from cell culture medium

1 x 107 lung A549 or LLCI cells were grown in 10 mL of DMEM
supplemented with 10% heat-inactivated extracellular vesicle (EV)-
depleted FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin
at 37°C in 5% CO, for 72 h. EV-depleted FBS was prepared by ul-
tracentrifugation overnight. The culture medium was collected and
centrifuged at 1,000 x g for 10 min, 2,000 x g for 20 min,
4,000 x g for 30 min, and 10,000 x g for 1 h with the supernatant
being retained each time. The exosomes were collected by centri-
fuging the samples at 100,000 x g for at least 2 h at 4°C and further
purified on a sucrose gradient (8%, 30%, 45%, and 60% sucrose in
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20 mM HEPES, 20 mM Tris-Cl [pH 7.2]) followed by two PBS
washes. Size distribution and concentration of exosomes were
analyzed at a flow rate of 0.03 mL per min using a Zetasizer Nano
ZS (Malvern Instruments, UK) and NanoSight NS300 (Malvern
Panalytical, Westborough, MA), respectively. We have submitted
all relevant data of our experiments to the EV-TRACK knowledge-
base (EV-TRACK: EV210123).”

Isolation, purification, and electron microscopy of GELNs

Peeled Hawaiian ginger roots (Simply Ginger, PLU no. 4612) were
used for isolation and purification of ELNs using a previously
described method.'” Briefly, peeled plants were homogenized in a
high-speed blender for 1 min. The juice was collected after net filtra-
tion. The supernatant was collected after centrifugation at 1,000 x g
for 10 min, 2,000 x g for 20 min, 4,000 x g for 30 min, and 10,000 x g
for 1 h. The pellets of the plant nanoparticles were spun down at
100,000 x g for 1.5 h at 4°C. The isolated exosomes were further pu-
rified in a sucrose gradient (8%, 30%, 45%, and 60% sucrose in 20 mM
Tri-Cl [pH 7.2]) followed by centrifugation at 100,000 x gfor 1.5 h at
4°C. Purified GELNs were fixed in 2% paraformaldehyde and imaged
using a Zeiss EM 900 electron microscope and a previously described
method." Size distribution and concentration of the GELNs was
analyzed at a flow rate of 0.03 mL per min using a Zetasizer Nano
ZS (Malvern Instruments, UK).

RNA extraction

Total RNA containing miRNA was isolated from ELNs and murine
tissue using a miRNeasy mini kit (QIAGEN) according to the manu-
facturer’s instructions. In brief, 50 mg of plant-derived ELNs or tissue
or culture cells was disrupted in QIAzol lysis reagent. Tissue was ho-
mogenized using a tissue grinder before disruption. After mixing the
homogenate with 140 uL of chloroform, the homogenate was centri-
fuged. The upper aqueous phase was mixed with 1.5 vol of ethanol
and then loaded into a RNeasy spin column. Flowthrough was dis-
carded and the column was washed with buffers RWT and RPE,
respectively. Total RNA was eluted with RNase-free water. Bacteria
mRNA was isolated using RiboPure bacteria and MICROBExpress
kits (Thermo Fisher Scientific) according to the manufacturer’s in-
structions. The quality and quantity of the isolated RNA were
analyzed using a NanoDrop spectrophotometer and Agilent
Bioanalyzer.

Preparation and characterization of GNVs and packaging ELN
RNAs in GNVs

The GELN-derived lipids were extracted with chloroform and dried
under vacuum. To generate GNVs, 200 nmol of GELN-derived lipid
was suspended in 200-400 pL of 155 mM NaCl with or without 10 pg
of ELN-derived RNA. After UV irradiation at 500 mJ/cm? in a Spec-
trolinker (Spectronic) and a bath sonication (FS60 bath sonicator,
Fisher Scientific) for 30 min, the pelleted particles were collected by
centrifugation at 100,000 x g for 1 h at 4°C.>”*® The RNA encapsu-
lation efficiency in GNVs was determined using a previously
described method.™
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Distribution in the mouse respiratory tract with intratracheal
intubation

The mice were anesthetized with a 2%-3% isoflurane/oxygen mixture
in an anesthesia induction chamber. Mice were secured to the intuba-
tion platform. Direct laryngoscopy using an otoscope fitted with a 2.0-
mm speculum was used to visualize the glottis following intubation
using a 20G intravenous catheter as an endotracheal tube. After
confirmation of intubation was established using tubing containing
a colored dye, the exosomes or GNVs (5 x 10%/kg, body weight,
n =5 per group) were dispensed into the lung in a single fluid motion.
The needle/catheter was removed and the mouse allowed to recover
from anesthesia.

Exosome and GNV distribution in vivo

The intratracheally administered exosomes or GNVs labeled with
DiR dye (5 x 10%/kg, body weight, n = 5 per group) were visualized
in the lung and other organs of C57BL/6 mice using an Odyssey
CLx imaging system (LI-COR Biosciences).

Labeling exosomes and GNVs with PKH26

Exosomes and GNVs were labeled using PKH26 fluorescent cell
linker kits (Sigma). GNVs were suspended in 250 pL of diluent C
with 5 pL of PKH26 mixed with 250 pL of dye solution for 20 min
at room temperature and subsequently incubated with an equal vol-
ume of 1% bovine serum albumin (BSA) for 1 min at 22°C. After
centrifugation for 1 h at 100,000 x g at 4°C, 20 pL of resuspended
labeled GNV's were loaded on a slide for assessment of viability using
confocal microscopy (Nikon).

Quantitative real-time PCR analysis of miRNA and mRNA
expression

The quantity of mature miRNAs was determined by qPCR using a
miScript IT RT kit (QIAGEN) and miScript SYBR Green PCR kit
(QIAGEN) with QIAGEN 3’ universal primers. The 5'-specific
miRNA primers used are listed in Table S3. For analysis of gene
mRNA expression, 1 pg of total RNA was reverse transcribed by Su-
perScript III reverse transcriptase (Invitrogen), and quantitation was
performed using SsoAdvanced Universal SYBR Green supermix
(Bio-Rad) and the primers listed in Table S3. qPCR was run using
the Bio-Rad CFX96 qPCR system with each reaction run in triplicate.
Analysis and fold changes were determined using the comparative
threshold cycle (Ct) method. After normalizing with an internal con-
trol, that is, glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression, the change of target gene in miRNA or mRNA expression
was calculated as fold change, i.e., relative to PBS or vehicle treated
(control).

Flow cytometry

After perfusion via the inferior vena cava with perfusion buffer (Ca**-
Mg2+-free HBSS containing 0.5 mM EGTA, 10 mM HEPES, and
4.2 mM NaHCOs; [pH 7.2]), the lung tissue from mice was incubated
in RPMI 1640 supplemented with 15 mM HEPES and 300 U/mL
collagenase type VIII (Sigma) for 1 h with gentle shaking. After
this, the tissue was gently pressed through nylon cell strainers

(70 um in diameter, Fisher Scientific) to obtain single-cell suspen-
sions in RPMI 1640 containing 5% FBS. Lung leukocytes were iso-
lated from the interface of a 40%/80% colloidal silica particle (Percoll)
gradient and washed twice. Erythrocytes in liver and spleen-cell sus-
pensions were then removed using ACK lysing buffer (0.15 M NH,Cl,
10 mM KHCO3, 0.1 mM EDTA). Washed cells were stained for 1 h or
overnight at 4°C with the appropriate fluorochrome-conjugated anti-
bodies in PBS with 2% FBS. To detect intracellular antigens, washed
cells were incubated in diluted fixation/permeabilization solution
(eBioscience, catalog no. 00-5123) at 4°C for 30 min. Characterization
and phenotyping of the various lymphocyte subsets from lung were
performed by flow cytometry using antibodies against F4/80 (no.
17-4801-82), Gr-1 (no. 11-9668-82), CD-11b (no. 11-0112-41),
TNF-a (no. 11-7321-82), IL-1a (no. 50-111-17), IL-1B (no. 50-100-
10), IL-6, and EpCAM (no. 11-5791-82) (eBioscience) at a 1:200 dilu-
tion with PBS/2% FBS for 1 h on ice. Annexin V-fluorescein isothio-
cyanate (FITC) was applied to detect non-viable cells, and propidium
iodide (PI) staining was used to distinguish apoptotic cells from
necrotic and living cells. Data were acquired on a BD FACSCanto
(BD Biosciences, San Jose, CA, USA) and were analyzed using FlowJo
software (Tree Star, Ashland, OR, USA). Numbers above bracketed
lines or boxes in FACS figures indicate the percentage of positive
stained cells, and the results of cells stained with an isotype-matched
control antibody are shown in gray.

Mouse cytokine array

To investigate the level of the cytokines, the lung tissue extracts were
prepared in modified radioimmunoprecipitation assay (RIPA) buffer
(Sigma) with the addition of protease and phosphatase inhibitors
(Roche). Cytokine proteins were analyzed with a Proteome Profiler
mouse XL cytokine array kit (R&D Systems, ARY028). Profiles of
mean spot pixel density were created using a transmission-mode
scanner, and quantification of the spot intensity in the arrays was con-
ducted with background subtraction using image analysis MasterPlex
QT software (MiraiBio Group).

Western blotting

The mice or cells were treated as indicated in individual figure legends
and tissues or cells were harvested in RIPA buffer with the addition of
a protease inhibitor cocktail (Roche). Proteins of lysates were sepa-
rated by 10% SDS-PAGE and transferred to Odyssey nitrocellulose
membranes (LI-COR Biosciences). Dual-color precision protein mo-
lecular weight (MW) markers (Bio-Rad) were separated in parallel.
Antibodies were purchased as follows: S of SARS-CoV-2 (catalog
no. GTX632604) from GeneTex; CD63 (catalog no. 143902) from
BioLegend; p-NF-kB p65 (catalog no. 3031S), p-AKT (catalog no.
9271S), p-JNK (catalog no. 9251S), p-ERK1/2 (catalog no. 4370),
and p-p38 MAPK (catalog no. 4511) from Cell Signaling Technology;
NEF-kB p65 (catalog no. 610869) from BD Biosciences; p-IKKp (cat-
alog no. ab59195) and p-PI3K (catalog no. ab182651) from Abcam;
and p-IkBa (catalog no. sc-8404) and GAPDH (catalog no. sc-
47724) from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The secondary antibodies conjugated to Alexa Fluor 790 were pur-
chased from Invitrogen (Eugene, OR, USA). The membranes were
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incubated with primary antibodies above at a dilution of 1:1,000 with
PBST (PBS with 0.1% Tween 20) for 1 h at room temperature. After
the secondary antibody incubation at a dilution of 1:10,000 with PBST
for 1 h at room temperature, the bands were visualized and analyzed
using an Odyssey imager (LI-COR Biosciences, Lincoln, NE, USA).

Transient transfection

A549 or LLCI cells were grown to 70% confluency in tissue culture
plates in antibiotic-free DMEM supplemented with 5% FBS. Cells
were transfected with 200 pmol of miRNA or 10 pg of plasmid/well
using 30 pL of RNAIMAX or Lipofectamine 3000 (Invitrogen) in
antibiotic-free medium and incubated for 48-72 h. As a control, cells
were transfected with scramble control miRNA (Ambion) or empty
plasmid vector. Expression plasmids used for transfections are listed
in Table S1. RNA and protein lysates were prepared for qPCR and
western blot analysis.

Immunoblot analysis of viral production from transfected cells
Exosomes and A549 cells transiently transfected with viral plasmids
were lysed with RIPA buffer. One pg of lysate was separated by
8%-15% SDS-PAGE and transferred to nitrocellulose membranes
(LI-COR Biosciences) and blocked with 5% BSA in PBS at 4°C over-
night. Strep fusion protein and CD63 were visualized by Strep-Tactin-
HRP conjugate (Bio-Rad) and Alexa Fluor fluorescent-conjugated
anti-CD63 antibody, respectively.

Preparation of GELN small RNA libraries and sequencing

Small RNA libraries were generated with 100 ng of total RNA and a
QIAseq miRNA library kit (QIAGEN) according to the manufac-
turer’s instructions. Following reverse transcription, cDNA purifica-
tion with QIAseq beads, and PCR amplification (16 cycles) with
indices, libraries with approximately 180 bp were bead purified and
pre-sequencing quality control (QC) was performed with an Agilent
Bioanalyzer 2100. Equal amounts of libraries were pooled and
sequenced on the Illumina HiSeq 2500 using the Illumina NextSeq
sequencing kit (FC-404-2005), followed by demultiplexing and fastq
generation with CASAVA v1.8.4. Raw fastq files were preprocessed
and miRNA sequences were quantified using QIAGEN’s QIAseq
miRNA quantification module (https://geneglobe.qiagen.com/us/).
Briefly, 3’ adaptors were trimmed using Cutadapt. Then, all miRNA
sequences in the miRBase v21 were used for miRNA sequence quan-
tification. Within the sRNAbench pipeline, mapping was performed
with bowtie (v0.12.9), and microRNA folding was predicted with
RNAfold from the Vienna package (v2.1.6). To visualize miRNA
sequencing (miRNA-seq) results with waterfall plots and heatmaps,
low-expressed miRNAs (raw read count <10 in all samples) were
removed. Then, miRNA expression levels were normalized using
edgeR’s TMM (trimmed mean of M) values.” To generate a waterfall
plot of potential differentially expressed miRNAs, we used a strict
fold-change threshold ( |log, (fold change)| >2). Heatmaps were
generated using the heatmap.2 function from the gplots R package.*’
Human and mouse miRNA-seq samples were downloaded from
Sequence Read Archive (SRA)! using accession nos. SRR12338616
and SRR7777390, respectively.
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Predicting GELN miRNA potential targeting to SARS-CoV-2
mRNA

After downloading SARS-CoV-2 genomes (NCBI: NC_045512.2)
from the NCBI Nucleotide database, viral mRNAs potentially tar-
geted by GELN miRNAs were identified by mapping the reverse com-
plement of the miRNA seed sequence to the SARS-CoV-2 whole
genome with the full-length 29,903 bp. Although 6 nt are the mini-
mum requirement, and the 6- to 8-nt-long seed sequence of the
miRNA is sufficient to bind the target mRNA,* the enrichment anal-
ysis with 9-nt seed subsequences included an adopted framework that
utilizes the first-order Markov model (MM).*? In this framework, the
observed k-mer count in the 300-bp region of each bacterial mRNA
was compared against the background count derived from the first-
order Markov model. A p value was then calculated for each
miRNA-mRNA pair to estimate the likelihood of having a functional
pair. Once all p values were calculated, the false discovery rate (FDR)
was obtained using the Benjamini-Hochberg method*® for multiple
comparisons. The plots of miRNA distribution in SARS-CoV-2
genome were generated using a R4.0 programming environment.
To determine whether the seed sequences were present in human
or mouse miRNA sequences, we downloaded all of the human and
mouse microRNA mature sequences (reference sequences) from
miRBase database v22.' Then, we searched for reference sequences
that have a perfect match (no mismatches were allowed) of a seed
sequence.

Histological analysis

For hematoxylin and eosin (H&E) staining, tissues were fixed with
buffered 10% formalin solution (SF93-20; Fisher Scientific, Fair
Lawn, NJ, USA) overnight at 4°C. Dehydration was achieved by im-
mersion in a graded ethanol series, i.e., 70%, 80%, 95%, and 100%
ethanol for 40 min each. Tissues were embedded in paraffin and sub-
sequently cut into ultra-thin slices (5 pm) using a microtome. The
sections were deparaffinized by xylene (Fisher Scientific) and rehy-
drated by decreasing concentrations of ethanol and PBS. Tissue sec-
tions were then stained with H&E and slides were scanned with an
Aperio ScanScope. For frozen sections, tissues were fixed with period-
ate-lysine-paraformaldehyde (PLP) and dehydrated with 30% sucrose
in PBS at 4°C overnight. The sections were incubated with anti-F4/80
(Santa Cruz, no. sc-25830), anti-Gr-1 (BioLegend, no. 108404), anti-
CD11b (BioLegend, no. 101204), anti-EpCAM (Abcam, ab71916)
and anti-angiotensin converting enzyme-2 (ACE-2) (ProSci, no.
3217) at a 1:100 dilution at 4°C overnight. The signal was visualized
with the secondary antibodies conjugated to Alexa Fluor 488 or Alexa
Fluor 594 (Invitrogen), and nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI). The slides were scanned using an Aperio
ScanScope or visualized with a confocal laser scanning microscope
(Nikon, Melville, NY, USA) as described.**

Apoptosis analysis by TUNEL

Formalin-fixed mouse lung tissues were embedded in paraffin,
sectioned, and place on glass slides. TUNEL was used to detect
apoptosis in the sections according to the manufacturer’s protocol.
Tissue sections were analyzed to detect the localized green
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fluorescence (GFP) of apoptotic cells using the In Situ Cell Death
Detection kit (Roche) and blue fluorescence of cell nuclei using
DAPI. The signal was visualized using confocal laser scanning micro-
scopy (Nikon, Melville, NY, USA).

ELISA

The cytokines in cell culture supernatants or mouse lung tissue were
quantified using ELISA kits (eBioscience) according to the manufac-
turer’s instructions. Briefly, a microtiter plate was coated with anti-
mouse TNF-a, IL-1a., IL-1f, and IL-6 capture antibody (eBioscience)
at 1:200 at 4°C overnight. Excess binding sites were blocked with
200 pL of 1x ELISA/enzyme-linked immunospot (ELISPOT) diluent
(eBioscience) for 1 h at 22°C. After washing three times with PBS con-
taining 0.05% Tween 20, the plate was incubated with detective anti-
body in blocking buffer for 1 h at 22°C. After washing three times,
avidin conjugated with HRP and substrate were each added sequen-
tially for 1 h 30 min at 22°C. Absorbance at 405 nm was recorded us-
ing a microplate reader (BioTek Synergy HT).

Isolation of ABs

ABs were isolated from culture supernatants as previously
described.”" Briefly, cell culture medium was harvested and cells
were removed by pelleting at 335 x g for 10min. To remove cell
debris, cell-free supernatants were centrifuged at 1,000 x g for
10 min, followed by another centrifugation at 2,000 x g for 30 min
to pellet ABs. Pelleted ABs were resuspended and washed with PBS.

ColP assay

To further confirm the interaction of Nsp12 and Nsp13, A549 cells
were co-transfected with the plasmids of pAcGFP1-C-Nsp12-FLAG
and pLVX-Nspl3-2xStrep. Seventy-two hours after transfection,
Nsp13 was pulled down with Strep-Tactin XT magnetic beads in IP
buffer (150 mM NaCl, 10 mM Tris-HCl [pH 7.4], 1 mM EDTA,
1 mM EGTA [pH 8.0], 0.2 mM sodium orthovanadate, 0.2 mM
PMSEF, 1% Triton X-100, 0.5% Nonidet P-40 [NP-40]). One pg of
Nspl2/Nspl3 complex was spotted onto nitrocellulose membranes
(LI-COR Biosciences) and blocked with 5% BSA in PBS at 4°C over-
night. Nsp12 fusion protein was visualized by rabbit anti-FLAG
antibody (Sigma-Aldrich, catalog no. SAB4301135) and Alexa Fluor
790-conjugated anti-rabbit antibody (Invitrogen).

CPEs of SARS-CoV-2

Vero E6 cells (passage 6) were seeded at a density of 2 x 10* cells per
well in a 96-well plate in DMEM supplemented with 10% heat-inac-
tivated FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin. After
attachment of cells to the well bottoms, SARS-CoV-2 was diluted in
DMEM to give a final concentration of 60 PFU/well for an MOI of
0.003. GELN miRNA (100 ng) packed in GNV's was added to the wells
at dilutions from 1:1 to 1:100. Cells were observed for CPE every day
post-infection. On day 3 post-infection, after washing three times
with PBS, the cells were collected in RIPA buffer or TRIzol for virus
protein and gene expression by western blot and qPCR analysis,
respectively.

Statistical analysis

All statistical analyses in this study were performed with SPSS 16.0
software. Data are presented as mean + SD. The significance of
mean values between two groups was analyzed using the Student’s t
test. The differences between individual groups were analyzed by a
one- or two-way ANOVA test. The differences between percentages
of CPEs and signal positive cells in flow cytometer and confocal mi-
croscopy were analyzed with a chi-square test. The differences were
considered significant when the p value was less than 0.05 or 0.01.

SUPPLEMENTAL INFORMATION
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