
Original Article
Plant-derived exosomal microRNAs
inhibit lung inflammation induced
by exosomes SARS-CoV-2 Nsp12
Yun Teng,3,13 Fangyi Xu,3,13 Xiangcheng Zhang,3,4,13 Jingyao Mu,3,13 Mohammed Sayed,5 Xin Hu,6 Chao Lei,3

Mukesh Sriwastva,3 Anil Kumar,3 Kumaran Sundaram,3 Lifeng Zhang,3 Juw Won Park,5,7 Shao-yu Chen,12

Shuangqin Zhang,11 Jun Yan,3 Michael L. Merchant,8 Xiang Zhang,12 Craig J. McClain,1,9 Jennifer K. Wolfe,10

Robert S. Adcock,10 Donghoon Chung,2,10 Kenneth E. Palmer,10,12 and Huang-Ge Zhang1,2,3

1Robley Rex Veterans Affairs Medical Center, Louisville, KY 40206, USA; 2Department of Microbiology & Immunology, University of Louisville, Louisville, KY 40202, USA;
3James Graham Brown Cancer Center, University of Louisville, Louisville, KY 40202, USA; 4Department of ICU, The Affiliated Huaian No. 1 People’s Hospital of Nanjing

Medical University, Huaian, Jiangsu 223300, China; 5Department of Computer Engineering and Computer Science, University of Louisville, Louisville, KY 40202, USA;
6Department of Genomic Medicine, University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA; 7KBRIN Bioinformatics Core, University of

Louisville, Louisville, KY 40202, USA; 8Kidney Disease Program and Clinical Proteomics Center, University of Louisville, Louisville, KY 40202, USA; 9Department of

Medicine, Division of Gastroenterology, Hepatology and Nutrition, School of Medicine, University of Louisville, Louisville, KY 40202, USA; 10Center for Predictive

Medicine for Emerging Infectious Diseases, School of Medicine, University of Louisville, Louisville, KY 40202, USA; 11Peeples Cancer Institute at Hamilton Medical

Center, Dalton, GA 30720, USA; 12Department of Pharmacology and Toxicology, School of Medicine, University of Louisville, Louisville, KY 40202, USA
Received 3 December 2020; accepted 5 May 2021;
https://doi.org/10.1016/j.ymthe.2021.05.005.
13These authors contributed equally

Correspondence: Huang-Ge Zhang, James Graham Brown Cancer Center, Uni-
versity of Louisville, CTRB 309, 505 Hancock Street, Louisville, KY 40202, USA.
E-mail: h0zhan17@louisville.edu
Correspondence: Yun Teng, Department of Microbiology & Immunology, Uni-
versity of Louisville, Louisville, KY 40202, USA.
E-mail: yun.teng@louisville.edu
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 andNsp13 (exo-
somesNsp12Nsp13). Mechanistically, we show that exoso-
mesNsp12Nsp13 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-1b from
exosomesNsp12Nsp13-activated lung macrophages contributes to
inducing apoptosis in lung epithelial cells. Induction of exoso-
mesNsp12Nsp13-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 Nsp12 and
spike genes, respectively. Taken together, our results reveal
exosomesNsp12Nsp13 as potentially important contributors to
the development of lung inflammation, andGELNs 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 highmortality. 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.mRNAencoding 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-evolvedwithin themammalian kingdom could provide
amore potent anti-viral effect with less potential to induce side effects.
Recently we1 and others2 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.3–6 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 Nsp12 RNA-dependent RNA polymerase (RdRP) and Nsp13 heli-
case are non-structural proteins. RdRP 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.7

In this study, our results support the hypothesis that SARS-CoV-2
Nsp12 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-
mediated intercellular communication to induce inflammation.6,8–15
Figure 1. Lung epithelial cells release exosomes containing Nsp12 of SARS-Co

(A) Schematic representation of the treatment schedule for the effect of lung epithelial

SARS-CoV-2 protein expression plasmids transfected into lung epithelial A549 cells. (Le

well as exosomal marker CD63 by western blot using Strep-Tactin-HRP conjugate and a

in exosomes (Exos) and cells using BioTek’s Synergy microplate reader. (C) Representa

plasmids. (D) Cytokines in the medium assessed by ELISA. (E) Schematic representa

expose the vocal cords (right panel). (F and G) Exosomes from mouse lung LLC1 cells t

body weight, n = 5) by intratracheal injection. After 24 h, the frequencies of F4/80+ cells (F

assessed using flow cytometry. Numbers in boxes indicate the percentage of exosome

and Gr-1+ cells. (I) (Top panel) Assessment of cytokines in the lungs using ELISA. (J) Cyto

data from flow cytometry. (K) Representative hematoxylin and eosin (H&E)-stained sect

bars, 200 mm) from C57BL/6 mice. (L) A549 cells co-transfected with the plasmids of pA

13 complex pull-down by Strep-Tactin XT magnetic beads and immunoblot analysis

experiments (error bars, SD). *p < 0.05, **p < 0.01 (two-tailed t test).

2426 Molecular Therapy Vol. 29 No 8 August 2021
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,
Nsp10, Nsp12, Nsp13, 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 proteinM, but not orf8 (Fig-
ure 1B, left andmiddle 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 Nsp13, respectively, for
three days, the exosomes in themediumwere isolated, and thewestern
blot analyses suggested that the exosomes released from Vero E2 cells
contain viral Nsp12 andNsp13 (Figure 1C). Considering that the lung
epithelial cell exosomes can be taken up by lung macrophages,16 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-
1a, IL-1b, and IL-6, but such exosomes have no synergistic effect
with Nsp12 or Nsp13 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).
V-2 that enhances the inflammatory response in lung

cell-derived exosomes containing SARS-CoV-2 proteins on lung immune cells. (B)

ft and middle panels) Representative blots of viral proteins in exosomes and cells as
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cGFP1-C-Nsp12-FLAG and pLVX-Nsp13-Strep. At 72 h after transfection, Nsp12/

with anti-FLAG antibody are shown. Data are representative of three independent



Figure 2. GELN miRNA potentially targets to the RNA of the SARS-CoV-2

(A) Flow diagram depicting the steps taken in identifying unique GELN miRNAs potentially targeting the RNA of SARS-CoV-2. (B) Venn diagram of miRNAs detected in the

ginger tissue and GELNs using miRNA sequencing. (C) Heatmap showing miRNAs from ginger tissue, GELNs, and human and mouse brain (n = 3 per group). (D) Waterfall

plot showing the differences in the relative abundance of miRNAs between GELNs and ginger tissue normalized by human miRNAs. (E) Distribution of RNA biotype dif-

ferences. Boxes represent median and interquartile ranges. (F) Schematic diagram and distribution of the putative binding sites of GELNmiRNAs in the full-length SARS-CoV-

2 genome. UTR, untranslated region. The miRNAs of humans and mice that have the same mapping seed sequences as GELNs are indicated in red and were excluded in

further experiments. (G and H) Predicted consequential pairing of target region of spike gene (G, top), Nsp12 gene (H, top), GELN rlcv-miR-rL1-28-3p (G, bottom), and aly-
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To further investigate the effect of exosomes with viral protein in vivo,
exosomes isolated from mouse lung epithelial LLC1 cells transfected
with appropriate viral genes were administered to mice by direct in-
tratracheal injection (Figure 1E). LLC1 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-
1+ 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 Nsp13 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-1b, 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 Nsp13 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-
mesNsp12Nsp13. The induction of inflammatory cytokines in the
miR396a-5p (H, bottom), respectively. ThemiRNA seedmatches in the target RNAs arem

into pcDNA3-GFP and GELN rlcv-miR-rL1-28-3p, mutant RNA. Visualization with con

pLVX-EF1alpha-2xStrep-IRES and GELN aly-miR396a-5p, mutant RNA. Visualization is

independent experiments (error bars, SD). *p < 0.05, **p < 0.01 (two-tailed t test).

2428 Molecular Therapy Vol. 29 No 8 August 2021
C57BL/6 mouse lung was also confirmed by exosomes released
from lung primary epithelial cells transfected with Nsp12 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 Nsp12 with FLAG
tag (pGBW-m4046955) and the Nsp13 with Strep tag (pLVX-
EF1alpha-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-Nsp12
and pLVX-Nsp13-Strep, the Nsp13 protein was pulled down with
Strep-Tactin XT magnetic beads and probed to determine whether
Nsp12 was in the Nsp13 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, Nsp12-
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 results17 that indicate that GELNs
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.1,17–19

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,17 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.20–22 The miRNA cargo in GELNs is more enriched than in
utated at the positions as indicated. (I) A549 cells transfected with CoV-2 S inserted

focal fluorescence microscopy. (J) A549 cells transfected with Nsp12 inserted into

with Strep-Tactin-HRP conjugate by immunoblot. Data are representative of three
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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.23 188 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, Nsp11, 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
GELNs 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 GELNs, especially for the SARS-CoV-2
Nsp12 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 LocalAlignment
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 theNsp12 gene (Figure 2H). To confirmour pre-
diction, pcDNA3-SARS-CoV-2-S-GFP and CoV-2-Nsp12-2xStrep
were co-transfected into A549 cells with GELN rlcv-miR-rL1-28-3p
Figure 3. aly-miR396a-5p reduces NF-kB activated by Nsp12/13 through phosp

(A) Western blot analysis showing the phosphorylation (p) of IKKb, IkBa, and NF-kB (p65

mice (n = 5) inoculated by intratracheal administration with exosomes (5 � 108/kg, bo

miR396a-5p. Arrowsmark the positions of p54 and p46 subunits of p-JNK. GAPDH serv

normalized to the loading control. (B) Pretreatment with p-JNK inhibitor (SP600125, 5

weight) (n = 5) by intraperitoneal injection 3 days following intratracheal administratio

macrophages. (C) Western blot analysis of cleaved (c-)caspase-3, c-caspase-7, and c-P

The TUNEL assay revealed apoptotic-positive cells in lung marked by GFP staining. Th

panel) Quantification of TUNEL-positive cells. The data were collected by counting posit

vehicle. **p < 0.01. NS, not significant. (E) Analysis of apoptosis by flow cytometry using

boxes indicate a representative percentage of EpCAM+ apoptotic cells. The adjunct histo

(Bottom panel) Quantification of percentage of EpCAM+annexin V+7-aminoactinomycin

bars, SD). *p < 0.05, **p < 0.01 (two-tailed t test). (F) Analysis of apoptosis by flow cytome

or culture supernatant fromU937macrophages treated with A549-derived Nsp12/13 ex

anti-IL-6 antibodies (10 ng/mL, bottom panel), respectively. Numbers in boxes indica

Quantification of percentage of annexin V+7-AAD� cells. Data are representative of three

0.01 (two-tailed t test). (G) Proposed model for the crosstalk between GELN miR396a-5

dependent on NF-kB signaling.
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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

exosomesNsp12Nsp13

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
NF-kB (p65) are all involved in virally induced inflammation and
apoptosis. Western blot analysis indicates that mice intratracheally
administered exosomesNsp12Nsp13 induce more phosphorylated (p-)
p65 (a subunit of NF-kB) and JNK in mouse lung macrophages
compared toNsp12 alone (Figure 3A). There is no evidence suggesting
the induction of p-p38, p-ERK1/2, or p-PI3K (Figure S3A). Activation
of NF-kBmainly occurs via IkB kinase (IKK)-mediated phosphoryla-
tion of IkB-a.24 Our results show that more phosphorylated IKK-b
and IkB-a are induced by exosomesNsp12Nsp13 (Figure 3A). Impor-
tantly, GELN aly-miR396a-5p treatment prevents the exoso-
mesNsp12Nsp13-mediated activation of NF-kB. Activation of JNK was
also detected in the macrophages of mice treated with the exoso-
mesNsp12Nsp13 (Figure 3A), and aly-miR396a-5p treatment prevents
the exosomesNsp12Nsp13-mediated activation of JNK as well (Fig-
ure 3A). To determine whether the NF-kB activated by exoso-
mesNsp12Nsp13 is initiated from activation of IKK, we treated mice
with p-IkB-a inhibitor, Bay 11-7821, or p-JNK inhibitor, SP600125,
as a control. The treatments were done daily for 3 days at 1025 or
5mg/kg/day26 (body weight) beforemice were intratracheally injected
with exosomesNsp12Nsp13. Lung macrophage NF-kB activity induced
horylation of IKKb

). JNK as well as total NF-kB (p65) are shown in macrophages of the lung in C57BL/6

dy weight) from LLC1 cells transfected with Nsp12 and/or Nsp13 as well as aly-

ed as a loading control. Numbers belowwestern blots represent densitometry values

mg/kg/day, body weight) and p-IkBa inhibitor (Bay 11-7821, 10 mg/kg/day, body

n of exosomes. Western blot analysis shows p-IkBa, p-JNK, and p-p65 in lung

ARP in the lungs of mice. (D) Analysis of apoptosis by TUNEL staining in lung tissues.

e blue DAPI stain marks intact DNA. Original magnification, �400 (left panel). (Right

ive cells from three lung sections of specimens and are shown as mean ± SD versus

annexin V-FITC staining in EpCAM+ cells of lungs frommice. (Top panel) Numbers in

grams display the univariate plots that correspond to the EpCAM in the bivariate plot.

D (7-AAD)� cells. Data are representative of three independent experiments (error

try in lung epithelial A549 cells presented to Nsp12/13 and Bay 11-7821 (top panel),

osomes with or without Bay 11-7821 (middle panel), and anti-TNF-a, anti-IL-1b, and

te a representative percentage of annexin V+7-AAD� apoptotic cells. (Right panel)

independent experiments (error bars, SD); versus Nsp12/13 group: *p < 0.05, **p <

p that regulates cytokine expression mediated by SARS-CoV-2 Nsp12 in a manner



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-rL1-28 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-a, IL-1b, and IL-6 in humanmacrophage U937 cells transfected

with Nsp12 and/or Nsp13 as well as aly-miR396a-5p. (D) ELISA analysis showing the level of TNF-a, IL-1b, 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 exosomesNsp12Nsp13 was inhibited as a result of the Bay 11-7821
treatment, but not treatment with SP600125, suggesting that IKK acti-
vated by exosomesNsp12Nsp13 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
exosomesNsp12Nsp13 (Figure S3B). Cytokines have been reported to
induce lung apoptosis,27,28 which is consistent with our observations
that exosomesNsp12Nsp13 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
mice treated with exosomesNsp12Nsp13, and lung apoptosis induced
by exosomesNsp12Nsp13 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 exosomesNsp12Nsp13 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),29,30 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 Nsp12 and Nsp13 as well as aly-miR396a-5p. The exoso-
mesNsp12Nsp13 and exosomesNsp12/13+miR396a-5p 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 mm in
size.31 We found that exosomesNsp12Nsp13 significantly induce the
ABs and aly-miR396a-5p reduced the exosomesNsp12Nsp-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 lungmacrophages, 1� 108ABs released from1� 106

lung epithelial cells were administrated tomice 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-
mesNsp12Nsp13-mediated NF-kB activation and lung epithelial cell
apoptosis.

We show that exosomesNsp12Nsp13 mediated the induction of inflam-
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
3). (F) Quantification of relative intensity of the selective upregulation and downregulation

flow cytometry (top panel). (Bottom panel) Quantification of data from flow cytometry.

sections of lungs (original magnification, �400; scale bars, 200 mm). Data are represen

tailed t test).
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panel). However, the supernatant from human macrophage U937
cells treated with exosomesNsp12Nsp13 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 exosomesNsp12Nsp13-activated macrophage su-
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 Nsp12 and Nsp13 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.

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,17 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 exosomesNsp12Nsp13). First, GELNs were purified with su-
crose gradient centrifugation of ginger juice (Figure S4A) using a
method as described,17 and GNVs were generated with total lipids ex-
tracted from GELNs using an ultrasonication method as described.19

The GNVs were further characterized using NanoSight NS300 for size
distribution, concentration (Figure S4B), 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
of cytokines shown in the cytokine array. (G) Cytokines in F4/80+ cells assessed by

(H) Cytokines in F4/80+ cells assessed by qPCR. (I) Representative H&E-stained

tative of three independent experiments (error bars, SD). *p < 0.05, **p < 0.01 (two-
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influences target cell uptake,17 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 mg per 1011 nanoparticles. With 10 mg of aly-miR396a-
5p and 200 mmol of GELN-derived total lipids, 4.68 ± 1.03 mg of aly-
miR396a-5p per 1011 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 determinewhether the aly-miR396a-5p delivered by
GNVs inhibits the expression of inflammatory cytokines induced by
Nsp12 of SARS-CoV-2. Humanmonocyte 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
intratracheal administration. We found that exosomesNsp12Nsp13-
induced TNF-a, IL-1b, and IL-6 in lung peaked 24 h after inoculation
with exosomes (Figure 4D). ExosomesNsp12/13+miR396a-5p have 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-1b, and IL-6, exoso-
mesNsp12Nsp13 significantly lowered the levels of interferon (IFN)-g
and IL-10, and aly-miR396a-5p prevented the reduction of IFN-g
(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-
mesNsp12Nsp13 (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 exosomesNsp12Nsp13 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-
mesNsp12Nsp13 on cytokine production and the reversal of the effect
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 exosomesNsp12Nsp13

was improved by aly-miR396a-5p (Figure 4I).

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

Vero E6 cells by inhibiting the expression of the viral S andNsp12

To further investigate whether GELN miRNAs that exhibited potent
viral gene inhibitory activity could significantly inhibit viral replica-
tion, Vero E6 cells (2 � 104 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 Nsp12 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 GELNmiRNAs 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
rlcv-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) qPCR 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 anMOI 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 � 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 mm (left panel). Semiquantitative analysis of CPE at four levels (<25%, 25%, 50%, >50%) from three independent experiments (right panel). (E) Proposedmodel 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-
mesNsp12Nsp13-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 turnmeans 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 exosomesNsp12+-mediated lung inflammation. Targeting to
macrophages could lead to inhibiting the activation of macrophages
and subsequently altering the composition of the metabolites of exo-
somesNsp12Nsp13-activated macrophages. Altering the composition of
the metabolites leads to a decrease of apoptosis of lung epithelial cells.
Interestingly, our data suggest that TNF-a, IL-6, and IL-1b in the
context of supernatants from exosomesNsp12Nsp13-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.
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 ACE232,33. This low rate of infectivity34 does not
induce IFN-a, 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 GNVs 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

Themouse C57BL/6 lung carcinoma LLC1 andmacrophage 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% CO2 in Dulbec-
co’s modified Eagle’s medium (DMEM, Life Technologies) and RPMI
1640 medium (Life Technologies), respectively. U937 cells are
induced to differentiate intomacrophages 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 mg/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 CO2 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 (TCID50)/mL in confluent cells in 96-well microtiter
plates.35 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

Nsp12 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-C1 (no. 121046) (Addgene) by using the NEBuilder HiFi
DNA assembly cloning kit (NEB, catalog no. E5520S) following the
manufacturer’s instructions. Plasmid pAcGFP1-C1 was linearized
by double digestion of KpnI 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 mm 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 1� 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 NH4Cl, 10 mM KHCO3,
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 � 107 lung A549 or LLC1 cells were grown in 10 mL of DMEM
supplemented with 10% heat-inactivated extracellular vesicle (EV)-
depleted FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin
at 37�C in 5% CO2 for 72 h. EV-depleted FBS was prepared by ul-
tracentrifugation overnight. The culture medium was collected and
centrifuged at 1,000 � g for 10 min, 2,000 � g for 20 min,
4,000 � g for 30 min, and 10,000 � g for 1 h with the supernatant
being retained each time. The exosomes were collected by centri-
fuging the samples at 100,000 � 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).36
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.17 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 � g
for 10 min, 2,000� g for 20 min, 4,000� g for 30 min, and 10,000� g
for 1 h. The pellets of the plant nanoparticles were spun down at
100,000 � 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� g for 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.1 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 mL 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 mL of 155 mMNaCl with or without 10 mg
of ELN-derived RNA. After UV irradiation at 500 mJ/cm2 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 � g for 1 h at 4�C.37,38 The RNA encapsu-
lation efficiency in GNVs was determined using a previously
described method.38



www.moleculartherapy.org
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 � 108/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 � 108/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 mL of diluent C
with 5 mL of PKH26 mixed with 250 mL 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 � g at 4�C, 20 mL of resuspended
labeled GNVs 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 II RT kit (QIAGEN) and miScript SYBR Green PCR kit
(QIAGEN) with QIAGEN 30 universal primers. The 50-specific
miRNA primers used are listed in Table S3. For analysis of gene
mRNA expression, 1 mg 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 (Ca2+-
Mg2+-free HBSS containing 0.5 mM EGTA, 10 mM HEPES, and
4.2 mM NaHCO3 [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 mm 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 (0.15MNH4Cl,
10 mMKHCO3, 0.1 mMEDTA). 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 30min. 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

Themice 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;
NF-kB p65 (catalog no. 610869) from BD Biosciences; p-IKKb (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 LLC1 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 mg of plasmid/well
using 30 mL 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 mg 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 CD63were 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, 30 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.39 To generate a waterfall
plot of potential differentially expressed miRNAs, we used a strict
fold-change threshold ð ��log2 ðfold changeÞ��R2Þ. Heatmaps were
generated using the heatmap.2 function from the gplots R package.40

Human and mouse miRNA-seq samples were downloaded from
Sequence Read Archive (SRA)41 using accession nos. SRR12338616
and SRR7777390, respectively.
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mRNA

After downloading SARS-CoV-2 genomes (NCBI: NC_045512.2)
from the NCBI Nucleotide database, viral mRNAs potentially tar-
geted by GELNmiRNAs 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,23 the enrichment anal-
ysis with 9-nt seed subsequences included an adopted framework that
utilizes the first-order Markov model (MM).42 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 method43 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 v22.1 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 mm) 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 40,6-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.44

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-1b, and IL-6 capture antibody (eBioscience)
at 1:200 at 4�C overnight. Excess binding sites were blocked with
200 mL of 1� 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.31 Briefly, cell culture medium was harvested and cells
were removed by pelleting at 335 � g for 10min. To remove cell
debris, cell-free supernatants were centrifuged at 1,000 � g for
10 min, followed by another centrifugation at 2,000 � g for 30 min
to pellet ABs. Pelleted ABs were resuspended and washed with PBS.
CoIP 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-Nsp13-2xStrep. 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
PMSF, 1% Triton X-100, 0.5% Nonidet P-40 [NP-40]). One mg of
Nsp12/Nsp13 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� 104 cells per
well in a 96-well plate in DMEM supplemented with 10% heat-inac-
tivated FBS, 100 U/mL penicillin, and 100 mg/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. GELNmiRNA (100 ng) packed in GNVswas 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.
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Supplementary Data 1 

Figure S1. Lung epithelial cells release exosomes containing the proteins of SARS-2 

CoV-2.  3 

(A) A549 cells transfected with pcDNA3-CoV-2-S-GFP. Visualization with confocal 4 

fluorescent microscopy; Scale bars, 20 m. (B) Analysis of dot blot with anti-GFP antibody. 5 

(C) U937 cells treated with exosomes from A549 cells and cytokine analysis in the medium 6 

with ELISA. Data are representative of three independent experiments (error bars, SD). 7 

 8 

Figure S2. Distribution of lung epithelial cell-released exosomes following intratracheal 9 

administration in mice.  10 

(A) A representative fluorescent image of brain, lung, heart, liver, kidney, small intestine 11 

and large intestine from C57BL/6 mice receiving a single intratracheal administration of 10 mg 12 

DiR dye-labelled LLC1-derived exosome at 0 h, 1 h and 2 h (left panel); Image of serum after 13 

intratracheal administration (right panel). (B, C) Representative immunofluorescence in the 14 

lung from C57BL/6 mice receiving a single intratracheal administration of 10 mg PKH26-15 

labelled LLC1-derived exosome at 24 h. Visualization of F4/80+, Gr-1+ (B) and CD-11b+ (C) 16 

cells by confocal microscopy. Arrows in yellow indicated exosome/PKH26 taken up by F4/80+ 17 

or Gr-1+ cells; Scale bars, 20 m. (D) ELISA analysis of TNF, IL-1 and IL-6 in lung from 18 

C57BL/6 mice three days after inoculation of Vero E2 cells-derived exosomes containing 19 

Nsp12, Nsp13, or Nsp12/13 through intratracheal administration. (E) ELISA analysis of TNF, 20 

IL-1 and IL-6 in serum from C57BL/6 mice three days after inoculation of LLC1-derived 21 

exosome containing Nsp12, Nsp13, or Nsp12/13 through intratracheal administration. (F ) 22 

Exosomes from primary lung epithelial cells transfected with Nsp12 and Nsp13 plasmids 23 

1



 
 

and administrated to mice via intratracheal injection. ELISA analysis of TNF, IL-1 and IL-24 

6 in lung. Data are representative of three independent experiments (error bars, SD). *p 25 

<0.05 and **p < 0.01 (two-tailed t-test). 26 

 27 

Figure S3. Nsp12/13 activate cytokines mediated by the NFB pathway.  28 

(A) Western blot analysis of the phosphorylation of MAPK (p38), ERK 1/2 (p44/42) and PI3K 29 

in lung macrophages of C57BL/6 mice (n=5) after intratracheal inoculation with exosomes 30 

from LLC1 cells transfected with Nsp12 and/or Nsp13 as well as aly-miR396a-5p. Data are 31 

representative of three independent experiments. (B) Pretreatment with p−IB inhibitor (Bay 32 

11-7821, 10 mg/kg/d, body weight) (n=5) by intraperitoneal injection 3 days following 33 

intratracheal administration of exosomes. ELISA analysis of TNF and IL-6 in lung 34 

macrophages. (C) Representative immunofluorescence in lung from C57BL/6 mice receiving 35 

Bay 11-7821 (10 mg/kg/d, body weight) (n=5) by intraperitoneal injection 3 days following a 36 

single intratracheal administration of 10 mg of exosomes with Nsp12/13 per day for three 37 

consecutive days. Visualization of TUNEL-GFP+ and EpCAM+ cells by confocal microscopy. 38 

Arrows in yellow indicated TUNEL+EpCAM+ cells; Scale bars, 20 m. (D) The 39 

exosomeNsp12/13 and exosomeNsp12/13+miR396a-5p from LLC1 cells intratracheally injected into 40 

mice. The apoptotic bodies (ABs) were isolated from lung epithelial cells and quantified with 41 

FACS using forward scatter (FSC) and Annexin V-FITC staining. (E) ELISA analysis of 42 

cytokines in the lung of mice intratracheally injected with ABs at 1x108. Data are 43 

representative of three independent experiments (error bars, SD). *p < 0.05 and **p < 0.01 44 

(two-tailed t-test). 45 

 46 

Figure S4. Purification and characterization of ginger-derived nanovesicles (GNVs). 47 
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(A) Sucrose-banded particles GELNs from ginger juice. The GELNs were isolated from 48 

ginger juice using a sucrose gradient (8, 30, 45, and 60% sucrose in 20 mM Tri-Cl, pH 7.2). 49 

Particles from the band between 8% and 30% sucrose were used for preparation of 50 

nanoparticles. (B) GNVs generated with the lipids extracted from GELNs. Size distribution 51 

of GNVs using a NanoSight NS300 (Westborough, MA) with a flow speed at 0.03 mL per min. 52 

(C) Quantification of GNV yield (n = 3) by weight of lipid from the GELN. Data are 53 

representative of three independent experiments (error bars, SD). (D) A representative 54 

electron microscopy image of GNVs. Scale bars, 200 nm. (E) A representative fluorescence 55 

image of lung (left panel) and small intestine (right panel) from C57BL/6 mice receiving a 56 

single intratracheal administration of 10 mg DiR dye-labelled GNVs at 0 h, 1 h, 12 h, 24 h and 57 

72 h; Image of serum after intratracheal administration (right panel). n = 5 per group. Data are 58 

representative of three independent experiments (error bars, SD). 59 

 60 

Figure S5. GNVs reduce the induction of cytokines activated by LPS in lung.  61 

(A) Representative immunofluorescence in lung from C57BL/6 mice receiving a single 62 

intratracheal administration of 10 mg PKH26 - labelled GNVs at 24 h. Visualization of F4/80+ 63 

and EpCAM+ cells by confocal microscopy. Arrows in yellow indicated GNVs/PKH26 taken 64 

up by F4/80+  or EpCAM cells; Scale bars, 20 m. (B) ELISA analysis of cytokines in lung 65 

from C57BL/6 mice receiving a single intratracheal administration of 1x108 GNVs, grapefruit-66 

derived nanovesicles (GFNVs), gold nanoparticles (NP) and 5 µg of LPS at 12 h. (C) GNVs 67 

generated with additional PA, PC and PE. FACS analysis of GNVs/PKH26 taken up by A549 cells 68 

(Top panel). Quantification of percentage of exosome/PKH26+ in A549 cells (bottom panel). 69 

(D) ELISA analysis of cytokines in lung treated with LPS (1 mg/kg) via intra-venous and potential 70 

vesicles for therapeutic delivery by Gold nanoparticles (NP), GNVs and grapefruit nanovesicles 71 

3



 
 

(GFNVs). (E) Serum aspartate transaminase (AST) and alanine transaminase (ALT) levels of 72 

C57BL/6 mice with various concentrations of GNVs by intratracheal administration. (F) 73 

Evaluation of A549 cell proliferation and cytotoxicity of GNVs with various concentrations 74 

indicated in the graph using a luminescence ATP monitoring system. n = 5 per group. *p<0.05 75 

and **p<0.01 (two-tailed t-test). NS: not significant. Data are representative of three 76 

independent experiments (error bars, SD). 77 

 78 

Figure S6. GNVs efficiently deliver miRNA to lung through intratracheal injection. (A) 79 

10 µg of aly-miR396a-5p packed with 200 µmol GNVs using ultrasonication. The capacity of 80 

aly-miR396a-5p GELNs and GNVs using qPCR. (B) qPCR analysis of aly-miR396a-5p in A549 81 

cells transfected with aly-miR396a-5p GNV compared to RNAiMAX and PEI. (C) 10 µg of aly-82 

miR396a-5p packed into GNVs and gold NPs following intratracheal administration of 83 

C57BL/6 mice. After 48 h, qPCR analysis of aly-miR396a-5p distribution in various parts of 84 

the lung. (D) qPCR analysis expression of Nsp12 and spike (S) protein in lung after 85 

administration of viral plasmid CoV-2-Nsp12-2xStrep and pcDNA3-CoV-2-S, as well as GNVs 86 

packing aly-miR396a-5p and rlcv-miR-rL1-28 or appropriate mutant RNA, respectively by 87 

intratracheal injection. *p<0.05 and **p<0.01 (two-tailed t -test).  Data are representative of 88 

three independent experiments (error bars, SD). 89 

 90 

Figure S7. Nsp12/13 reduce growth factors and CXCL family assessed by protein 91 

array.  92 

Quantification of relative intensity of the selected cytokines involving cell growth factor (A) 93 

and chemokine (C-X C motif) ligand (CXCL) (B) shown in a cytokine array in Fig. 3E. 94 

*p<0.05 and **p<0.01 (two-tailed t-test). 95 
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Table S1: Plasmid of SARS-CoV-2 used in the study 
Plasmids of SARS-CoV-2 Cat. # Source 
pcDNA3-SARS-CoV-2-S-sfGFP 141184 Addgene 
pLVX-EF1alpha-SARS-CoV-2-nsp12-2xStrep-IRES-Puro 141378 Addgene 

pLXV-EF1alpha-2xStrep-SARS-CoV-2-orf3b-IRES-Puro 141384 Addgene 

pLVX-EF1alpha-SARS-CoV-2-orf8-2xStrep-IRES-Puro 141390 Addgene 

pLVX-EF1alpha-SARS-CoV-2-orf10-2xStrep-IRES-Puro 141394 Addgene 

pTwist-EF1alpha-SARS-CoV-2-E-2xStrep 141385 Addgene 

pLVX-EF1alpha-SARS-CoV-2-nsp7-2xStrep-IRES-Puro 141373 Addgene 

pLVX-EF1alpha-SARS-CoV-2-nsp10-2xStrep-IRES-Puro 141376 Addgene 

pLVX-EF1alpha-SARS-CoV-2-nsp13-2xStrep-IRES-Puro 141379 Addgene 

Bacterial Expression plasmid for SARS-CoV-2 M 145746 Addgene 

Bacterial Expression plasmid for SARS-CoV-2 Spike 145730 Addgene 

Bacterial Expression plasmid for SARS-CoV-2 Nsp12 145616 Addgene 

pAcGFP1-C1  632470 Addgene 
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Table S2 GELN miRNAs predicted target genes of SARS-CoV2

Start End Gene Human Mouse
bta-miR-2284b AAAGTTCGTTT 68 78 5'UTR
sko-miR-4825-3p CCTGTCAAC 152 160 5'UTR
aly-miR157d-5p CAGAAGATAGA 175 185 5'UTR
esi-miR8629 TCACCACTA 562 570 Nsp1
aly-miR396a-5p TTTCTTGAA 735 743 Nsp1
pma-miR-22b-5p AGGTCTTTA 868 876 Nsp2
osa-miR5792 GTTCGGACA 909 917 Nsp2
gma-miR1516a-5p AGCTCTTTT 1002 1010 Nsp2
ppc-miR-8335-5p AGGCACATT 1207 1215 Nsp2
bbe-miR-252b-3p GTCCTACTT 1395 1403 Nsp2
sly-miR164b-3p CCTTCTCCAAC 1580 1590 Nsp2
mtr-miR396c TTCAAGAAGGT 1611 1621 Nsp2
gga-miR-1775-5p TGAATGCTT 1755 1763 Nsp2
cel-miR-791-5p GTAGCCAAA 2032 2040 Nsp2
dps-miR-2537-5p CAACCGTCT 2194 2202 Nsp2
lva-miR-182-5p ATTCACACT 2777 2785 Nsp3
ppc-miR-240 TCAATCCTT 2806 2814 Nsp3
bmo-miR-3308-5p TACTTTATC 2813 2821 Nsp3
bmo-miR-3329 TTTATGACAG 2898 2907 Nsp3
gma-miR393h TTCCAAAGG 3140 3148 Nsp3
cca-miR6117 GGTTGAAGA 3169 3177 Nsp3
esi-miR3455-5p AAGTTCCATC 3304 3313 Nsp3
bmo-miR-2797d TAAGTAGACATT 3779 3790 Nsp3
ppt-miR1069-5p TCTTATCAT 3948 3956 Nsp3
bmo-miR-3400 ATTTTCTTA 3952 3960 Nsp3
ppe-miR6261 TATATGGAG 4113 4121 Nsp3
esi-miR8629 CCACAGCAGT 4154 4163 Nsp3
aly-miR858-5p TTGTCTGTT 4228 4236 Nsp3
sma-miR-8437-5p GTAGAATGT 4326 4334 Nsp3
bta-miR-2463 CTGCATGTG 4404 4412 Nsp3
mdo-miR-7283-5p CTATGGCTT 4452 4460 Nsp3
gma-miR4391 AAGAAGAAG 4737 4745 Nsp3
dsi-miR-961-5p AAGTGAGAT 4778 4786 Nsp3
zma-miR395l-5p ACTTCACCA 4906 4914 Nsp3
sko-miR-4825-3p ACACCTTAA 4968 4976 Nsp3
aly-miR166a-5p AATGTTGTCT 4987 4996 Nsp3
mdo-miR-7319-3p AAGTTGGAC 5049 5057 Nsp3
vvi-miR3631a-5p TGACATCAT 5681 5689 Nsp3
dps-miR-2537-5p ACCGTCTAT 5807 5815 Nsp3
ppc-miR-8274-5p GAGGACTTT 5827 5835 Nsp3
bmo-miR-3308-5p AATTGGTTG 5993 6001 Nsp3
prd-miR-7579-3p AGAATTTGT 6821 6829 Nsp3
sly-miR5302b-5p TGCTATAGT 6854 6862 Nsp3
zma-miR395l-5p CAAACACTT 6973 6981 Nsp3
dps-miR-2537-5p ACAACCGTCTA 7467 7477 Nsp3
bmo-miR-3208 GAGAGAGAGA 7814 7823 Nsp3
bma-miR-5847 ATTTTGCAG 7923 7931 Nsp3
cbr-miR-791 CGCTGATTT 7928 7936 Nsp3
bmo-miR-2797d AGACATTGTC 8144 8153 Nsp3
mtr-miR5215 GCTACCTGC 8368 8376 Nsp3
cbr-miR-7583a-5p AATATCGTG 8878 8886 Nsp4
nve-miR-9468 GTACATTGGT 9071 9080 Nsp4
mdo-miR-7269-5p TGTCAGGGCGT 9109 9119 Nsp4
mdo-miR-7267-3p AGCCATCCA 9135 9143 Nsp4

Mapping to miRNAs inSARS-CoV2 (NC_045512)Name Seed sequence
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bdi-miR171f GAACCAATA 9725 9733 Nsp4
pxy-miR-8526 TACAACCCT 10095 10103 Nsp5
sma-miR-8437-5p TAGAATGTC 10290 10298 Nsp5
gma-miR167c TGCCAGCATGA 10567 10577 Nsp5
eca-miR-9064 AAGGTCCAT 10599 10607 Nsp5
cca-miR6114-3p ACGTCCATT 10883 10891 Nsp5
bma-miR-5847 ACCCAACTA 11236 11244 Nsp6
str-miR-7880x-3p ATCCAACCATG 11259 11269 Nsp6
sme-miR-2160-1-3p TAAGAGCCCA 11465 11474 Nsp6
oan-miR-7422a-3p TCTGAGGCT 12097 12105 Nsp8
gga-miR-1775-5p GTGCAACAGGA 12700 12710 Nsp9
gma-miR6300 GTTGTAGTA 12776 12784 Nsp9
esi-miR8629 CCACTAGCT 13117 13125 Nsp10
bmo-miR-3308-5p ATTGGTTGTC 13128 13137 Nsp10
prd-miR-7911c-5p GATGCACCA 13231 13240 Nsp10
prd-miR-7930-3p TGTTGGTAG 13677 13686 Nsp12b
ppc-miR-240 CAATCCTTA 13710 13718 Nsp12b
eca-miR-1911 GCCATTGTG 13806 13814 Nsp12b
gga-miR-1775-5p CAACAGGAA 14132 14140 Nsp12b
odi-miR-1479 AATTACCGG 14675 14684 Nsp12b
prd-miR-7930-3p GTTGGTAGA 14817 14825 Nsp12b
cbr-miR-791 GCTGATTTG 14937 14945 Nsp12b
aly-miR157a-5p AGATAGAGA 15119 15127 Nsp12b
bmo-miR-3329 CAATAATTT 15160 15168 Nsp12b
ath-miR4228-3p GAAACGGTG 15388 15396 Nsp12b
crm-miR-7582 GGCAATTTT 15580 15589 Nsp12b
hma-miR-3013 CTATAGAGA 15630 15638 Nsp12b
aly-miR396a-5p AGCTTTCTT 16104 16112 Nsp12b
gma-miR4391 GCAAAGAAC 16252 16260 Nsp13
bmo-miR-3329 TAATTTATG 16351 16359 Nsp13
dsi-miR-2583-5p AAAGTTGAGTC 16416 16426 Nsp13
bmo-miR-3329 TACAATAAT 16445 16453 Nsp13
eca-miR-9004 GTGTTAGCT 16602 16610 Nsp13
dme-miR-4980-3p CCAACTTCC 16737 16745 Nsp13
bmo-miR-281-5p AGAGAGCTA 17120 17128 Nsp13
prd-miR-7579-3p AATTTGTGG 17372 17380 Nsp13
aly-miR168a-5p TGGTGCAGGT 17451 17460 Nsp13
ath-miR5653 TTGAGTTGG 17821 17829 Nsp13
stu-miR156f-5p AGAGTGAGC 17893 17901 Nsp13
dme-miR-4969-5p GGTAAATTG 18348 18356 Nsp14
osa-miR5792 GCGGTGGTT 18455 18463 Nsp14
bdi-miR7738-3p ACGACTCTG 18576 18584 Nsp14
cbr-miR-35g AAACTGGTA 19685 19693 Nsp15
eca-miR-9004 ACAGTGTTA 19704 19712 Nsp15
ptc-miR6478 TCAGTTGGT 19950 19958 Nsp15
eca-miR-9064 TTGAAGGTC 20734 20742 Nsp16
smo-miR1112-3p ACAAAGTCA 20961 20969 Nsp16
bmo-miR-3400 AGTCATTTTCTT 21080 21091 Nsp16
aly-miR848-5p CATGTCAAA 21391 21399 Nsp16
mdo-miR-7319-3p GACTAGAGA 21594 21602 S
sme-miR-2169-5p TTGAAATTC 21956 21964 S
ppc-miR-8274-5p ACTTTCCAT 22019 22027 S
odi-miR-1479 TTGAAATTACC 22112 22122 S
sme-miR-2169-5p TTTGAAATT 22115 22123 S
cbn-miR-7629 GTGATGTTA 22261 22269 S
rlcv-miR-rL1-28-3p AGGAAAGTA 23027 23035 S
mtr-miR2678 AAATTGTTG 23249 23257 S
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prd-miR-7579-3p ATTTGTGGG 23705 23713 S
nve-miR-9468 TGTACATTG 23778 23786 S
bdi-miR171f AATATCACC 24086 24095 S
zma-miR396g-3p GCTGTGGAAGA 24377 24387 S
odi-miR-1479 CTTGAAATT 24478 24486 S
sme-miR-2169-5p AACTTTGAA 24564 24572 S
prd-miR-7884-5p AGGTGCTGA 24725 24733 S
tgu-miR-7644-3p AAATGGCAG 24798 24806 S
rlcv-miR-rL1-28-3p GAGGAAAGT 24825 24834 S
cbr-miR-7583a-5p AGTTGCAAA 25631 25639 Orf3a
aly-miR157a-5p AAGATAGAG 25708 25716 Orf3a
dme-miR-2535b-3p ACGGCATTTC 25785 25794 Orf3a
ath-miR5653 TGAGTTGAGT 26036 26045 Orf3a
zma-miR395l-5p TTCCAAACA 26500 26508
gma-miR1516a-5p TAAGCTCTT 26554 26562 M
ppc-miR-8274-5p TTCCATTGTTCA 26573 26584 M
ssa-miR-375-2-5p GCTGAGCCAC 26795 26804 M
dme-miR-4969-5p ATTGAATGA 26853 26861 M
mdo-miR-7319-3p AGATGGTGT 26981 26989 M
mdo-miR-7345-5p GTAGCGACTGT 27109 27119 M
sme-miR-2160-1-3p TTTTCATGT 27392 27400 Orf7a
ptc-miR396g-5p TTCTTGAACTT 27668 27678 Orf7a
ppt-miR319a CTTGGACTGA 28584 28593 N (Orf9)
gma-miR396e CTTGAACTG 28849 28857 N (Orf9)
eca-miR-1911 CCAGCCATT 28900 28908 N (Orf9)
mdo-miR-7269-5p AATCTGTCA 28945 28953 N (Orf9)
eca-miR-9004 AGTGACAGT 29006 29014 N (Orf9)
vvi-miR3631a-5p TCATCCAAT 29287 29295 N (Orf9)
sme-miR-2169-5p CTTTGAAAT 29307 29315 N (Orf9)
vvi-miR3631a-5p ATCATCCAA 29471 29479 N (Orf9)
oan-miR-7422a-3p GGCTCTTTC 29711 29719 3'UTR
bta-miR-2463 ATGTGGTGG 29718 29726 3'UTR
ssc-miR-9819-5p CTCGATCGT 29749 29757 3'UTR
eca-miR-9021 TTGTTCACTGT 29761 29771 3'UTR

bmo-miR-3315 GGGCTGTTC 458 466 Nsp1 mmu-miR-298-5p
mml-miR-7181-3p AGGACTCAG 1853 1861 Nsp2 hsa-miR-3919,  

hsa-miR-4418
mmu-miR-6955-5p

gma-miR4391 CTAAGAAGA 2484 2492 Nsp2 hsa-miR-4659a-
5p, hsa-miR-
4659b-5phsa-miR-6867-3p TCTCCCTCT 2491 2499 Nsp2 hsa-miR-615-3p, 
hsa-miR-6867-3p

mmu-miR-615-3p, 
mmu-miR-6916-3p, 
mmu-miR-12203-3p

ath-miR5653 TTGAGTTGA 3095 3103 Nsp3 mmu-miR-7230-3p
bmo-miR-3308-5p CTTGGTAAT 3126 3134 Nsp3 hsa-miR-4705
dsi-miR-961-5p TCAGTAAGT 3364 3372 Nsp3 hsa-miR-4797-3p mmu-miR-325-5p
eca-miR-9021 AGAGTTGTT 3985 3993 Nsp3 hsa-miR-4680-3p
sma-miR-8439-5p AGATAACCA 4726 4734 Nsp3 mmu-miR-9b-3p
ppc-miR-8274-5p ATTGTTCAT 5592 5600 Nsp3 hsa-miR-384
hma-miR-3013 TCTGACTTC 6349 6357 Nsp3 hsa-miR-5683 mmu-miR-7235-3p
dme-miR-4980-3p CAACTTCCG 8016 8024 Nsp3 mmu-miR-8120
ppc-miR-8274-5p TTTCCATTG 8079 8087 Nsp3 mmu-miR-6920-3p
eca-miR-9021 AGTTGTTCA 8431 8439 Nsp3 hsa-miR-582-5p mmu-miR-582-5p, 

mmu-miR-3088-5p
mdo-miR-7269-5p GTCAGGGCG 9110 9118 Nsp4 hsa-miR-4734
dme-miR-4969-5p AAATTGAAT 9149 9157 Nsp4 hsa-miR-1252-5p
cte-miR-2685-5p TGATCTTTC 9233 9241 Nsp4 hsa-miR-6856-3p
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mmu-miR-5106 TCTGTAGCT 9938 9946 Nsp4 hsa-miR-4320,  
hsa-miR-4420

mmu-miR-5106

bmo-miR-3308-5p TTGGTAATT 10551 10559 Nsp5 hsa-miR-4705
bma-miR-5847 TTTTGCAGT 10867 10875 Nsp5 mmu-miR-450b-5p
sly-miR5302b-5p TTGGAAAGT 10964 10972 Nsp5 hsa-miR-412-5p
mml-miR-1323-5p GGCATTTTC 11087 11095 Nsp6 hsa-miR-1323
cfa-miR-8837 TTCTTGCTG 11352 11360 Nsp6 mmu-miR-6400
mml-miR-1323-5p CAAAACTGAG 11884 11893 Nsp7 hsa-miR-1323
sme-miR-2f-3p GCCATGCTA 12630 12638 Nsp8 hsa-miR-1269b
eca-miR-9125 AGGTGTGTC 12917 12925 Nsp9 hsa-miR-3650
ppt-miR1069-5p TTATCATTG 13554 13562 Nsp12 mmu-miR-374b-3p
bfl-miR-4875d-3p TACAAAGTA 13645 13653 Nsp12 hsa-miR-876-3p mmu-miR-876-3p
dre-miR-181c-3p ACAATGAAT 14153 14161 Nsp12 hsa-miR-181b-3p mmu-miR-181b-1-

3p
cbn-miR-7629 TGTGATGTT 16344 16352 Nsp13 hsa-miR-153-5p, 

hsa-miR-499b-5p
mmu-miR-664-5p AAAATGACT 17101 17109 Nsp13 mmu-miR-664-5p
mmu-miR-7091-3p TGTCGTCTC 17329 17338 Nsp13 mmu-miR-7091-3p
gma-miR1516a-5p TTATAAGCT 19116 19124 Nsp14 mmu-miR-6374
bmo-miR-3308-5p TGGTAATTG 19360 19368 Nsp14 hsa-miR-4705
gma-miR1516a-5p GTTATAAGC 19528 19536 Nsp14 mmu-miR-6374
gma-miR396e TTGAACTGT 20142 20150 Nsp15 hsa-miR-203b-3p mmu-miR-203b-3p
hsa-miR-6867-3p CCCTCTTTA 21093 21101 Nsp16 hsa-miR-6867-3p
gma-miR4391 ACTAAGAAG 21478 21486 Nsp16 mmu-miR-5124b
mml-miR-1323-5p AAACTGAGG 21696 21704 S hsa-miR-1323,  

hsa-miR-3934-5p
mmu-miR-664-5p GGAAAATGA 22679 22687 S hsa-miR-664a-5p mmu-miR-664-5p
hma-miR-3013 GTCTGACTT 22779 22787 S mmu-miR-1843b-

5p, mmu-miR-7090-
3p

sly-miR5302b-5p GTTGGAAAG 23244 23252 S hsa-miR-412-5p
vvi-miR3631a-5p TGTTGACAT 23526 23534 S mmu-miR-669g
bta-miR-200c AATGATGGA 23633 23641 S hsa-miR-200c-3p mmu-miR-200c-3p
cbr-miR-35g ACTGGTAGA 23740 23748 S hsa-miR-183-5p, 

hsa-miR-6720-3p
mmu-miR-183-5p

aly-miR858-5p GTTGTCTGT 24911 24919 S hsa-miR-410-5p, 
hsa-miR-6868-3p

mmu-miR-410-5p

aly-miR166a-5p TGTTGTCTG 24912 24920 S hsa-miR-6868-3p
mmu-miR-7028-5p TGAGGCTTG 25504 25512 Orf3a mmu-miR-7028-5p
aly-miR159a-3p TGGATTGAA 26856 26864 M hsa-miR-6839-5p
gma-miR1516a-5p TCTTTTGAG 27739 27747 Orf7a hsa-miR-371a-3p
bmo-miR-3315 CCTTGGGGC 28396 28404 N(Orf9) hsa-miR-5008-5p
cte-miR-2685-5p GTGATCTTT 28700 28709 N(Orf9) hsa-miR-6856-3p, 

hsa-miR-8066
lva-miR-182-5p TTTGGCAAT 28771 28779 N(Orf9) hsa-miR-182-5p mmu-miR-182-5p
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Table S3 Primer sequences used for gene expression analysis by qPCR 
Primers Forward (5’-3’) Reverse (5’-3’) 
aly-miR396a-5p TTCCACAGCTTTCTTGAACTG Universal primer (Qiagen) 
rlcv-miR-rL1-28-3p GAGGAAAGTATCGCCTTCTAG Universal primer (Qiagen) 
hTNFalpha CTCTTCTGCCTGCTGCACTTTG ATGGGCTACAGGCTTGTCACTC 

hIL-1beta CCACAGACCTTCCAGGAGAATG GTGCAGTTCAGTGATCGTACAGG 

hIL-1alpha TGTATGTGACTGCCCAAGATGAAG AGAGGAGGTTGGTCTCACTACC 

hIL-6 AGACAGCCACTCACCTCTTCAG TTCTGCCAGTGCCTCTTTGCTG 

mTNFalpha TCTATGGCCCAGACCCTCAC GACGGCAGAGAGGAGGTTGA 
mIL-1beta GTGTGCCGTCTTTCATTACACAG CAGACCCTCACACTCAGATCATCT 
mIL-1alpha ATCAGTACCTCACGGCTGCT TGGGTATCTCAGGCATCTCC 
mIL-6 GAGAGGAGACTTCACAGAGGATAC GTACTCCAGAAGACCAGAGG 
mGAPDH GGTCGGTGTGAACGGATTTG GGAGTCATACTGGAACATGTAG 
hGAPDH GTATGACAACAGCCTCAAGAT GTCCTTCCACGATACCAAAG 
CoV2-Nsp12 ACCGTAGCTGGTGTCTCTAT  GTGCCAACCACCATAGAATTTG 
CoV2-Nsp12-
cloning 

CAGAGAAGGAGCTCGGTACCATGGCTG
ATGCACAATCGTT 

TATCTAGATCCGGTGGATCCTTATAAG
ACTGTATGCGGTGTGTAC 

pAcGFP1-C1 TGCTGGAGCAGGACGGAATC TCTACAAATGTGGTATGGCTG 
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