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Introduction: Pathogenic respiratory RNA viruses, including influenza A virus (IAV), respiratory syncytial virus (RSV), and SARS-
CoV-2, are major causes of causes of acute respiratory infection globally. Plant-derived exosome-like nanoparticles containing
miRNAs have shown substantial cross-kingdom regulatory effects on both viral and human transcripts. Houttuynia cordata
(H. cordata), a traditional Chinese medicine frequently used to treat respiratory diseases. However, the role of H. cordata-derived
exosome-like nanoparticles (HELNs) and the miRNA they encapsulated are unclear.

Methods: HELNs were isolated from fresh underground roots (uHELNs) and above ground stems and leaves (aHELNs) using
differential centrifugation. The HELNs were identified using transmission electron microscopy, nanoparticle tracking analysis, and zeta
potential. Small RNA sequencing and RT-PCR were employed to determine the miRNA expression in uHELNs and aHELNs. All
genomes were sourced from the NCBI database. Target prediction of viral genomes was performed using RNAhybrid, while human
target prediction was conducted using both RNAhybrid and Miranda. Functional enrichment analysis was applied to the predicted
human targets to explore the hub targets and their roles in antiviral effects. The accessibility of miRNA target sites was determined
through the MFOLD web server, and customized dual-luciferase reporter assays were administered to validate the computational
findings.

Results: A total of 12 highly enriched miRNAs were identified in both uHELNs and aHELNs. Upon prediction and verification,
miR858a and miR858b were shown to target the NP gene in HIN1, while miR166a-3p targeted the ORFlab in SARS-CoV-2.
However, no valid miRNA targets were found for RSV. Regarding human transcripts, miR168a-3p, miR168b-3p, and miR8175 were
found to inhibit MAPK3 expression, and novel mir2 could suppress both AK7! and MAPK3 expression.

Discussion: This study sheds light on the collaborative antiviral mechanism of miRNAs in HELNs across two species and explores
the potential antiviral scopes of both H. cordata miRNAs and HELNS.
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Introduction

RNA viruses, such as influenza A virus (IAV), respiratory syncytial virus (RSV), and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), employ RNA as their genomic nucleic acids. Owing to their adaptability and high
variability, these RNA viruses frequently undergo viral evolution, which enables them to develop resistance to various
prophylactic measures, including vaccines and antibodies.' Currently, AV, RSV, and SARS-CoV-2 represent the leading
causes of acute respiratory infection worldwide, especially in infants, the elderly, and immunocompromised
individuals.> ™ TAV is a zoonotic virus with 8 single-stranded negative-sense RNA segments in its genome and
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periodically causes pandemics.” Human RSV, with a single negative-sense RNA linear genome, triggers severe
respiratory infections in young children with annual winter epidemics.® SARS-CoV-2, possessing a non-segmented,
positive-sense genome, has been responsible for a global pandemic since 2019, posing a severe threat to human health
and social development.* Unfortunately, reliable long-term preventive measures or treatments for these RNA virus-
induced acute respiratory infections are lacking.

MicroRNA (miRNA) is a single-stranded noncoding RNA that has an average length of 18-24 nucleotides (nts) and
regulates gene expression at the post-transcriptional level. There is growing evidence that miRNAs are stable and capable
of cross-kingdom regulation of host transcripts.” Earlier research has shown that host miRNAs can influence host-virus
interactions, which has driven the adoption of miRNA cross-kingdom regulatory strategies for anti-virus.® In 2012,
Zhang et al first reported that plant miR168a from rice can inhibit mammalian gene expression, making the beginning of
plant miRNA cross-kingdom regulation.” Since then, they further reported that miR2911 from honeysuckle inhibits the
replication of TAV and SARS-CoV-2, accelerating the recovery process in infected individuals.®® However, due to the
sequence similarity between some plant miRNAs and human miRNAs and the lack of reproducibility of the data, these
reports were later controversial due to the suspicion that contamination during the detection triggered false positive
results.'®!'" Nonetheless, later research demonstrated that the miRNAs loaded in plant-derived exosome-like nanoparti-
cles (PELNs) do indeed exhibit cross-kingdom effects in mammalian cells. For example, in ginger PELNs, Yin et al
reported that 27 highly expressed miRNAs had anti-inflammatory effects through cross-kingdom targeting of intestinal
Caco? cells."?

Recently, PELNs carrying a variety of bioactive substances, including miRNAs, have been widely explored with the
advantages of high and eco-friendly yield, no ethical barriers, and nontoxicity, allowing them to circumvent the technical
limitations of mammalian microvesicles.'*"'* PELNs also showed multiple health benefits, including anti-inflammatory,'®
anti-cancer,'® and antibiotic effects.'” Moreover, stability experiments have demonstrated that PELNs can not only be
stored at low temperatures for long periods without affecting their activity but can also withstand different pH
environments in the gastrointestinal tract when administered orally.'®'®!'® This provides a guarantee for the targeted
delivery of plant miRNAs to host cells. Recent research by Kalarikkal et al has provided an in-depth analysis of miRNA
expression profiles in 11 types of PLENS, including Grapefruit, Hami melon, Pea, Coconut, Blueberry, Tomato, Pear,
Ginger, Kiwifruit, Orange, Soybean. This study identified 22 miRNAs potentially targeting the SARS-CoV-2 genome.?’
However, these miRNAs were derived from fruits and vegetables rather than traditional Chinese medicine (TCM).
Nevertheless, TCM generally has stronger antiviral pharmacological properties than fruits and vegetables. Consequently,
the potential for discovering antiviral miRNAs from TCM remains high.

Houttuynia cordata (H. cordata), also known as Herba houttuyniae, is a herbaceous perennial plant that grows in
moist and shady environments.>'**> H. cordata is not only a widely distributed medicinal plant but also a functional food
offering multiple health benefits, such as anti-inflammatory,” anti-oxidative,* and antibiosis.*> Notably, the application
of H. cordata in alignment with traditional Chinese medical theory facilitates its use in treating pneumonia caused by
viral infections. Moreover, H. cordata and its products have exhibited extensive antagonistic effects against various
respiratory viruses, including HIN1,2° HSV,?” norovirus-1,%* and coronavirus.?® In 2003, H. cordata was listed as one of
the drugs for the treatment of severe acute respiratory.”’ However, whether H. cordata exerts an antiviral effect through
miRNAs remains unclear.

Exogenous miRNAs exhibit two different antiviral mechanisms. First, miRNAs can directly target viral genomes or
transcripts.>® Second, miRNAs can target the host mRNAs to regulate gene expression and hinder viral entry or
replication.®’ Accordingly, we first used small RNA sequencing (sRNA-seq) and real-time PCR (RT-PCR) to define
miRNAs in H. cordata derived exosome-like nanoparticles (HELNs) from the underground roots (WHELNSs) and above
ground stems and leaves (aHELNS). By target predicting analysis, we further identified miRNAs highly enriched in
uHELNSs and aHELNSs that could directly target the genome of respiratory RNA viruses, including IAV, RSV, and SARS-
CoV-2. On the other hand, we predicted the target human genes of these highly enriched miRNAs to elucidate the
endogenous antiviral mechanism in host cells (Figure 1).
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Figure | Schematic illustration of experimental design for HELNs isolation, and prediction of respiratory RNA viral genomes and human gene targeted by miRNAs in

HELN:Ss. Pictures of all the virus structures and genomes were obtained from ViralZone Available from: https://viralzone.expasy.org/. Creative Commons.
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Materials and Methods

HELN:Ss Isolation

Fresh and dry H. cordata was purchased from Hubei Shengdetang TCM Slices Co., LTD, China. HELNs were isolated
with the same standard differential centrifugation method as described in our previous study®? (Figure 1). The obtained
HELNSs were resuspended in sterile PBS and stored at —80 °C until use.

HELNs Identification

Transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and zeta potential were used to identify
HELNS as previously described.®? NTA and zeta potential were performed by using Zetasizer Nano S90 (Malvern
Panalytical, Malvern, UK). TEM imaging of HELNs was performed by using an electron microscope HT7700 TEM
(Hitachi, Japan) at 80 kV.

Small RNA Sequencing Analysis
sRNA-seq services were provided by the Bioyi Biotechnology Co., Ltd. in Wuhan, China. Sequencing reads with lengths
of 18-25 bp were mapped to miRNA sequences in the miRBase 21.0 database (https://www.mirbase.org/)*® with the

selected species as Arabidopsis, because there is no database available for H. cordata and Arabidopsis is the most well-
researched plant. All mapped miRNAs were identified as known miRNAs, and the unmapped sequences were identified
as novel miRNAs. All miRNA profiling data have been deposited in the NCBI-SRA (www.ncbi.nlm.nih.gov/sra, SRA
accession: PRINA971115) databases.

The differential expression miRNAs between uHELNs and aHELNs were screened with a threshold p-value < 0.05
and |log2FC| > 1. Volcano Plot was performed using the OmicStudio tools at https://www.omicstudio.cn/tool.

RNA Extraction and Real Time-PCR

RNA extraction and RT-PCR were carried out as in our previous study.>’> All miRNA primers were designed and
synthesized by RibiBio (Guangzhou, China). Mature miRNAs were reverse-transcripted using the miRNA 1st Strand
cDNA Synthesis Kit (by tailing A) (Vazyme, Nanjing, China) in accordance with the manufacturer’s instructions. Finally,
RT-PCR was performed with the Step-one Plus system (Applied Biosystems, Zug, Switzerland) and Taq Pro Universal
SYBR gPCR Master Mix (Vazyme, Nanjing, China) for miRNA level detection.

Collection of Respiratory Virus Genomes

The genome of AV contains 8 segments encoding PB2, PB1, PA, HA, NP, NA, M1, and NS1 genes. Of which the PB2,
PBI, and PA together encode the polymerase protein complex on which viral replication depends.”> Meanwhile, NP
encodes a protein that wraps around viral nts and acts as a protector.” As a result, we chose PB2, PB1, PA, and NP
(encoded by segments 1, 2, 3, and 5) as targets to do the miRNA targeting site prediction.

All viral genomes were obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/genome/). Four AV sub-types
implicated in human epidemics, including HIN1, H5N1, H7N7, and H7N9, were selected. For HIN1 (A/New York/3442/2009),
the complete genome sequences were Accession: CY050779.1, CY050778.1, CY050777.1, and CY050775.1. For HSN1 (A/
duck/Shandong/093/2004), the complete genome sequences were Accession: AY856861.1, AY856862.1, AY856863.1, and
AY856864.1. For H7N7 (A/mallard/Sweden/95/2005), the complete genome sequences were Accession: CY077023.1,
CY077022.1, CY077021.1, and CY077019.1. For HTN9 (A/duck/Japan/AQ-HE29-22/2017), the complete genome sequences
were Accession: LC315928.1, LC315926.1, LC315925.1, and LC315924.1. For human RSV, the complete genome sequences
were Accession: KM578843. For SARS-CoV-1, the complete genome sequences were Accession: AY545919.1. For SARS-
CoV-2, complete genome sequences from three different branches were obtained with Accession: NC 045512.2 (Wuhan),
OK091006.1 (Delta), and OP183454.1 (OMICRON).
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Prediction of miRNA Binding Sites in Respiratory Virus Genomes
RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/)** was used to match potential targets of miRNAs in the
viral sequence. Three vital rules were followed: (1) minimum free energy (MFE) < —25 kcal/mol; (2) helix constrains

between 2-8 nts; (3) maximum allowed internal bulge 0-2 nts. Multiple sequence alignment of viral genome sequences
was performed by DNAMAN software version 6.

Bioinformatics Analysis of Predicted Human Target Genes

RNAhybrid and miRanda (http://www.microRNA.org) were used to match potential targets of miRNAs in human genes with
a threshold of MFE< —25 in both systems. KEGG enrichment analysis was performed by DAVID (https:/david-d.nciferf.gov/).*
Venn and KEGG were calculated and visualized using the OmicStudio tools at https://www.omicstudio.cn/tool. Protein-protein
interaction (PPI) was constructed from the STRING database (http://string-db.org/). All networks were visualized using
Cytoscape (v3.9.1). Target site accessibility of miRNA binding sites was validated by the MFLOD web server (http:/www.
mfold.org{).3 ® According to the previous study,>’ the local secondary structure between 17 nt upstream and 13 nt downstream of
the miRNA binding site was updated to analyze the target site accessibility to miRNAs.

Dual-Luciferase Reporter Assay

All sequences of miRNAs and their target plasmids containing the wild-type (WT) or mutant-type (MU) binding sites
were synthesized by Wuhan GeneCreate Biological Engineering Co. Ltd. Sequencing was applied to verify these
plasmids.

For transfection, HEK 293 T cells were co-transfected with the corresponding plasmids and miRNA mimics/NC with
Lipofectamine 3000 (Invitrogen, Carlsbad, USA). After 48 h of incubation, the activity of firefly luciferase activity was
measured using the Dual-Luciferase Reporter Assay System (Promega, Madison, USA). The luciferase assay was
performed according to the manufacturer’s instructions. The relative luciferase activities were normalized to that of
the WT group.

Statistical Analysis

All experiments were performed in triplicate and the data were presented as the mean + SEM and evaluated by using the
Student’s r-test. All p-values were calculated in GraphPad Prism software 8.1 (GraphPad Software Inc., USA). The p <
0.05 was considered statistically significant.

Result

Isolation and ldentification of HELNs

First, HELNs were isolated by using a standard differential centrifugation procedure (Figure 1). The obtained HELNs
were identified by TEM and NTA. TEM images of both uHELNs and aHELNs showed a round-shaped membrane-bound
structure (Figure 2A and B). However, no HELNs were detected in the sample from dry H. cordata (data not shown).
Subsequently, the NTA results showed that the mean diameters of uHELNs and aHELNs are 169.5 and 166.2 nm,
respectively (Figure 2C and D), and their surface charges are —23.04 + 1.22 and —28.73 + 0.87 mV, respectively
(Figure 2E and F). After quantifying, 6.67x10'° particles of uHELNs and 1.5x10'° particles of aHELNs were obtained
per gram of fresh tissue. Collectively, these results suggested that HELNs are enriched in fresh H. cordata, rather than
dry H. cordata, and have the typical characteristics, which are suitable for subsequent experiments.

Small RNA Sequencing Analysis of HELNs
In total, 326 miRNAs including 323 known and 3 novel miRNAs were annotated through sRNA-seq analysis. Out of
these, 18 miRNAs showed differential expression between uHELNs and aHELNSs, with 12 being upregulated and 6 being
downregulated, as depicted in Supplementary Table 1.

Subsequently, we identified 12 highly enriched miRNAs in HELNs that had read counts of more than 100 in either
uHELNSs or aHELNSs (Figure 3A—C and Table 1). Among these miRNAs, miR398b-3p, miR168a-5p, and miR167d were
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Figure 2 Characterization of uHELNs and aHELNs identified by (A and B) TEM, (C and D) NTA, and (E and F) Zeta potential. The white arrow referred to exosome-like
nanoparticles.Scale bar = 200 nm.

Abbreviations: NTA, Nanoparticle Tracking Analysis; TEM, transmission electron microscope; uHELNSs, exosome-like nanoparticles derived from the underground roots
of Houttuynia cordata aHELNs, exosome-like nanoparticles derived from the above ground stem and leaves of Houttuynia cordata.

found to be significantly upregulated in uHELNs as compared to aHELNs, while miR168a-3p was observed to be
significantly downregulated (Figure 3C).

RT-PCR Validation of the miRNAs in HELNs

To validate the expression of the 12 highly enriched miRNAs identified by sSRNA-seq, we performed RT-PCR. As shown
in Figure 3D, ath-miR858b and ath-miR858a had the highest expression levels (cycle threshold (Ct) values < 25) without
any significant difference between uHELNs and aHELNs. Meanwhile, ath-miR398b-3p and ath-miR159a were signifi-
cantly overexpressed (with lower Ct values) in uHELNs compared to aHELNs, which was consistent with the sequencing
data (Figure 3C). In contrast, ath-miR168b-3p had significantly higher Ct values in uHELNs compared to aHELNs, while
sRNA-seq data showed no significant difference. Furthermore, ath-miR168a-3p and ath-miR167d were undetermined in
uHELNs and aHELNSs, respectively, while both ath-miR398b-3p and ath-miR159a were significantly overexpressed
(with lower Ct values) in uHELNs compared to aHELNSs. In addition, the remaining five 12 highly enriched miRNAs
(ath-miR166a-3p, novel mir2, ath-miR815, ath-miR171c-3p, and ath-miR168a-5p) expressed equally in both uHELNs
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independent experiments. Error bars, SD, *p < 0.05, **p < 0.001, *** p < 0.0001.

and aHELN:Ss, as evidenced by Ct values. Collectively, our findings highlight the substantial abundance of miRNAs in
HELNS.

The miRNAs in HELNs Target IAV

HINI is a major subtype of IAV and the most frequent cause of influenza in humans. To investigate the potential of the
highly enriched miRNAs in HELNs for HIN1 treatment, we used RNAhybrid to predict the miRNA targeted genomic
locations. The results showed that 6 miRNAs mightily target the HIN1 genome with MEF < —25 kcal/mol (Table 2).
Meanwhile, the secondary structures of the miRNA-target-cRNA duplex for these 6 miRNAs, along with their target site
sequences, are shown in Figure 4A—G. Specifically, the PB2 gene in HIN1 segment 1 can be targeted by miR168a-5p,
miR398b-3p, and novel miR2 (Figure 4A, C, and G). Additionally, the overlapped PB1 and PB1-F2 genes in segment 2
can also be targeted by miR168a-5p (Figure 4B). The PA gene in segment 3 was targeted by miR159a (Figure 4D).
Together, the above four miRNAs (miR168a-5p, novel mir2, miR398b-3p, and miR159a) suppress viral polymerase
formation by targeting different segment sites. Besides, the NP gene in segment 5 was targeted by miR858a and miR858b
at the same locations (Figure 4E and F). Overall, our results indicated that miR858a and miR858b may assist in
disrupting HIN1 NP protein synthesis, which can make viral genome exposure.
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Table | Information of the High Abundant miRNAs*

miRNA UHELNs aHELNs Fold Change | p value MiRNA Sequence

Ave_Read Count | Ave_Read

Count

ath-miR858b 89,554.93 82,617.58 1.08 0.87 UUCGUUGUCUGUUCGACCUUG
ath-miR858a 130,978.44 204,995.76 0.64 0.66 UUUCGUUGUCUGUUCGACCUU
ath-miR8175 2308.60 2503.27 0.92 0.87 GAUCCCCGGCAACGGCGCCA
ath-miR398b-3p 2201.62 81.32 27.03 1.0E-4 UGUGUUCUCAGGUCACCCCUG
ath-miR171c-3p 3330.16 1598.54 2.08 0.22 UUGAGCCGUGCCAAUAUCACG
ath-miR 168b-3p 2780.32 4010.73 0.69 0.80 CCCGUCUUGUAUCAACUGAAU
ath-miR168a-5p 9096.84 502.09 18.11 7.0E-4 UCGCUUGGUGCAGGUCGGGAA
ath-miR68a-3p 1579.99 4891.64 0.32 0.020 CCCGCCUUGCAUCAACUGAAU
ath-miR167d 1902.99 167.31 11.37 2.8E-06 UGAAGCUGCCAGCAUGAUCUGG
ath-miR | 66a-3p 15,002.84 26,367.81 0.57 0.6l UCGGACCAGGCUUCAUUCCCC
ath-miR159a 11,275.53 9331.00 1.21 0.73 UUUGGAUUGAAGGGAGCUCUA
novel_mir2 27,905.85 44,749.87 0.62 0.35 CCUCCUGGGAAGUCCUCGUG

Notes: *miRNA with read counts > 1000 in either uHELNs or aHELNs was defined as high abundant miRNA.

Subsequently, the other highly pathogenic IAV subtypes H5N1, H7N7, and H7N9 were chosen for validating the
broad-spectrum effect of the shortlisted miRNAs in HELNs through multiple sequence alignment. Consequently, four
miRNAs (miR159a, miR168a-5p, miR858a, and miR858b) demonstrate full complementarity across all four 1AV
subtypes, suggesting that these miRNAs can equally suppress the viruses (Figure 4H). MiR398b-3p exhibits complete
complementarity with HIN1, HSN1, and H7N7 (Figure 4I). Novel mir2 displays full complementarity for both HIN1
and H7N9 (Figure 4J). However, miR168a-5p only completely complements HIN1 (Figure 4K).

The miRNAs in HELNs Target RSV

A previous study found that H. cordata has anti-RSV efficacy, and RSV has negative-stranded RNA linear similar to the
IAV genome (Figure 1), suggesting a potential therapeutic impact of miRNAs enriched in HELNs against RSV. To
corroborate this observation, we used a binding strategy similar to HIN1. Results showed that the N gene can be targeted
by miR398b-3p, whereas the P gene can be targeted by miR168a-5p with a meaningful MEF less than —25 kcal/mol
(Figure 5 and Table 3).

The miRNAs in HELNs Target SARS-CoV-2

SARS-CoV-2 is a non-segmented, positive-strand RNA virus similar to SARS-COV that attacks the respiratory system
severely (Figure 1). To extrapolate the anti-SARS-CoV-2 effect of HELNS, all 12 highly enriched miRNAs in HELNs
were applied to target SARS-CoV-2 Omicron genome. The results showed that 3 miRNAs can target virus genomic
sequence with miRNA seed-sequence being completely complementary (Figure 6A—C). MiR168b-3p and miR166a-3p
can target the ORF1lab gene in SARS-CoV-2 with an energy of —25.5 and —27 kcal/mol, respectively. MiR159a can target
the E gene with an energy of —25.1 kcal/mol (Table 4). Furthermore, we conducted multiple sequence alignments to
assess the specificity of the selected miRNAs against viral mutations, using two other genomic sequences of SARS-CoV
-2 strains, Delta and Wuhan, and SARS-CoV. It showed that miR168b-3p, miR166a-3p, and miR159a are generally
effective against SARS-Cov-2; however, miR159a may also have some inhibitory effect on SARS-CoV-1, while
miR168b-3p and miR166a-3p are ineffective (Figure 6D-F).

Human Target Prediction and Functional Analysis

In addition to the direct antiviral effects of highly enriched miRNAs in HELNSs, they may activate immune response by
targeting host genes, serving as a mechanism of defense against virus infection. We used RNAhybrid and Miranda for the
human target prediction, which identified 17,360 and 5484 targets respectively, yielding 5451 common targets after

5990 "o International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

a0

81:€£70T duUIDIP3WOUEN| JO [euInof [euopeualu)

:sdyy

1665

Table 2 Information of miRNAs Targeting HIN|

MiRNA Sequence (5’-3’) Target Sequence (5’-3%) Position Target Gene Product Protein Enery (kcal/mol)

ath-miR168a-5p UCGCUUGGUGCAGGUCGGGAA GCCGGAUCAGACCGAGUGAU Seql 251 PB2 Polymerase PB2 =27
ACCACUACCUGAGGAUAAUGAACCAAGUGGG Seq2 213 PBI and PBI-F2 Polymerase PBI -26

novel_mir2 CCUCCUGGGAAGUCCUCGUG ACACAGGGGACAUGCUGGGAGC Seql 704 PB2 Polymerase PB2 —27.2

ath-miR398b-3p UGUGUUCUCAGGUCACCCCUG GAGGGGAUCAGGAAUGAGAAUACU Seql 1921 PB2 Polymerase PB2 —27.2

ath-miR159a UUUGGAUUGAAGGGAGCUCUA UGGGACUCCUUUCGUCAGUCCGAAA seq3 571 PA Polymerase PA -27.9

ath-miR858a UUUCGUUGUCUGUUCGACCUU CGGACGAAAGGGCAACGAAC Seq5 1415 NP Nucleocapsid protein —26.1

ath-miR858b UUCGUUGUCUGUUCGACCUUG CGGACGAAAGGGCAACGAAC Seq5 1415 NP Nucleocapsid protein -25.9
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Figure 4 Prediction results of miRNAs in HELNs target influenza A virus (IAV) genome. (A-G) Structures and binding sites of miRNAs in HELNs (green) target HINI
genome (red) with MEF < —25 kcal/mol. (H-K) Homology comparison of miRNAs in HELNs target to other subtypes of 1AV, including H5NI, H7N7, and H7N9. Seed
sequence of miRNA was marked in red. (H) Seed sequence of miRNA only completely complement HINI. (I) Seed sequence of miRNA completely complement to both
HINI and H7N9. (J) Seed sequence of miRNA completely complement HINI, H5NI, and H7N7. (K) Seed sequence of miRNAs complete complement HINI, H5NI,
H7N7, and H7N9. G: U allowed.
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Figure 5 Prediction results of miRNAs in HLENSs target respiratory syncytial virus (RSV) genome. (A and B) Structures and binding sites of miRNAs in HELNs (green)
target RSV genome (red) with MEF < —25 kcal/mol. G: U allowed.

cross-comparison (Figure 7A). KEGG pathway analysis indicated that these cross targets were mostly involved in
“Pathways in cancer”, “Herpes simplex virus 1 infection”, and “Human papillomavirus infection”. This suggests that
these highly enriched miRNAs in HELNs may regulate gene expression in virus-infected host cells. In addition, these
predicted targets are also involved in crucial pathways, the “PI3K-AKT” and “MAPK” signaling pathways (Figure 7B).

To further explore the hub targets in these significant virus-related enrichment pathways, we performed PPI analyses.
Intriguingly, the PPI networks showed that AKT1 and MAPK3 were the hub genes based on the degree level (Figure 7C and D).

Validation of miRNAs and Their Target Genes
The ability of a miRNA to successfully suppress a target mRNA is largely determined by the accessibility of the target
site to miRNA binding.*” We utilized the MFLOD web server to computationally confirm the associations between
miRNA and their targets. This yielded results which established that 8 out of 11 potential miRNAs (namely, miR166a-3p,
miR168a-3p, miR168b-3p, miR398b-3p, miR858a, miR858b, miR&175, and novel mir2) featured at least one predicted
secondary structure with an MFE < —15 kcal/mol (Supplementary Table 2).

To affirm the impact of MFLOD predicted miRNAs on cross-targeting genes in organisms, we used the dual-
luciferase reporter assay to measure the luciferase activity based on the computational analysis of core sequences. In
partial agreement with MFLOD results, the dual-luciferase assay showed a significant reduction in luciferase activity in 7

Table 3 Information of miRNAs Targeting Respiratory Syncytial Virus

MiRNA Sequence (5’-3’) Target Sequence (5’-3%) Position | Target Product Energy
Gene Protein (kcal/
mol)
ath-miR398b-3p UGUGUUCUCAGGUCACCCCUG | GAGAGGUGGCUCCAGAAUAGAG 1566 N Nucleocapsid —-26.8
protein
ath-miR168a-5p UCGCUUGGUGCAGGUCGGGAA | GUUUCAAAGAAGACCCUACGCCAAGUGA | 2602 P Phosphoprotein | —27.4
International Journal of Nanomedicine 2023:18 https: 5993

Dove:


http://Supplementary%20Table2
https://www.dovepress.com
https://www.dovepress.com

Zhu et al Dove

o Kkg
@ 9 5
K]
©
©
-
x
g
< MFE: -25.5 kcal/mol
® position: 3224
target 5 A U CA C3'
C GUUGGU ACAAGACGG

G CAACUA UGuUucuGCcC
miRNA3' UAA U C5

B Cc

}
MFE: -27.0 kcal/mol MFE: -25.1 kcal/mol c\\ﬂ‘}
position: 8850 position: 26447
target 5' U UuuU UcGuU c 3 target 5'C GAUCU U Cc3
GGG UG GCCUGGUUUG UAGAGUUCCU UC GGUCUAAA
. CCC AC CGGACCAGGC . AUCUCGAGGG AG UUAGGUUU
miRNA3' C uu uu us miRNA 3" A

ath-miR159a

ath-miR166a-3p

D ath-miR168b-3p (3'-5')
UAA U (¢}
G CAACUA UGUUCUGCC

SARS-COV-2 Omicron (5'-3') [CAACAAACUGUUGGUCAACAAGACGGCAGUGAGGACA

SARS-COV-2 Delta (5'-3') |CAACAAACUGUUGGUCAACAAGACGGCAGUGAGGACA

SARS-COV-2 Wuhan (5'-3") cAACAAACUGUUGGUCAACAAGACGGCAGUGAGGACA

SARS-COV-1(5"-3") vvefienieniiniininnennrnnnnnfonnnnnnns
Consensus A

E ath-miR166a-3p (3'-5')
C Uuu uu

CCC AC CGGACCAGGC
SARS-COV-2 Omicron (5'-3 ) GAGAAGUGGGUUUUGUCGUGCCUGGUUUGCICUGGCA
SARS-COV-2 Delta( '-3') GAGAAGUGGGUUUUGUCGUGCCUGGUUUGC|CUGGCA
SARS-COV-2 Wuhan( -3‘) GAGAAGUGGGUUUUGUCGUGCCUGGUUUGCICUGGCA
SARS-COV-1 (5'-3"') GAGAGAUUGGUUUCAUAGUGCCUGGCUUACCGGGUA
Consensus gaga u gguuu Uu gtgccugg uu cc ggua

5
5'

F 8850
ath-miR159a (3'-5')
A AG
AU CUCGAGGG UUAGGUUU
SARS-COV-2 Omicron (5'-3') AUUCUUCUR - - -GAGUUCCUGAUCUUCUGGUCUAAAC|GAACUA
SARS-COV-2 Delta (5'-3') AUUCUUCUA - - -GAGUUCCUGAUCUUCUGGUCUAAAC|GAACUA
SARS-COV-2 Wuhan (5'-3') AUUCUUCUA - - -GAGUUCCUGAUCUUCUGGUCUAAACGAACUA
SARS-COV-1 (5'-3') ACUCUUCUGAAGGAGUUCCUGAUCUUCUGGUCUAAAC|GAACUA
Consensus a ucuucu gaguuccugaucuucuggucuaaacgaacua

/T\
26447

Figure 6 Prediction results of miRNAs in HLENs target SARS-CoV-1/2. (A-C) Structures and binding sites of miRNAs in HELNs (green) target SARS-CoV-2 Omicron
genome (red) with MEF < —25 kcal/mol. (D-F) Homology comparison of miRNAs in HELNSs target to other subtypes of B coronavirus, including SARS-CoV-1, SARS-CoV-2
Wauhan, Delta. Seed sequences of miRNA were marked in red.

out of 8 (excluding miR398-3p) WT genes when co-transfecting with miRNA mimic groups, as compared to the other
three groups (Figure 8A-G). Specifically, as summarized in Figure 8H, these data showed that miR858a and miR858b
may have a suppressive effect on HIN1 by inhibiting the expression of NP (Figure 8A) and that miR166a-3p could
inhibit the expression of ORFlab for resisting SARS-CoV-2 (Figure 8B). Additionally, miR168a-3p, miR168b-3p, and
miR8175 can inhibit MAPK3 expression (Figure 8C, E, and F), and novel-mir2 can suppress both AKT1 and MAPK3
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Table 4 Information of miRNAs Targeting SARS-CoV-2

MiRNA Sequence (5’-3’) Target Sequence (5’-3%) Position | Target Product Energy
Gene Protein (kcal/mol)
ath-miR168b-3p CCCGUCUUGUAUCAACUGAAU | ACUGUUGGUCAACAAGACGGC 3224 ORFlab | Nsp3 -25.5
ath-miR | 66a-3p UCGGACCAGGCUUCAUUCCCC | UGGGUUUUGUCGUGCCUGGUUUGC 8850 ORFlab | Nsp4 -27
ath-miR159a UUUGGAUUGAAGGGAGCUCUA | CUAGAGUUCCUGAUCUUCUGGUCUAAAC | 26447 E Envelope —25.1

expression (Figure 8D and G), suggesting these miRNAs may provide an indirect defense against viral invasion by
targeting host genes.

Discussion

PELNSs have been isolated from a variety of edible plants, primarily succulent fruits and vegetables; however, TCM has
received less attention in this regard.*® This neglect may stem from the fact that TCM is typically subject to high-
temperature processing methods such as distillation or drying, which lead to the degradation of most PELNs and
encapsulated miRNAs. Although miR2911 has been detected in honeysuckle decoction, its concentration is extremely
low, at the femtomolar level, raising doubts about its effectiveness.” Noteworthy, several recent studies showed that
abundant miRNAs can be encapsulated in PELNs to facilitate cross-kingdom targeted transport.*> However, the role of
miRNAs in TCM and its PLENS is still unknown.

H. cordata is a widely used TCM for treating respiratory infections,?'~*>

and both its fresh and dried forms possess
medicinal properties, with the fresh product being more potent.** Notably, H. cordata is consumed directly, following
washing and seasoning, in China, Korea, Japan, India, and other Asian countries, particularly throughout many Chinese
provinces.?'*? In our previous study, we discovered that ELNs derived from fresh plants effectively retain miRNAs and
enable cross-kingdom entry of miRNAs into mammalian cells.*® Interestingly, in this study, we found an abundance of
HELNS in fresh H. cordata, while dry H. cordata exhibited none. To this end, we isolated uHELNs and aHELNS in the
current study and verified the presence of miRNAs using sSRNA-seq and RT-PCR, identifying a wealth of miRNAs in the
HELNSs. Through target predicting, we further determined that these miRNAs not only can bind viral genomes but also
interact with human transcripts (Figure 1).

miRNAs in HELNs Cross-Kingdom Target the Viral Genome Directly

So far, studies on the cross-kingdom regulation of exogenous miRNAs from plants remain limited. In this study, we
identified 7 known and 1 novel highly enriched miRNAs in HELNS, including miR159a, miR166a-3p, miR168b-3p,
miR168a-5p, miR398b-3p, miR858a, miR858b, and novel mir2. Although miR398b-3p and miR168a-5p appear to have
the potential to target RSV genes (Figure 5), the MFLOD results contradict this expectation (Supplementary Table 2).

Upon prediction and verification, 3 of these miRNAs (miR858a, miR858b, and miR166a-3p) were found to significantly
suppress gene expression in respiratory viruses (Figure 8H). Notably, miR858a and miR166a-3p have been reported for
the first time as demonstrating cross-kingdom regulatory abilities. For miR858Db, a previous study identified the anti-HIV
properties of miR858b from Moringa oleifera seeds, which were experimentally validated by targeting human VAV,
leading to the enhancement of T cell antigen receptor (TCR) signaling.*® Furthermore, both sRNA-seq and RT-PCR
showed high expression levels of miR858a, miR858b, and miR166a-3p in both uHELNs and aHELNs (Figure 3). These
findings suggest that HELNs could potentially target NP and ORFlab genes, thus serving potential therapeutic purposes
against HIN1 and SARS-CoV-2 (Figure 8H).

miRNAs in HELNs Cross-Kingdom Target and Regulate Human Genes to Defend
Against Respiratory Viruses
Interestingly, plant miRNAs have demonstrated the ability to cross-kingdom regulate human genes to protect against

diseases.*' In this context, we found that novel mir2 can inhibit the expression of AKTI, while miR168a-3p, miR168b-
3p, miR8175, and novel mir2 can inhibit the expression of MAPK3 (Figure 8H).
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Figure 7 Bioinformatics analysis of the predicted human target genes of miRNAs in HELNs. (A) Venn diagram of common miRNA Target genes (TGs) predicted by
RNAhybrid and Miranda. (B) Bubble of KEGG analysis of miRNA TGs. (C and D) Protein protein interaction (PPl) network of TGs involved in PI3K-AKT and MAPK
signaling pathway. Genes marked in red were hub genes.

The AKT1-mediated PI3K-AKT pathway is a promising target against anti-viruses, including IAV, RSV, SARS-CoV,
and SARS-CoV-2. During virus infection and inflammatory response, its activation is a key cellular event.** Previous
studies have shown that AKT/mTOR pathway activity is crucial for IAV entry*® and results in the suppression of
premature apoptosis during the later stages of infection.*> A recent study using Network Pharmacology and lipidomics
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Figure 8 Validation of computationally predicted miRNAs and their target genes by using dual-luciferase assays. (A) 293T cells were co-transfected with the miR858a or
miR858b mimic or negative control (NC) luciferase reporter vectors containing the wild-type (WT) or mutant (MU) NP sequence. (B) 293T cells were co-transfected with
the miR166a-3p mimic or NC luciferase reporter vectors containing the WT or MU ORF/ab sequence. (C and D) 293T cells were co-transfected with the miR398b-3p and
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miR8175, and novel_mir2 mimic or NC luciferase reporter vectors containing the WT or MU MAPK3 sequence. Assays were repeated five times to ensure accuracy. The
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claimed that AKT is an ideal drug target for treating RSV-induced lung inflammation.** Other studies performed in vitro
demonstrated that inhibiting PI3K/AKT pathway activation is also applicable to SARS-CoV-2 treatment with an Akt
inhibitor.*>*¢

The mitogen-activated protein kinase (MAPK) p38 is another vital component of the signaling pathways that regulate
pro-inflammatory cytokine expression and is associated with virus-supportive functions.*’”*® Recent studies have shown
that the inhibitory activity of p38 MAPK could suppress RSV and IVA entry and replication during the early stage of
infection, as further confirmed using the p38 MAPK inhibitor SB203580.%°° Another in vitro study using primary
human lung explants and lung epithelial organoids showed that p38 inhibitors, PH-797804 and VX-702, could
significantly reduce the expression of pro-inflammatory cytokines during SARS-CoV-2 infection.”’ Collectively, AKT1
and MAPK3 could serve as ideal targets with broad-spectrum antiviral effects. The miRNAs identified in HELNs may
synergize these two key pathways to achieve antiviral effects.

Limitations of This Study

Despite our promising results, this study has several limitations. Firstly, more in vitro and in vivo experiments are
required to validate the miRNAs in HELNs and their targets. The cross-kingdom regulation of plant miRNAs is complex,
with the authenticity and regulatory mechanisms remaining unclear, particularly regarding their mode of action on
regions beyond the 3’UTR of the viral genome. Moreover, expanding the sequencing library of TCM is crucial for
adequately annotating miRNAs and conducting further bioinformatics studies from various plant sources. Finally,
additional research on other TCM-derived ELNs is required for assessing therapeutic efficacy in experimental animals
and/or clinical settings.

Conclusion

Our study implies that the difference in antiviral ability between fresh and dried TCM may be mediated by the presence of
PELNSs and encapsulated miRNAs. We investigated the potential antiviral mechanism of fresh H. cordata by identifying and
verifying miRNAs in HELNs and predicting their capacity to target the respiratory viral genomes and human genes. This is the
first time to reveal the synergistic antiviral mechanism of miRNAs in HELNs across two species.
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