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Honeysuckle-encoded atypical microRNA2911 directly 
targets influenza A viruses
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Influenza A viruses (IAVs), particularly H1N1, H5N1 and H7N9, pose a substantial threat to public health world-
wide. Here, we report that MIR2911, a honeysuckle (HS)-encoded atypical microRNA, directly targets IAVs with a 
broad spectrum. MIR2911 is highly stable in HS decoction, and continuous drinking or gavage feeding of HS decoc-
tion leads to a significant elevation of the MIR2911 level in mouse peripheral blood and lung. Bioinformatics pre-
diction and a luciferase reporter assay showed that MIR2911 could target various IAVs, including H1N1, H5N1 and 
H7N9. Synthetic MIR2911 significantly inhibited H1N1-encoded PB2 and NS1 protein expression, but did not affect 
mutants in which the MIR2911-binding nucleotide sequences were altered. Synthetic MIR2911, extracted RNA from 
HS decoction and HS decoction all significantly inhibited H1N1 viral replication and rescued viral infection-in-
duced mouse weight loss, but did not affect infection with a mutant virus in which the MIR2911-binding nucleotide 
sequences of PB2 and NS1 were altered. Importantly, the inhibitory effect of HS decoction on viral replication was 
abolished by an anti-MIR2911 antagomir, indicating that the physiological concentration of MIR2911 in HS decoc-
tion could directly and sufficiently suppress H1N1 viral replication. MIR2911 also inhibited H5N1 and H7N9 viral 
replication in vitro and in vivo. Strikingly, administration of MIR2911 or HS decoction dramatically reduced mouse 
mortality caused by H5N1 infection. Our results demonstrate that MIR2911 is the first active component identified in 
Traditional Chinese Medicine to directly target various IAVs and may represent a novel type of natural product that 
effectively suppresses viral infection.
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Introduction

Influenza A viruses (IAVs) pose a substantial threat to 
public health worldwide. In the last century, there were 

three large influenza pandemics that caused high levels of 
mortality, including the most serious pandemic in record-
ed history, the 1918 Spanish flu, which was responsible 
for more than 50 million human deaths [1, 2]. The high-
ly pathogenic H5N1 subtype and the recently reported 
H7N9 subtype have shown potential to cause new human 
influenza pandemics [3-5]. The high mutability of patho-
genic IAVs enables them to become resistant to various 
preventive treatments, including vaccines and antibodies 
[6]. Honeysuckle (HS, Lonicera japonica), a well-known 
Chinese herb, has been used to effectively treat influenza 
infection for thousands of years. Several reports have 
shown that HS decoction can suppress the replication of 
influenza virus [7, 8]. However, the active compounds 
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in HS decoction and the mechanism by which they block 
viral replication have remained unclear. 

On the other hand, our previous study has shown that 
MIR168a derived from food plants can pass through the 
gastrointestinal (GI) tract and enter into the circulation 
and various organs of mice. In mouse liver, plant MI-
R168a targets low-density lipoprotein (LDL) receptor 
adapter protein 1 (LDLRAP1), which results in elevation 
of LDL-cholesterol level in the plasma [9]. This study 
opened an avenue for exploring the physiological func-
tion of exogenous plant microRNAs (miRNAs) in human 
and animals. However, the implications of exogenous 
plant miRNA-mediated cross-kingdom regulation and 
the mechanisms responsible for plant miRNA absorption 
and transfer remain largely unknown, highlighting the 
need for further investigations. Given that the patients 
with influenza infection were traditionally administered 
with HS decoction, we hypothesize that plant miRNA 
in HS decoction is capable of entering the human body 
through GI tract to exert a therapeutic effect. In the pres-
ent study, we showed that a plant miRNA enriched in 
HS decoction, named MIR2911, directly targets various 
influenza A subtypes both in vitro and in vivo. 

Results

Plant MIR2911 is absorbed and delivered into the lungs 
in mice after administration of HS decoction or synthetic 
MIR2911 

All the short RNA fragments (< 30 nt) extracted 
from HS were analyzed using Illumina deep-sequenc-
ing technology. The results showed that HS contains 
a panel of unique miRNA fragments (GEO accession 
number: GSE55268). In total, 562 230 reads of 148 
miRNAs were obtained from 9 676 848 total reads; 26 
miRNAs had more than 100 reads (Figure 1A and Sup-
plementary information, Table S1). Among these plant 
miRNAs, MIR166g had the highest copy number (222 
051). An HS decoction was prepared by boiling HS in 
double-distilled water for 30 min (final concentration: 
~0.2 g HS/ml water) and was further analyzed for short 
RNA fragments. Strikingly, Illumina sequencing anal-
ysis revealed that most miRNAs detected in HS except 
for MIR2911 were degraded during the boiling process 
(Supplementary information, Figure S1), and MIR2911 
represented more than 70% of the reads of miRNAs in 
the final HS decoction (Figure 1B). The copy numbers 
of MIR166g and MIR2914, two miRNAs with high ex-
pression in HS, were reduced from 222 051 to 315 and 
25 422 to 706 in the final HS decoction, respectively, 
while the copy number of MIR2911 remained high (11 
322). To verify the Illumina sequencing results, TaqMan 

probe-based RT-qPCR assays and northern blot analyses 
were performed. The RT-qPCR results showed that the 
concentration of MIR2911 in HS was 0.34 pmol/g, while 
the concentration of MIR2911 in HS decoction (0.2 g 
HS/ml) was 0.06 pmol/ml (Figure 1C). By referencing 
the synthetic MIR2911 concentrations (Figure 1D, left 
panel), the northern blotting results confirmed that the 
concentrations of MIR2911 in HS and HS decoction (0.2 
g HS/ml) were ~0.40 pmol/g and 0.08 pmol/ml, respec-
tively (Figure 1D, right panel). Compared with other 
plant miRNAs or small RNA fragments, MIR2911 may 
be more resistant to boiling during the preparation of HS 
decoction. In support of the high stability of MIR2911, 
MIR2911 was found to be largely intact following RNase 
treatment (Supplementary information, Figure S2). To 
test whether the stability of MIR2911 depends on its 
unique sequence, 5′-GGCCGGGGGACGGACUGG-
GA-3′, two mutants were created by mutating the 5′-
GG to 5′-AA or the 3′-GGA to 3′-AAA. The mutants 
were not resistant to RNase treatments (Supplementary 
information, Figure S2), suggesting that the stability of 
MIR2911 is based on its specific sequence and high GC 
content. 

The absorption was assessed in mice administered 
500 µl of HS decoction (MIR2911 concentration: ~0.12 
pmol/ml) by single gavage feeding. The basal concentra-
tion of MIR2911 in mouse plasma was 242.0 ± 23.8 fM; 
the plasma concentration of MIR2911 increased to 517.1 
± 133.6 fM at 3 h, reached a peak of 1189.2 ± 323.1 fM 
at 6 h and decreased to 923.0 ± 189.3 fM at 12 h after HS 
decoction administration (Figure 1E). Figure 1F showed 
that the level of MIR2911 in mouse lungs continously 
increased, reached a peak level at 6 h and decreased to 
the basal level at 12 h after administration. Most of the 
MIR2911 in mouse peripheral blood was detected in the 
fraction containing cell-derived microvesicles (MVs) 
(Supplementary information, Figure S3A), implying that 
the MIR2911 in HS decoction might initially be taken 
up from the GI tract, repackaged into MVs by intestinal 
epithelial cells and finally secreted into the circulation. 
Immunoprecipitation data revealed that the majority of 
MIR2911 in the MVs derived from mouse peripheral 
blood was associated with the Argonaute 2 (AGO2) com-
plex (Supplementary information, Figure S3B).

Concentrations of MIR2911 in the plasma and lung 
were further assessed when mice continually drank HS 
decoction for 3 days (0.06 pmol/ml, ~4 ml/day). Mice 
that drank sterile water served as controls. The plasma 
levels of MIR2911 in mice after drinking HS decoction 
increased by  3-fold (from 250.5 ± 38.8 fM to 831.8 ± 
47.8 fM), whereas no change in the MIR2911 level was 
observed in control mice (from 215.8 ± 38.2 fM to 253.3 
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± 26.3 fM) (Figure 1G). The level of MIR2911 in mouse 
lungs after drinking HS decoction increased by > 8-fold, 
whereas no change in the MIR2911 level was observed 
in control mouse lungs (Figure 1H). As shown in Sup-
plementary information, Figure S4, an ~10-fold increase 
in MIR2911 level was also detected in the liver, while the 
levels of MIR2911 in the mouse intestines and kidneys 
remained unchanged. The concentration of MIR2911 

in mouse lungs was nearly equal to that of endogenous 
miR-25 (Supplementary information, Figure S5). The 
uptake of MIR2911 through the mouse GI tract was fur-
ther tested by administering synthetic MIR2911 to mice 
(1 nmol/ml, 100 µl given once per mouse). Mice that 
were gavage-fed with sterile water served as controls. 
As shown in Figure 1I, the plasma levels of MIR2911 
continually increased from 239.3 ± 19.2 fM to 1655.7 

Figure 1 MIR2911 is highly enriched in HS decoction and is delivered into mouse lungs. (A, B) The levels (sequencing reads) 
of plant miRNAs in HS (A) and HS decoction (B) detected by Illumina sequencing. (C) The concentrations of MIR2911 in HS 
and HS decoction determined by RT-qPCR. (D) Northern blotting analysis showing MIR2911 expression in 10 g of HS or 10 
ml of HS decoction (final concentration: ~0.2 g HS/ml). (E) MIR2911 kinetics in mouse plasma after administration of 500 µl 
of HS decoction (MIR2911 concentration: 0.12 nM) by gavage (0 h, n = 30; other time point, n = 6). (F) MIR2911 kinetics in 
mouse lung tissue after administration of 500 µl of HS decoction (MIR2911 concentration: 0.12 nM) by gavage (n = 5). (G, H) 
The MIR2911 level in mouse plasma (G) and lung tissue (H) 3 days after drinking HS decoction (MIR2911 concentration: 0.06 
nM) (n = 5). (I, J) The MIR2911 kinetics in mouse plasma (I) and lung tissue (J) after administration of 100 pmol synthetic 
MIR2911 in 100 µl PBS by gavage (n = 5). (K) Fluorescently labeled MIR2911 in mouse lung tissue 3 h after administration 
of 2 nmol synthetic, fluorescently labeled MIR2911 by gavage (representative images are shown). Note that labeled MIR2911 
(green dots) rapidly accumulated in mouse lungs. *P < 0.05; ***P < 0.001. All values are the mean ± SEM. P values were de-
termined using Student’s t-test.
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± 246.8 fM within 3 h and then gradually decreased. At 
12 h, the plasma levels of MIR2911 decreased to 824.2 
± 141.7 fM. The level of MIR2911 in mouse lungs also 
continually increased, reached a peak level at 6 h and 
then gradually decreased (Figure 1J). In addition, the 
delivery of MIR2911 into mouse lungs was illustrated by 
the administration of a fluorescently labeled, synthetic 
MIR2911 by gavage. Bright fluorescent dots were ob-
served in lung sections from mice treated with fluores-
cent MIR2911 (Figure 1K).

Plant MIR2911 directly binds to some types of IAVs and 
inhibits H1N1 virus-encoded PB2 and NS1 protein ex-
pression as well as H1N1 viral replication in vitro

To determine whether MIR2911 is an active anti-vi-
ral component in HS decoction, bioinformatics analy-
sis using RNAhybrid [10] was performed to identify 
the sequences in influenza virus mRNA that bound to 
MIR2911. As shown in Figure 2A, MIR2911 has po-
tential target genes in various IAVs. To verify wheth-
er MIR2911 can bind to the predicted target genes in 
H1N1, H3N2, H5N1 and H7N9 viruses, ~80 bp nucleic 
acid fragments covering the predicted MIR2911-binding 
sites on various viral genes were inserted into a plasmid 
containing a luciferase reporter. Compared to ncRNA, 
MIR2911 reduced luciferase activity by 57.4% ± 1.4%, 
53.1% ± 4.3%, 52.1% ± 2.5%, 66.4% ± 2.4% and 71.2% 
± 3.2% through binding to target sequences in H1-PB2, 
H1-NS1, H3-HA, H5-NP and H7-HA, respectively (Fig-
ure 2B). In contrast, the MIR2911-dependent inhibition 
of the luciferase activity of all luciferase reporters was 
abolished after mutation of the MIR2911-binding sites 
on the individual viral genes. Next, the direct targeting 
of the PB2 and NS1 genes of A/Sichuan/1/2009 (H1N1) 
[11] by MIR2911 was selectively tested. Two plasmids 
that expressed the PB2 or NS1 gene were constructed. 
The MIR2911-binding sequence in the PB2 or NS1 gene 
was mutated without altering the amino acid sequence. 
MIR2911 strongly downregulated the protein levels of 
the wild-type PB2 and NS1, while the expression levels 
of the PB2 and NS1 mutants remained unchanged (Figure 
2C and 2D).

Given that PB2 and NS1 genes are essential for in-
fluenza viral replication [12, 13], the inhibitory effects 
of MIR2911 on the replication of an H1N1 virus in Ma-
din-Darby Canine Kidney (MDCK) cells were examined. 
A/Sichuan/1/2009 (H1N1), previously isolated from a 
patient in China [11], was used in the following exper-
iments. As shown in Figure 2E, the viral titer of H1N1 
was significantly decreased when virus-infected MDCK 
cells were transfected with synthetic MIR2911. The log 
value of TCID50/ml was reduced from 3.14 ± 0.10 to 2.21 

± 0.22 at 12 h and from 5.43 ± 0.10 to 3.80 ± 0.25 at 24 
h after transfection. In contrast, the viral titer of H1N1 
was not affected by transfection with ncRNA (Figure 
2E). A similar inhibitory effect on H1N1 replication was 
achieved by transfecting total RNA extracted from HS 
decoction into virus-infected cells (Figure 2F). The log 
value of TCID50/ml was reduced from 3.08 ± 0.14 to 2.30 
± 0.25 at 12 h and from 5.60 ± 0.03 to 4.27 ± 0.19 at 24 
h after transfection. The inhibitory effect of the HS de-
coction total RNA was abolished by co-transfection with 
the anti-MIR2911 antagomir, suggesting that MIR2911 is 
the active anti-viral component in HS decoction (Figure 
2F). To further test the specificity of MIR2911-mediated 
inhibition of viral replication, the effect of MIR2911 or 
HS decoction on H1N1 replication, after mutating the 
MIR2911-binding sites in the PB2 and NS1 genes with-
out changing the amino acid sequences, was assessed 
(Supplementary information, Figure S6). Replication of 
the mutant H1N1 virus was not inhibited by synthetic 
MIR2911 or total RNA extracted from HS decoction 
(Figure 2G and 2H).

Plant MIR2911 rescues virus inoculation-induced weight 
loss and inhibits viral replication in H1N1-inoculated 
mice

The anti-viral effect of HS decoction and MIR2911 
was further tested in H1N1-infected mice. In this exper-
iment, 6-week-old female BALB/c mice were adminis-
tered synthetic MIR2911 (0.1 nmol per day) by gavage 
or allowed to drink HS decoction one day before being 
inoculated with 106 EID50 H1N1 virus. Following the 
virus inoculation, the mice were continually treated with 
MIR2911 or HS decoction for 7 days. As shown in Fig-
ure 3A, the mice infected with H1N1 alone or co-treated 
with H1N1 and ncRNA rapidly lost ~20% of their weight 
on day 7. In contrast, both administration of synthetic 
MIR2911 and continuous drinking of HS decoction ef-
fectively prevented weight loss (< 10%). The protection 
of weight loss caused by drinking HS decoction was 
completely abolished by using the anti-MIR2911 antago-
mir (Figure 3B). As shown in Figure 3C, the viral titers 
in the lung tissues from H1N1-infected mice on days 3 
and 5 post infection were high (log EID50 of 6.0 ± 0.16 
on day 3 and log EID50 of 5.25 ± 0.25 on day 5), while 
administration of MIR2911 or drinking of HS decoction 
significantly reduced the viral titers (log EID50 of 4.42 ± 
0.22 or 4.50 ± 0.09, respectively, on day 3 and log EID50 
of 4.25 ± 0.14 or 4.08 ± 0.15, respectively, on day 5). Ad-
ministration of ncRNA did not affect the viral titer (Figure 
3C). Moreover, the inhibitory effect of HS decoction on 
virus duplication was completely reversed by the an-
ti-MIR2911 antagomir (Figure 3C). To further assess the 
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Figure 2 MIR2911 targets various influenza viruses. (A) Prediction of the viral genome sequence targeted by MIR2911. (B) 
Validation of the predicted MIR2911 target sequence using a luciferase reporter assay (n = 3). (C) Western blot analysis of 
the PB2 and NS1 levels after transfecting HEK293T cells with the plasmids expressing PB2 or NS1, MIR2911 or ncRNA. (D) 
Western blot analysis of the mutant PB2 and NS1 levels after transfecting HEK293T cells with the plasmids expressing mu-
tant PB2 or NS1, MIR2911 or ncRNA. (E, F) Anti-H1N1 effects of synthetic MIR2911 (E) and HS total RNA (F) in MDCK cells 
(MOI = 0.1, n = 6). (G, H) Effects of synthetic MIR2911 (G) and HS total RNA (H) on mutant H1N1 virus in MDCK cells (MOI 
= 0.1, n = 6). *P < 0.05; ***P < 0.001. All values are the mean ± SEM. P values were determined using Student’s t-test.
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specificity of MIR2911 inhibition in vivo, mutant H1N1 
virus (106 EID50), in which the MIR2911-binding sites in 
the PB2 and NS1 gene were mutated without changing 
the amino acid sequences (Supplementary information, 
Figure S6), was used to infect mice. As shown in Figure 
3D and 3E, mutant H1N1 also caused weight loss and 
had a high viral titer similar to that of wild-type H1N1. 
In contrast, neither synthetic MIR2911 nor HS decoction 
had effects on the weight loss and virus titer in mice in-
fected with mutant H1N1 (Figure 3D-3F).

Plant MIR2911 inhibits H5N1 and H7N9 viral repli-
cation in vitro and in vivo and rescues H5N1 inocula-
tion-induced mortality

The potential effect of MIR2911 on other influenza vi-
ruses was further tested. A/Anhui/2/05 (H5N1), a highly 
pathogenic virus isolated from human in China [14], was 
used as the viral model. As shown in Figure 4A and 4B, 
the H5N1 virus rapidly infected MDCK cells. However, 
when the virus was transfected with synthetic MIR2911 

(Figure 4A) or total RNA extracted from HS decoction 
(Figure 4B), the replication of the virus in MDCK cells 
was significantly inhibited (the log value of TCID50/ml 
for synthetic MIR2911 was reduced from 4.11 ± 0.20 to 
2.74 ± 0.34 at 12 h and from 7.41 ± 0.08 to 5.92 ± 0.19 
at 24 h after transfection; the log value of TCID50/ml for 
total RNA extracted from HS decoction was reduced 
from 4.27 ± 0.20 to 2.58 ± 0.24 at 12 h and from 7.49 ± 
0.06 to 5.97 ± 0.17 at 24 h after transfection). In addi-
tion, the inhibitory effect of the HS decoction total RNA 
was abolished by co-transfection with the anti-MIR2911 
antagomir (Figure 4B). The effect of plant MIR2911 
on H5N1 inoculation-induced mortality was assessed. 
As shown in Figure 4C, 3 mice each were dead on days 
9 and 10 post infection, and overall, only 2 mice (2/8) 
survived out of a group of H5N1-infected mice. Control 
ncRNA had no effect on H5N1-induced mouse death 
(2, 3, 1 and 1 mice were dead on days 9, 10, 11 and 12, 
respectively, and no mice were alive at the end of the 
experiment) (Figure 4C). Surprisingly, administration of 

Figure 3 MIR2911 suppressed the replication of H1N1 influenza virus but not mutant virus in mice. The mice were treated 
with different reagents before being inoculated with H1N1 influenza viruses (A-C) or mutant H1N1 influenza virus (D-F). The 
body weight was recorded every day. On days 3, 5 and 7 post infection, the mice were sacrificed, and lung tissue was ob-
tained to measure viral replication. (A, B) Body weight changes in mice subjected to synthetic MIR2911 (A) and HS decoction 
(B) treatment after inoculation with 106 EID50 of H1N1 influenza virus (n = 8). (C) Viral titers (EID50) in the lungs of mice sub-
jected to synthetic MIR2911 and HS decoction treatment at different times after inoculation with 106 EID50 of H1N1 influenza 
virus (n = 6). (D, E) Body weight changes in mice subjected to synthetic MIR2911 (D) and HS decoction (E) treatment after 
inoculation with 106 EID50 of mutant H1N1 influenza virus (n = 8). (F) Viral titers (EID50) in the lungs of mice subjected to syn-
thetic MIR2911 and HS decoction treatment at different times after inoculation with 106 EID50 of mutant H1N1 influenza virus (n 
= 6). *P < 0.05; **P < 0.01. All values are the mean ± SEM. P values were determined using Student’s t-test by comparing to 
the virus alone group.
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Figure 4 MIR2911 suppressed the replication of the H5N1 and H7N9 influenza viruses in mice. (A, B) The anti-H5N1 effects 
of synthetic MIR2911 (A) and HS total RNA (B) in MDCK cells (MOI = 0.1, n = 6). (C) Survival rates of mice subjected to syn-
thetic MIR2911 and HS decoction treatment after intranasal inoculation with 103 EID50 of H5N1 influenza virus (n = 7-8). (D, 
E) Body weight changes in mice subjected to synthetic MIR2911 (D) and HS decoction (E) treatment after inoculation with 
103 EID50 of H5N1 influenza virus (n = 7-8). (F) Viral titers (EID50) in the lungs of mice subjected to synthetic MIR2911 and HS 
decoction treatment at different times after inoculation with 103 EID50 of H5N1 influenza virus (n = 6). (G, H) The anti-H7N9 
effects of synthetic MIR2911 (G) and HS total RNA (H) in MDCK cells (MOI = 0.1, n = 6). (I, J) Body weight changes in mice 
subjected to synthetic MIR2911 (I) and HS decoction (J) treatment after inoculation with 106 EID50 of H7N9 influenza virus (n 
= 8). (K) Viral titers (EID50) in the lungs of mice subjected to synthetic MIR2911 and HS decoction treatment at different times 
after inoculation with 106 EID50 of H7N9 influenza virus (n = 6). *P < 0.05. All values are the mean ± SEM. P values were de-
termined using Student’s t-test by comparing to the virus alone group.
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synthetic MIR2911 and drinking of HS decoction signifi-
cantly reduced H5N1-induced mortality (1 and 2 mice 
administered synthetic MIR2911 were dead on days 9 
and 10, respectively, and 5 mice (5/8) survived to the end 
of the experiment; 2 mice that drank HS decoction were 
dead on day 9 post infection, and 6 mice (6/8) survived 
to the end of the experiment) (Figure 4C). Importantly, 
the anti-MIR2911 antagomir completely abolished the 
effect of HS decoction on mortality (3, 2 and 1 mice 
were dead on days 9, 10 and 11, respectively, and only 
1 mouse (1/7) survived to the end of the experiment) 
(Figure 4C). In addition, the body weight of mice infect-
ed with H5N1 alone or infected with H5N1 and treated 
with ncRNA was rapidly decreased, with a near 20% 
reduction on day 7 post infection (Figure 4D). Synthetic 
MIR2911 significantly rescued H5N1-induced weight 
loss (< 10% on day 9 post infection) (Figure 4D). More-
over, no significant weight loss was detected in mice that 
drank HS decoction (Figure 4E). Consistent with the 
results of the mortality analysis, the anti-MIR2911 antag-
omir completely abolished the effect of the HS decoction 
(Figure 4E). The viral titer of H5N1 in the lung tissues 
of H5N1-infected mice on days 5 and 7 post infection 
was significantly reduced by the administration of syn-
thetic MIR2911 compared with similar administration 
of ncRNA (log EID50 reduced from 4.42 ± 0.08 to 3.04 ± 
0.49 on day 5 and from 5.34 ± 0.32 to 3.94 ± 0.45 on day 
7) (Figure 4F). Drinking HS decoction also efficiently 
suppressed replication of the H5N1 virus in mouse lung 
tissues on days 5 and 7 post infection (log EID50 reduced 
from 4.42 ± 0.08 to 3.15 ± 0.48 on day 5 and from 5.34 
± 0.32 to 3.75 ± 0.63 on day 7), whereas the inhibitory 
effect of HS decoction on H5N1 virus replication was 
completely abolished by depleting MIR2911 with an-
ti-MIR2911 antagomir (Figure 4F).

The inhibitory effects of synthetic MIR2911 and HS 
decoction on the recently reported H7N9 influenza virus 
were also tested. A/Anhui/1/2013 (H7N9), previously 
isolated from a patient in China [5], was used in the 
following experiments. As shown in Figure 4G and 
4H, replication of the H7N9 virus in infected MDCK 
cells was strongly suppressed by synthetic MIR2911 
or total RNA extracted from HS decoction (the log val-
ue of TCID50/ml for synthetic MIR2911 was reduced 
from 3.86 ± 0.16 to 2.80 ± 0.25 at 12 h and from 6.02 
± 0.17 to 5.13 ± 0.16 at 24 h after transfection; the log 
value of TCID50/ml for total RNA extracted from HS 
decoction was reduced from 4.17 ± 0.08 to 2.99 ± 0.38 
at 12 h and from 6.24 ± 0.04 to 5.49 ± 0.15 at 24 h after 
transfection). The inhibitory effect of the HS decoction 
total RNA was again abolished by co-transfection with 
the anti-MIR2911 antagomir (Figure 4H). The effects 

of synthetic MIR2911 or HS decoction on weight loss in 
the H7N9-infected mice were also assessed. As shown 
in Figure 4I, mice treated with virus alone or H7N9 plus 
ncRNA showed nearly 30% or 20% weight loss, respec-
tively, on day 8 post infection. Synthetic MIR2911 par-
tially prevented H7N9-induced weight loss (< 20%, Fig-
ure 4I). Similar to administration of synthetic MIR2911, 
drinking of HS decoction partially prevented H7N9 
infection-induced weight loss (compared to Figure 4I, 
mice treated with virus alone or H7N9 plus ncRNA), 
while antagomir significantly blocked the effect of HS 
decoction on body weight (Figure 4J). The replication of 
the H7N9 virus in mouse lungs was also suppressed by 
synthetic MIR2911 or HS decoction on day 3 after H7N9 
infection (Figure 4K). 

Discussion 

In Traditional Chinese Medicine, herbs are generally 
boiled for several hours to prepare the decoction. It is 
commonly believed that RNA will be destroyed during 
this process. Indeed, our data showed that most miRNAs 
(e.g., MIR166g and MIR2914) enriched in HS were de-
graded during the boiling process. However, a special 
miRNA, MIR2911, was found to be largely intact in the 
final HS decoction. MIR2911, previously reported as a 
plant miRNA in Populus euphratica, Nicotiana tabacum 
and Helianthus annuus [15-17], is an atypical miRNA 
because it is derived from ribosomal RNA (rRNA) and 
does not follow classical miRNA biogenesis [18-20]. 
Although the mechanism underlying the high stability of 
MIR2911 during the boiling process remains unknown, 
our data indicate that a unique sequence and high GC 
content may contribute to its stability. The resistance of 
MIR2911 to boiling process or even RNase treatment 
was abolished after the sequence was changed and GC 
content was decreased. The results reveal that miRNA 
may be an important, potentially effective but previously 
unrecognized component in Chinese herbs. 

To exert an anti-viral effect against influenza in human 
body, MIR2911 in HS decoction must enter the circula-
tion and accumulate in various organs particularly human 
lungs. Employing the mouse model, we demonstrated the 
delivery and accumulation of MIR2911 in various mouse 
organs: (1) Gavage feeding of HS decoction or synthetic 
MIR2911 led to a significant elevation of the MIR2911 
level in mouse peripheral blood and lung tissues; (2) 
Continuous drinking of HS decoction led to a signifi-
cant elevation of the MIR2911 level in mouse peripheral 
blood and lung; and (3) Gavage feeding of a fluorescent-
ly labeled, synthetic MIR2911 resulted in the detection 
of bright fluorescent dots in mouse lung sections. These 
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results suggest that MIR2911 can pass through mouse 
GI tract and be transferred to the bloodstream and lungs, 
although the underneath mechanism remains unknown. 
Our previous study has suggested that intestinal epithe-
lial cells can take up plant miRNAs in food, pack them 
into MVs in a form in association with AGO2 complex 
and then release them into the circulation; the AGO2-as-
sociated plant miRNAs encapsulated in MVs are then 
delivered into different tissues/cells in which the miR-
NAs modulate the expression of their target genes [9]. 
The majority of MIR2911 in mouse peripheral blood 
was detected in MV fraction, and MIR2911 in the MVs 
was largely associated with the AGO2 complex, sup-
porting that MIR2911 executes its function through the 
same MV-mediated pathway. Our results indicate that 
the MIR2911 in HS decoction might be initially taken up 
through the GI tract, then repackaged into MVs by intes-
tinal epithelial cells and finally delivered to lung through 
the circulatory system.

One of the question marks about the potential biologi-
cal function of a plant miRNA in mammalian cells is the 
level of that exogenous miRNA. Because target encoun-
ter occurs by mass action and lowly expressed miRNAs 
have a less probability to meet target-containing tran-
scripts [21], an miRNA expressed under a threshold con-
centration (< 100 copies per cell) is generally considered 
as noneffective. To ensure that the level of MIR2911 in 
mouse lungs is high enough to play a biological role, 
we calculated the amount of MIR2911 in mouse lung 
after gavage feeding with HS decoction. Given that each 
mouse lung contains 110-120 million cells [22], the 
average copy number of MIR2911 in each mouse lung 
cell reaches 300-400, which is well above the minimal 
level required for miRNAs to execute their function. 
Consistent with this, we showed that the concentration 
of MIR2911 in mouse lungs was nearly equal to that of 
endogenous miR-25. Thus, MIR2911 fulfills the require-
ment for a threshold miRNA concentration. In support 
of this, in vivo study showed that MIR2911 could inhibit 
H1N1, H5N1 and H7N9 viral replication in mouse mod-
el, prevent viral infection-induced weight loss and even 
reduce mortality caused by infection. 

In conclusion, the present study provides the first ev-
idence that the highly stable plant MIR2911 can directly 
target multiple viral genes of various IAVs and thus sup-
press viral infections. With its broad-spectrum, anti-viral 
activity against IAVs, MIR2911 and MIR2911-contain-
ing HS decoction may represent a new effective thera-
peutic strategy that can be used to subdue deadly IAV 
infections. It is important to note that since Fleming dis-
covered penicillin nearly a century ago, antibiotics have 
been developed to target various bacterial infections and 

have saved the lives of millions of people. Unfortunately, 
no natural product that is effective against viral infection 
has been identified thus far. We suggest that as the first 
natural product to directly target IAVs, MIR2911 is the 
“virological penicillin” that serves as a novel therapeutic 
and preventive agent against not only influenza A but po-
tentially also other types of viruses.

Material and Methods

Biosafety statement
All experiments with live H5N1 and H7N9 viruses were con-

ducted within the enhanced animal biosafety level 3 (ABSL3+) 
facility in the HVRI of the CAAS that was approved for such use 
by the Ministry of Agriculture of China and China National Ac-
creditation Service for Conformity Assessment. All animal studies 
were approved by the Review Board of the HVRI, CAAS.

Viruses
The H1N1 virus A/Sichuan/1/2009 (SC/09) was isolated from 

the first human case of the 2009 influenza pandemic in China [11]. 
The H5N1 virus A/Anhui/2/2005 (AH/05) was isolated from the 
respiratory specimens of a patient with lethal outcome from Anhui 
province in China in 2005 [14]. The H7N9 virus A/Anhui/1/2013 
(AH/13) was isolated from the respiratory specimens of a patient 
with lethal outcome from Anhui province in China in 2013 [5]. 
The SC/09 mutant was generated by reverse genetics. All rescued 
viruses were sequenced to exclude any unwanted mutations. Virus 
stock was propagated in specific pathogen-free chicken eggs.

Honeysuckle
HS was bought from a Chinese herbal medicine shop. HS de-

coction was prepared by boiling 10 g of HS in 100 ml water for 30 
min, resulting in ~50 ml decoction.

Illumina deep sequencing
Small RNAs were isolated from 1 g of HS or 5 ml of HS de-

coction using the Universal Plant MicroRNA Kit (Bioteke, Bei-
jing, China) according to the manufacturer’s instructions. Illumina 
sequencing of RNA samples was performed by BGI (Shenzhen, 
China). After removing the adaptor sequences from the raw data, 
the clean reads were compared to known miRNA precursors and 
mature miRNAs from the miRBase database 14.0 to identify con-
served plant miRNAs based on the Smith-Waterman algorithm. 
All data have been uploaded to the GEO database (GEO accession 
number: GSE55268).

RNA isolation and RT-qPCR of mature miRNAs
Small RNAs (< 100 nt) from HS and HS decoction were ex-

tracted using the Universal Plant MicroRNA Kit (Bioteke). Total 
RNA from plasma was extracted using the miRNeasy mini kit 
(Qiagen, Valencia, CA, USA), and total RNA from cells and tis-
sues was isolated using TRIzol Reagent (Invitrogen, Carlsbad, 
CA, USA). Quantitative RT-PCR was performed using TaqMan 
miRNA probes (Applied Biosystems, Froster City, CA, USA) 
according to the manufacturer’s instructions. Expression level of 
miRNAs in tissues was determined after normalization to U6 sn-
RNA levels using the 2−∆∆Ct method. To calculate the absolute ex-
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pression levels of the target miRNAs, a series of synthetic miRNA 
oligonucleotides at known concentrations were reverse transcribed 
and amplified. The absolute amount of each miRNA was then cal-
culated in reference to the standard curve. Quantitative PCR was 
performed using an ABI-7900 PCR machine.

Northern blotting analysis
Oligonucleotide probes complementary to mature miRNAs 

were end-labeled with γ-32P-ATP using T4 Polynucleotide Kinase 
(Takara, Dalian, China), and labeled probes were purified using a 
Sephadex G25 spin column (Roche, Indianapolis, IN, USA). Small 
RNA was extracted from 10 g of HS or 10 ml of HS decoction. 
RNA samples were fractionated by PAGE using a 15% denaturing 
polyacrylamide gel. The RNA was then transferred onto a nylon 
membrane (Hybond N+, Amersham Biosciences, Piscataway, NJ, 
USA) by electroblotting at 400 mA in 0.5× TBE buffer for 1.5 h. 
The membrane was cross-linked and dried. A prehybridization 
step was performed by incubating the membrane with 10 ml of 
ULTRAhyb-Oligo solution (Ambion, Austin, TX, USA) at 37 °C 
for 1 h. The radiolabeled probe was added directly to the ULTRA-
hyb-Oligo solution, and the membrane was incubated overnight at 
37 °C with rotation in a hybridization oven. After hybridization, 
the membrane was washed twice at low stringency in 2× SSC, 0.1% 
SDS at 42 °C for 10 min. The membrane was wrapped in a plastic 
wrap and exposed to an X-ray film at −80 °C.

MV isolation
MVs were isolated from plasma by differential centrifugation 

according to previous publications [23]. Briefly, after removing 
cells and other debris by centrifugation at 300× g, 1 200× g and 10 
000× g, the supernatant was centrifuged at 110 000× g for 2 h (all 
steps were performed at 4 °C). MVs were collected from the pellet 
and resuspended in FBS-free medium.

Immunoprecipitation 
MVs were resuspended in an appropriate volume of complete 

immunoprecipitation lysis buffer (20 mM Tris-HCl, pH 7.5, 150 
mM NaCl, 0.5% NP-40, 2 mM EDTA, 0.5 mM dithiothreitol 
(DTT), 1 mM NaF, 1× protease inhibitor and 1× PMSF) for 30 min 
on ice. The lysates were immunoprecipitated with mouse monoclo-
nal anti-AGO2 antibody or mouse normal IgG followed by protein 
G-Agarose beads. After purification, the immunoprecipitated RNA 
was extracted with miRNeasy Mini Kit (Qiagen) and analyzed by 
RT-qPCR using TaqMan miRNA probes (Applied Biosystems).

Bioinformatics analysis 
Influenza virus genomes were collected from the Influenza 

Virus Resources at NCBI [24]. RNAhybrid [10] was used to scan 
potential targets of MIR2911 in the viral sequence following two 
rules. First, the minimal folding energy was below −20 kcal/mol. 
Second, the hybrid region between the miRNA seed region and vi-
ral sequence did not contain mismatches. An optional rule for tar-
get prediction required conservation of the putative binding sites 
among the same influenza A subtypes.

Plasmid conduction and luciferase assay
The binding sequences of the MIR2911 targets and the mutants 

(Invitrogen) were synthetically placed into the 3′UTR region of 
the pMIR-report plasmid (Ambion), and efficient insertion was 

confirmed by sequencing. For the luciferase reporter assays, 0.2 µg 
of firefly luciferase reporter plasmid, 0.2 g of β-galactosidase ex-
pression vector (Ambion) and equal amounts (20 pmol) of mature 
MIR2911 or ncRNA were transfected into cells in 24-well plates. 
The β-galactosidase vector was used as a transfection control. At 
24 h post transfection, the cells were analyzed using a luciferase 
assay kit (Promega, Madison, WI, USA).

Western blot analysis
The PB2 or NS1 plasmids were co-transfected with synthetic 

MIR2911 or ncRNA into HEK293T cells using Lipofectamine 
2000 (Invitrogen) according to the manufacturer’s instructions. 
Samples of cultured cells were lysed in RIPA buffer (0.5% NP-40, 
0.1% sodium deoxycholate, 150 mM NaCl, 50 mM Tris-HCl, pH 
7.5); the lysates were resolved by 10% SDS-PAGE, transferred to 
a PVDF membrane (Millipore, Bedford, MA, USA) and probed 
with anti-PB2, anti-NS1 or anti-GAPDH antibody (Santa Cruz 
Biotechnology, Santa Cruze, CA, USA).

In vitro study
MIR2911 or ncRNA was transfected into MDCK cells using 

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s 
instructions. Then, treated MDCK cells were infected with a virus 
at a multiplicity of infection of 0.1 at 37 °C. After 1 h of incu-
bation, the cells were washed with warm PBS and incubated in 
DMEM medium supplemented with 100 U/ml penicillin, 100 µg/
ml streptomycin, 2 µg/ml TPCK-treated trypsin and 0.2% bovine 
serum albumin fraction V. Supernatants were collected after 12 or 
24 h and stored at −70 °C for the TCID50 assay. In a separate ex-
periment, MDCK cells were transfected with total RNA extracted 
from HS or from HS plus anti-MIR2911 antagomir. The treatments 
were performed as described above.

Mouse study
To study the kinetics of MIR2911 in mice, the mice were ga-

vage fed with HS decoction (MIR2911 concentration: 0.12 nM) or 
0.1 nmol synthetic MIR2911. For HS decoction, plasma samples 
of five groups of mice (6 mice per group) were obtained prior to 
treatment as controls. Mice were then gavage fed with HS decoc-
tion. At each time interval (0.5, 1, 3, 6 or 12 h), mice were sacri-
ficed, plasma samples were collected and total RNA was extracted. 
To collect tissue samples, six groups of mice (5 mice per group) 
including control group were sacrificed at the fixed time interval. 
For synthetic MIR2911, five groups of mice (5 mice per group) 
were gavage fed with 100 pmol synthetic MIR2911. After a fixed 
time interval (0.5, 1, 3, 6 or 12 h), mice were sacrificed, plasma 
samples and tissue samples were collected. Plasma samples and 
tissue samples were also collected from mice without treatments to 
serve as controls.

In a separate experiment, two groups of mice were fed with HS 
decoction (MIR2911 concentration: 0.06 nM) or sterile water for 3 
days, followed by plasma and tissue collection. Total RNA was ex-
tracted from these samples. An RT-qPCR was performed to detect 
the MIR2911 level in these samples. 

To study the anti-viral effect of MIR2911 in mice, 26 mice of 
each group were fed with the HS decoction or HS decoction plus 
anti-MIR2911 antagomir for 72 h. These mice were then lightly 
anesthetized with CO2 and inoculated intranasally with a 50 µl 
volume of 106 EID50 of SC/09 (H1N1), 103 EID50 of AH/05 (H5N1) 
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or 106 EID50 of AH/13 (H7N9). Mice were continually treated with 
HS decoction or HS decoction plus anti-MIR2911 antagomir (con-
centration: 20 nM) after inoculation. Eighteen mice (n = 6 in each 
time point) were euthanized on days 3, 5 or 7 post inoculation, and 
lungs were collected and titrated for virus infectivity in eggs. The 
remaining mice (n = 8) were monitored for 14 days for weight loss 
and mortality. In a separate experiment, each group of 26 mice was 
gavage fed with a 200 µl volume of PBS, synthetic MIR2911 (0.1 
nmol) or ncRNA (0.1 nmol) per day for 8 days. On day 2, these 
mice were lightly anesthetized with CO2 and inoculated intranasal-
ly with a 50 µl volume of 106 EID50 of SC/09 (H1N1), 103 EID50 of 
AH/05 (H5N1) or 106 EID50 of AH/13 (H7N9). Eighteen mice (n = 
6 in each time point) were euthanized on days 3, 5 or 7 post inocu-
lation, and lungs were collected and titrated for virus infectivity in 
eggs. The remaining mice (n = 8) were monitored for 14 days for 
weight loss and mortality.
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