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Background: Human metapneumovirus (hMPV) is a major 
respiratory viral pathogen in young children, elderly 
individuals and immunocompromised patients. Despite 
its major effects related to bronchiolitis, pneumonia and 
its potential role in recurrent wheezing episodes, there is 
still no commercial treatment or vaccine available against 
this paramyxovirus. 
Methods: We tested a therapeutic strategy for hMPV that 
was based on RNA interference. 
Results: An hMPV genome-wide search for small interfering 
RNAs (siRNAs) by computational analysis revealed 200 
potentially effective 21‑mer siRNAs. Initial screening 
with a luciferase assay identified 57 siRNAs of interest. 
Further evaluation of their inhibitory potential against the 
four hMPV subgroups by quantitative real-time reverse 
transcriptase PCR and plaque immunoassay identified two 

highly potent siRNAs with 50% inhibitory concentration 
(IC50) values in the subnanomolar range. siRNA45 targets 
the nucleoprotein messenger RNA (mRNA) and had IC50 
values <0.078 nM against representative strains from the 
four hMPV subgroups, whereas siRNA60, which targets 
the phosphoprotein mRNA, had IC50 values between 
0.090– <0.078 nM against the same panel of hMPV strains. 
Longer 25/27-mer siRNAs known as Dicer substrates designed 
from the top two siRNA candidates were also evaluated and 
were at least as effective as their corresponding 21‑mer 
siRNAs. Interestingly, the presence of one or two nucleotide 
mismatches in the target mRNA sequence of some hMPV 
subgroups did not always affect hMPV inhibition in vitro. 
Conclusions: We successfully identified two highly efficient 
siRNAs against hMPV targeting essential components of the 
hMPV replication complex.

Human metapneumovirus (hMPV) was first identified 
in the Netherlands in 2001 [1] and has been reported 
worldwide since then [2,3]. hMPV is mainly associated 
with pneumonia and bronchiolitis or bronchitis in young 
children, elderly individuals and immunocompromised 
patients, whereas immunocompetent adults present 
mostly flu-like illnesses or cold symptoms [2,4]. hMPV 
infections account for about 5–10% of hospitalizations 
of young infants suffering from acute respiratory tract 
infections [2]. Moreover, hMPV outbreaks have been 
reported in long-term care facilities [5,6]. Based on find-
ings from a mouse model [7] and a recent study in young 
infants [8], hMPV infections could be associated with 
long-term effects such as recurring wheezing episodes and 
asthma. There are two major lineages of hMPV (A and 
B) that often cocirculate during the same winter–spring 

period in temperate countries. These two groups can be 
further divided into additional subgroups (A1, A2, B1 
and B2) based on genomic analysis [2,3,9–12].

hMPV contains a non-segmented single-stranded 
negative-sense RNA genome of 13.3 kb and belongs to 
the Metapneumovirus genus within the Paramyxoviri-
dae family. Its genome contains eight genes coding for 
nine proteins in the order 3′‑N-P-M-F-M2.1-M2.2-SH-
G-L-5′ [13]. Based on previous paramyxovirus stud-
ies [14–16], hMPV gene expression should follow a 
transcriptional gradient, that is, the nucleoprotein (N) 
gene is transcribed first and in larger amounts than the 
polymerase (L) gene, which is expressed last and in very 
small amounts. The N, phosphoprotein (P) and L pro-
teins form the functional polymerase complex required 
for hMPV transcription and replication [15,16]. These 
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proteins are considered suitable targets for antiviral drug 
development because they are essential for hMPV repli-
cation and less subject to immunological pressure than 
the surface proteins, that is, fusion (F), attachment (G) 
and small hydrophobic (SH) proteins [17–19]. 

Because no vaccines are currently available to prevent 
hMPV infections, there is an important need for devel-
oping efficient antiviral agents. One promising technol-
ogy involves RNA interference (RNAi) [16]. RNAi is a 
mechanism of post-transcriptional gene silencing found 
in almost all eukaryotes and is known to confer natural 
antiviral protection in plants [20,21]. RNAi is triggered 
by endogenous small non-coding micro RNAs (miRNAs) 
or small interfering RNAs (siRNAs) exogenously intro-
duced in cells. Whereas miRNAs mostly induce repres-
sion of messenger RNA (mRNA) translation, siRNAs 
instead lead to cleavage of the target mRNA. Sequence-
specific double-stranded siRNA molecules of 19–21 
nucleotides can efficiently elicit degradation of the cog-
nate mRNAs through the RNA-induced silencing com-
plex (RISC) located in the cytoplasm, and thus suppress 
the expression of the corresponding proteins [16]. In the 
endogenous pathway, long primary miRNAs are proc-
essed in the nucleus into pre-miRNAs by a ribonuclease 
(RNase) III enzyme called Drosha, and then exported to 
the cytoplasm where Dicer, another RNase III enzyme, 
further shortens the pre-miRNAs into miRNAs. Simi-
larly, exogenously-introduced long double-stranded 
RNA can be processed by Dicer into siRNA [22]. The 
siRNA duplex consists of a passenger strand (sense 
strand) and a guide strand (antisense strand). When the 
latter is integrated into RISC, it allows for mRNA pair-
ing and subsequent degradation. The 5′ region of the 
siRNA guide strand, mainly nucleotides 2–8 (named the 
seed region) is responsible for recognition and pairing 
to the target mRNA, whereas positions 10 and 11 are 
crucial for the cleavage of the mRNA by RISC [23–25]. 
In the context of a viral infection, delivery of siRNA to 
infected cells could inhibit viral mRNA translation to 
proteins, and thus virus replication. Reports on human 
respiratory syncytial virus (hRSV), avian metapneumo-
virus (aMPV) and influenza virus inhibition by siRNA 
have demonstrated a great potential for this novel and 
specific nucleic acid-based therapy for respiratory viral 
infections [26–35]. In this study, we aimed to identify 
highly efficient siRNAs that inhibit hMPV replication 
from a pool of siRNAs covering most of the coding 
sequences within the hMPV genome.

Methods

Cell lines and viruses
LLC-MK2 (rhesus monkey kidney) and HEp-2 (human 
laryngeal carcinoma) cells were grown in minimum 
essential medium (MEM; Invitrogen, Burlington, ON, 

Canada) supplemented with 10% fetal bovine serum 
(FBS; Wisent, St‑Bruno, QC, Canada). A549 (human 
lung carcinoma) cells were grown in Ham’s F12K 
medium (Invitrogen) containing 10% FBS. The hMPV 
clinical strains C‑85473 (group A1), CAN97-83 (group 
A2), CAN97-82 (group B1) and CAN98-75 (group B2) 
were used in this study.

Virus quantification
LLC-MK2 cells were infected with hMPV using 
Opti‑MEM (Invitrogen) containing 2 µg/ml of trypsin 
(Sigma, Oakville, ON, Canada) until maximal cyto-
pathic effects were noted. Supernatant was collected 
and virus titre was reported as 50% tissue culture 
infectious dose (TCID50) per ml or plaque forming units 
(PFU) per ml by immunostaining [36].

siRNA design and synthesis
Alignment of hMPV sequences using CAN98-75 
(GenBank AY297748.1) as the base sequence along 
with two other hMPV full length genome sequences 
available in GenBank (AF371337 and AY297749) 
and one from our laboratory (C‑85473) was car-
ried out using ClustalW2 to find conserved regions 
among viral strains. Algorithms available in the pub-
lic domain [37,38] were used to identify 200 siRNA 
sequences. The criteria for selecting sequences were 
as follows: A to G and C to U mismatches (sense 
strand) were allowed in any position and G to A or 
C to A mismatches (sense strand) were not allowed 
in any position other than 1, 18 and 19. Positions 
10–17 (sense strand) should have no or one mismatch 
and positions 1–9 on the sense strand were allowed 
two or three mismatches. No GGGG, CCCC, AAAA, 
TTTT or SSSS (G or C) stretches, or stretches longer 
than four nucleotides, were allowed in any position. 
siRNAs were synthesized (IDT Inc., Coralville, IA, 
USA)  at a 10 nM scale and purified by RNase-free 
HPLC so that the full length 21‑mer siRNA prod-
ucts constituted >85% of the total yield and the 
remaining impurities were smaller fragments, which 
are inefficient in RISC-associated RNAi. All siR-
NAs were double-stranded and contained 19 RNA 
bases and two chimeric DNA base overhangs at the 
3′ terminus for each strand. None of the siRNAs 
were chemically modified. For testing, siRNAs were 
resuspended at 100 µM and 5 µM concentrations in 
a RNase-free Duplex Buffer (Dharmacon Inc., Lafay-
ette, CO, USA) containing 100 mM potassium acetate 
and 30 mM HEPES at pH 7.5. An siRNA sequence 
with no known target within the mammalian genome 
(sense 5′‑UUCUCCGAACGUGUCACGUdTdT-3′; 
synthesized by Dharmacon Inc.) or a Dicer substrate 
scrambled siRNA (sense  5′‑CUUCCUCUCUUUC
UCUCCCUUGUdGdA-3′; synthesized by IDT Inc.) 

Boivin.indd   822 5/9/08   17:00:36



Human metapneumovirus inhibition by siRNA

Antiviral Therapy 13.6 823

served as negative controls in all experiments. Longer 
25/27‑mer Dicer substrate siRNAs were designed and 
synthesized (MDRNA Inc., Bothell, WA, USA) based 
on the most potent 21‑mer (RISC substrate) siRNAs. 
Dicer substrate siRNAs contained 23 RNA bases and 
two chimeric DNA bases at the 3′ terminus for their 
sense strand, whereas their antisense strand contained 
27 RNA bases. No chemical modification of these 
Dicer substrate siRNAs was made.

Luciferase assay
hMPV gene fragments (N, P, F, M2 and L), corre-
sponding with each target region, were cloned in 
psiCHECK-2 Vector (Promega, Madison, WI, USA) 
and the accuracy was verified by sequencing. Vectors 
(100  ng) and corresponding siRNAs (10  nM) were 
cotransfected (in triplicate) in 85% confluent A549 
cells in 96‑well plates using Lipofectamine 2000 (Inv-
itrogen) according to the manufacturer’s guidelines. 
At 24 h post transfection, Dual-Glo Luciferase Rea-
gent (Promega) was added to the well and incubated 
for 10  min before quantification of firefly luciferase 
activity using a Microlite Luminescence Microtiter 
(Thermo Labsystems, Milford, MA, USA). Dual-Glo 
Stop & Glo Reagent (Promega) was then added to 
the well and Renilla luciferase activity was quantified 
after 10  min. Ratios of dual luciferase activity were 
determined to normalize Renilla luciferase values, and 
siRNAs showing >40% reduction in Renilla luciferase 
activity were selected for further evaluation.

Quantitative reverse transcriptase PCR assay for 
hMPV inhibition
LLC-MK2 cells in 24‑well plates that were 95% 
confluent were transfected with different siRNAs in 
300 µl/ well of Opti-MEM using 1.5 µl/well of Lipo-
fectamine 2000. Each siRNA was transfected in trip-
licate. The medium was removed after 5 h and 500 µl 
of infection medium containing 107 TCID50 of hMPV 
in Opti-MEM with 2 µg/ml of trypsin were added to 
the cells for 1.5  h. The medium was then replaced 
with fresh medium containing no virus, and cells were 
incubated for 3 days. Supernatants were collected 
and stored at ‑80°C until viral RNA extraction and 
quantification using a real-time reverse transcriptase 
(RT)-PCR assay for the hMPV N gene as previously 
described [36].

Immunostaining assay for hMPV inhibition
LLC-MK2 cells that were 95% confluent were trans-
fected with siRNA using Lipofectamine 2000 as 
described above. After 5  h, cells were infected with 
30–50 PFU of hMPV for 1.5 h and the medium was 
replaced with 1  ml/well of methylcellulose overlay. 
Cells were incubated for 3 days then immunostained as 

previously described [36]. These inhibition assays were 
done between two and four times.

Viral yield assay
LLC-MK2 cells were transfected with siRNA and 
infected, as described above, with the overlay contain-
ing only Opti-MEM and trypsin. Cells were incubated 
for 3 days, then supernatants were collected and titrated 
by plaque assay and immunostaining [36].

Cytotoxicity assay
Cytotoxicity of control and viral siRNAs was evaluated 
with an MTT (3‑(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assay in LLC-MK2 cells. In 
brief, serial dilutions of each siRNA were transfected in 
triplicate using Lipofectamine 2000 as described above. 
After a 3-day incubation period, 100 µl of 1 mg/ml of 
MTT was added to each well for 2 h at 37°C. The dye 
was solubilized with 100 µl/well of acidic isopropanol 
and absorbance was read at a wavelength of 570 nm 
with reference at 650  nm. An absorbance value that 
was significantly lower than that of the control cells 
indicated cytotoxicity.

Statistical analyses
Analyses were performed with GraphPad Prism 5 
software using one-way analysis of variance and the 
Tukey multiple comparisons test.

Results

Selection and pre-screening of siRNAs in the absence 
of virus
Complete hMPV genome sequences that were available 
in GenBank at the time of the design, that is, AY297748 
CAN98-75 (group B2), AF371337 NL‑001 (group A1) 
and AY297749 CAN97-83 (group A2), in addition to 
that of clinical strain C‑85473 (group A1) used in our 
laboratory, were aligned (using CAN98-75 as consensus 
sequence) and analysed using ClustalW2. The most con-
served hMPV genes (N, P, M, F, M2‑1, M2-2 and L) were 
targeted for siRNA selection. We identified 200 siRNA 
sequences based on specific requirements such as 
sequence stability at the 5′ end of the antisense strand 
relative to the 3′ terminus and insertion of chimeric DNA 
base overhangs at the 3′ terminus of each strand.

These siRNAs were pre-screened in the absence of 
virus using a luciferase assay. Partial sequences from 
hMPV genome were cloned downstream of the Renilla 
translational stop codon in the psiCHECK-2 Vector. 
RNAi-based cleavage and subsequent degradation 
of the fusion mRNA could be easily monitored. The 
vector also contains the firefly luciferase gene, which 
allows for normalization of gene expression and 
transfection efficiency in every well. Each siRNA was 
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cotransfected with the vector in A549 cells and the 
expression of both luciferase genes was measured to 
determine activity ratios, that is, normalized luciferase 
values. Renilla luciferase inhibition by the siRNAs 
varied between -58–97%; there were siRNAs show-
ing good inhibition of Renilla luciferase expression in 
all target genes, as shown in Figure 1. All 57 siRNAs 
associated with inhibition scores >40% were selected 
for further inhibition studies against hMPV. None 
of the siRNAs unable to inhibit luciferase expres-
sion were selected for further testing against hMPV; 
therefore, the value of the luciferase test as a screening 
assay could not be determined.

Screening and evaluation of siRNA activity  
against hMPV
A quantitative real-time RT-PCR assay was used to 
determine siRNA activity against hMPV strains. The 
57 siRNAs identified by dual luciferase were evalu-
ated at two concentrations (10 and 100 nM) against 
the hMPV group A1 clinical strain (C‑85473). Viral 
RNA in the supernatants of siRNA-transfected cell 
cultures was quantified and compared with that of 
control siRNA. The control siRNA had no viral or 
mammalian target sequence and did not decrease or 
increase hMPV replication in LLC-MK2 cells at all 
tested concentrations. The target sequences of these 
57 siRNAs and their inhibitory activity against hMPV 
A1 are shown in Figure 2. Not all siRNAs predicted 
by the luciferase assay showed good inhibition activity 
against hMPV when tested by quantitative RT‑PCR. At 
10 nM, 20 (35%) of the 57 siRNAs inhibited hMPV 
replication by >50% and only 10 (17.5%) had inhi-
bition activity >80% against hMPV A1. Also, some 

siRNAs showed reverse dose-response activity against 
hMPV when evaluated with the RT‑PCR assay, which 
could be related to the variability seen in this assay.

50% Inhibitory concentration of the most active 
siRNAs against hMPV
The 10 lead siRNAs showing >80% inhibitory activity 
at a 10 nM concentration were selected for determi-
nation of 50% inhibitory concentration (IC50) val-
ues using the quantitative RT‑PCR assay. The same 
hMPV group A1 strain was initially tested against a 
more extensive array of siRNA concentrations, that is, 
twofold dilutions from 10 nM to 0.078 nM. Table 1 
presents the IC50 values for the 10 most active siRNAs. 
Three siRNAs (siRNA45, siRNA60 and siRNA118) 
showed potent inhibition with IC50 values <0.078 nM 
against hMPV A1, whereas all others had intermedi-
ate activity. Four siRNAs were tested twice to assess 
the reproducibility of this assay: the three most active 
siRNAs (siRNA45, siRNA60 and siRNA118) and one 
siRNA with intermediate activity (siRNA1). Diver-
gent values between both replicates were noted for 
siRNA118 (<0.078 and 0.141  nM). Such differences 
could be attributed to the transfection efficiency or 
the prolonged period of time (months) between initial 
siRNA resuspension and testing, which might have 
caused siRNA degradation.

The inhibitory activity of these four siRNAs was 
also evaluated against hMPV group B2 by quantitative 
RT‑PCR. siRNA1 had a lower IC50 value against the B2 
strain compared with the A1 strain, whereas siRNA118 
showed no inhibition against the B2 strain (>10 nM). 
siRNA45 and siRNA60 had IC50 values <0.078  nM 
against both hMPV A1 and B2 strains (Table 1).
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Figure 1. Activity of 200 siRNAs targeting hMPV genome determined by the percentage inhibition of luciferase expression

Percent inhibition was calculated as follows: a small interfering RNA (siRNA) can inhibit Renilla luciferase expression, but not firefly luciferase expression, thus the 
percentage of luciferase inhibition corresponds to the ratio of Renilla luciferase expression to firefly luciferase expression in the presence of the siRNA. In the absence 
of siRNA, the ratio of Renilla luciferase expression to firefly luciferase expression is one, that is, 0% inhibition. Columns represent siRNAs targeting the nucleoprotein 
gene (blue), the phosphoprotein gene (red), the M gene (purple), the F gene (green), the M2-1 gene (light blue), the M2-2 gene (yellow) and the polymerase gene 
(black). hMPV, human metapneumovirus. 
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 Gene target mRNA target sequence siRNA
 Non-target UUCUCCGAACGUGUCACGU Ctl
 N CUUCAAGGGAUUCACCUAA 1
 N GAGUCUCAAUACACAAUAA 6
 N GGCUCUAGGAUCAGAAAGA 17
 N CAGAAAGAGUACAACAGAU 18
 N GACAAAGAGGCAAGAAAAA 28
 N GCCUUCAGCACCAGACACA 32
 N GCACCAGACACACCAAUAA 33
 N CACCAGACACACCAAUAAU 34
 N GAAGCAAAGCAGAAAGUUU 45
 N GGUCAAACAAUGCUAAGGU 47
 N GCCAGAUCAUCUAACAACA 48
 P GGGUAAUGAAGCAGCAAAA 59
 P GCAGAAGCUUUCCAGAAAU 60
 P GCAGAGUCCUCAAUCUUAA 64
 P GCUAUAAGAGAAGAACUAA 66
 M GGACACUUAUCAAGGCAUU 70
 M CCAUAUGGGAUGGUGUCAA 73
 F GGCUUGAGAGUGAAGUGAA 78
 F GCUGUCAGCUUCAGUCAAU 80
 F GGGAUAACACCAGCAAUAU 81
 F CCACUGUUUACUACCCAAA 85
 F GCACAGGAAGACACCCUAU 87
 F GGGUGAACAGCAUGUAAUA 88
 F GGAAACACUGGCUUCAUUA 89
 F GCAUCAUCAUCAUAAUCAA 90
 M2-1 CGUAAAGCUCCAUGCAAAU 93
 M2-1 GCUAUAGUCUACAUAACAU 95
 M2-1 CCUAUAUGGAGAUGAGCAA 98
 M2-1 CCAAGAGAAAAACUGAAAA 99
 M2-1 GCACUAAUCAAGUGCAGUA 102
 M2-2 GCUUACUUAAGUUAGUAAA 105
 L CCAACUGUUAACAUGGAAA 118
 L GGUAUGUUAACUAAUAAAU 121
 L GGAGAGCUUAACAGAACUA 122
 L GGGAAAGAAAGAGAAUUAA 126
 L GCAAGAGCCUCCAUAGUAA 130
 L GCAAUCAGCCAUGUGGAUU 138
 L GCCUUAUUAUCUAUAGAAA 139
 L GCUACAUUAACAACACUAA 141
 L GCUAUACACUAUAGCAGAA 143
 L GCUAUCAAUGGUGAAGAUA 145
 L GGGUUGUUAUCUAGGAUAU 146
 L GCGACUAGUUCUCAUUUAA 147
 L CGACUAGUUCUCAUUUAAA 148
 L GCUAGGAUCAAGCACUCAA 149
 L GCACUCAAGAGAAAAAAUU 150
 L CCUGUUUAUAACAGACAAA 151
 L CCAAGAUUUAUGAGUGUAA 156
 L CCAGCUUAUAGGACAACAA 157
 L GCUUAUAGGACAACAAAUU 158
 L GCAUGCCAUUGGUGUGGAA 163
 L CCAUUGGUGUGGAAUAUUA 164
 L GCAUGAAGUACCCUGGAUU 168
 L GGGAGCUAGUUGAAAUUAA 169
 L GGGACUUGAUACACAGAAU 184
 L CCUGGGAAAUGCAGAGAUA 197
 L GGGAAAUGCAGAGAUAAAA 198

40 60 80

Inhibition of hMPV N gene copy number, %

100200

Figure 2. Screening of 57 siRNAs at two concentrations (10 and 100 nM) using a real-time RT‑PCR assay

Cells were first transfected with small interfering RNAs (siRNAs) then infected with human metapneumovirus (hMPV). After 3 days, viral RNA was extracted, reverse 
transcribed and quantified by PCR. Target genes, sequences and siRNA numbers are indicated. Black bars represent the percentage of hMPV inhibition by siRNAs 
using a 10 nM concentration; white bars represent the percentage of hMPV inhibition by siRNAs using a 100 nM concentration. Ctl, control siRNA; L, polymerase; 
mRNA, messenger RNA; N, nucleoprotein; P, phosphoprotein; RT, reverse transcriptase. 
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The inhibitory activity of the 10 siRNAs was also 
evaluated using a plaque assay followed by immuno-
staining. Of note, six of the 10 siRNAs were unable 
to inhibit replication of hMPV A1, even at the highest 
tested concentration of 10 nM (Table 1). Two siRNAs 
remained very effective against hMPV A1 with mean 
±sd IC50 values of 0.046 ±0.027 nM for siRNA45 and 
0.075 ±0.068 nM for siRNA60, whereas two had inter-
mediate activity with mean ±sd IC50 values of 0.473 
±0.272  nM for siRNA33 and 0.377 ±0.149  nM for 
siRNA59 (Table 1).

An infectious viral yield reduction assay was also 
performed for siRNA60 against hMPV A1 (in dupli-
cate) to confirm its inhibitory activity. The progeny 
viral titre was determined by titration of supernatant of 
transfected cells and results showed potent activity with 
mean IC50 values <0.019 nM.

Effects of mismatches between the siRNA and its target
In the present study, the designed siRNAs were not 
100% complementary to the various hMPV strains 
tested because siRNA sequences were selected using 
CAN98-75 as the consensus sequence. Sequence anal-
ysis based on the four hMPV genotypes showed that 
five different mismatches were found between siRNA1, 
siRNA45, siRNA60 and their respective targets. Three 

were located in the 5′ region of the siRNAs and two in 
the 3′ region (Figure 3).

siRNA1 was 100% complementary with hMPV B2 
and was indeed very effective against this strain (IC50 
value 0.080 ±0.026 nM), whereas there was a mismatch 
with the A1 strain at position 2 (A to G) resulting in an 
IC50 value >10 nM against this strain (Figure 3B).

In contrast, two mismatches were found when 
siRNA45 was compared with the hMPV A1 strain, one 
at position 2 (U to C) and the other at position 18 (A 
to C; Figure 3C). Surprisingly, siRNA45 remained fully 
active against this strain (IC50 value 0.046 ±0.027 nM). 
The same mismatch at position 18 was found between 
hMPV A2 and siRNA45 without any loss of activity (IC50 
value <0.078 nM). hMPV B1 and B2 strains were 100% 
complementary to siRNA45 and, as expected, excellent 
inhibitory activity (IC50 value <0.078 nM) was observed.

Similar to siRNA45, siRNA60 was very effective 
against the four hMPV strains tested (IC50 values 0.075 
±0.068 nM against hMPV A1, 0.090 ±0.051 nM against 
hMPV A2 and <0.078 nM against hMPV B1 and B2) 
despite a single mismatch for two strains (Figure 3D). 
The hMPV A2 strain had a mismatch in the target region 
corresponding to position 5 of the siRNA (G to A), 
whereas the mismatch in hMPV B1 strain corresponded 
to position 17 (A to C).

	 IC50 value against hMPV A1, nM	 IC50 value against hMPV B2, nM
	 Target 		  RT-PCR (first	 RT-PCR (second 		  RT-PCR (first	 RT-PCR (second 

siRNA	 gene	 siRNA sequence*	 experiment)	 experiment)	 Plaque assay†	 experiment)	 experiment)

1	 N	 5′-CUUCAAGGGAUUCACCUAAdTdT-3′	 0.215	 0.099	 >10	 <0.078	 <0.078
		  3′-dTdTGAAGUUCCCUAAGUGGAUU-5′			   	 	
32	 N	 5′-GCCUUCAGCACCAGACACAdTdT-3′	 0.459	 ND	 >10	 ND	 ND
		  3′-dTdTCGGAAGUCGUGGUCUGUGU-5′			   	 	
33	 N	 5′-GCACCAGACACACCAAUAAdTdT-3′	 0.082	 ND	 0.473 ±0.272 	 ND	 ND
		  3′-dTdTCGUGGUCUGUGUGGUUAUU-5′					   
45	 N	 5′-GAAGCAAAGCAGAAAGUUUdTdT-3′	 <0.078	 <0.078	 0.046 ±0.027	 <0.078	 <0.078
		  3′-dTdTCUUCGUUUCGUCUUUCAAA-5′	 	 		  	
59	 P	 5′-GGGUAAUGAAGCAGCAAAAdTdT-3′	 0.084	 ND	 0.377 ±0.149	 ND	 ND
		  3′-dTdTCCCAUUACUUCGUCGUUUU-5′					   
60	 P	 5′-GCAGAAGCUUUCCAGAAAUdTdT-3′	 <0.078	 <0.078	 0.075 ±0.068	 <0.078	 <0.078
		  3′-dTdTCGUCUUCGAAAGGUCUUUA-5′		  	 	 	
118	 L	 5′-CCAACUGUUAACAUGGAAAdTdT-3′	 <0.078	 0.141	 >10	 >10	 >10
		  3′-dTdTGGUUGACAAUUGUACCUUU-5′	 	 	 	 	
126	 L	 5′-GGGAAAGAAAGAGAAUUAAdTdT-3′	 0.130	 ND	 >10	 ND	 ND
		  3′-dTdTCCCUUUCUUUCUCUUAAUU-5′			   	 	
163	 L	 5′-GCAUGCCAUUGGUGUGGAAdTdT-3′	 0.127	 ND	 >10	 ND	 ND
		  3′-dTdTCGUACGGUAACCACACCUU-5′			   	 	
164	 L	 5′-CCAUUGGUGUGGAAUAUUAdTdT-3′	 0.087	 ND	 >10	 ND	 ND
		  3′-dTdTGGUAACCACACCUUAUAAU-5′			   	 	

Table 1. Inhibition data obtained for 10 siRNAs against hMPV groups A1 and B2 with the quantitative real-time RT‑PCR and 
against hMPV group A1 with the plaque assay followed by immunostaining

*Sense strand 5′–3′, antisense strand 3′–5′. †Results are means (±sd) from two to four independent experiments. hMPV, human metapneumovirus; IC50, 50% inhibitory 
concentration; L, polymerase; N, nucleoprotein; ND, not done; P, phosphoprotein; RT, reverse transcriptase; siRNA, small interfering RNA. 
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duplex composed of a passenger strand (sense strand) and a guide strand (antisense strand), followed by pairing with its target messenger RNA (mRNA) and cleavage of 
mRNA between base positions 10 and 11. (B) Sequence of siRNA1 with location of mismatches for target mRNAs and corresponding 50% inhibitory concentration (IC50) 
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for target mRNAs and corresponding IC50 values. hMPV, human metapneumovirus; N, nucleoprotein; ND, not done; P. phosphoprotein. 
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Evaluation of siRNA cocktail efficiency
Simultaneous transfection of the two most active 
siRNAs (siRNA45 and siRNA60) was evaluated by 

plaque assay followed by immunostaining. Equimolar 
concentrations of each siRNA (from 0.039  nM to 
100  nM) were tested simultaneously. This siRNA 
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Figure 3. Continued 

C

D

Boivin.indd   828 5/9/08   17:00:40



Human metapneumovirus inhibition by siRNA

Antiviral Therapy 13.6 829

cocktail was as potent as individual siRNAs with an 
IC50 value against hMPV A1 of 0.039 ±0.028 nM com-
pared with 0.046 ±0.027 nM for siRNA45 alone and 
0.075 ±0.068 nM for siRNA60 alone (Table 2).

Longer Dicer substrates versus shorter siRNAs
Longer siRNAs containing 25/27 bases, known as Dicer 
substrate siRNAs, were also evaluated against hMPV 
A1 using plaque assay followed by immunostaining. 
Because siRNA45 contains two mismatches compared 
with the reference hMPV A1 strain, we designed two 
different Dicer substrate siRNAs, that is, one with the 
mismatch at position 18 but not at position 2 compared 
with the original siRNA45 sequence (siRNA45-Dicer), 
and another one that was fully complementary to the 
A1 strain (siRNA45-mut-Dicer). These two Dicer sub-
strate siRNAs showed slightly better hMPV inhibition 
than the original 21‑mer siRNA45 with IC50 values 
of 0.025 ±0.023  nM, 0.018 ±0.011  nM and 0.046 
±0.027  nM for siRNA45-mut-Dicer, siRNA45-Dicer 
and siRNA45, respectively (Table 2). Another 19‑mer 
siRNA was also designed from the siRNA45 target 
sequence to correct the mismatches against hMPV A1, 
that is, the mismatch at position 18 in siRNA45 was cor-
rected and this shorter siRNA version (siRNA45-mut) 
did not contain the other mismatch (at position 2). This 
siRNA had decreased activity against hMPV A1 with 
an IC50 value of 0.476 ±0.326 nM compared with 0.046 
±0.027 nM for the original 21‑mer siRNA (Table 2). 
Finally, another 25/27-mer siRNA was designed based 
on the siRNA60 sequence (siRNA60-Dicer), and its 

activity against hMPV A1 was also slightly better than 
the corresponding 21‑mer siRNA60 with IC50 values 
of 0.022 ±0.000  nM for siRNA60-Dicer and 0.075 
±0.068 nM for siRNA60 (Table 2).

Cytotoxicity associated with siRNA transfection
We used Lipofectamine 2000 to achieve siRNA trans-
fection in cells and noticed that, in some experiments, 
Lipofectamine 2000 alone showed some toxicity com-
pared with untransfected cells (data not shown). We 
also evaluated the cytotoxicity of the cocktail and that 
of nine siRNAs (control siRNA, siRNA1, siRNA45, 
siRNA60, siRNA118, siRNA45-mut, siRNA-mut-
Dicer, siRNA45-Dicer and siRNA60-Dicer). All but one 
siRNA had no effect on cell viability when compared 
with Lipofectamine 2000 alone at the highest tested 
concentration (100 nM). siRNA118 was cytotoxic at 
the two highest concentrations (10 and 100 nM).

Discussion

In this study, we demonstrated that hMPV can be 
successfully inhibited in vitro by specific siRNAs. From 
a starting pool of 200 siRNAs identified by computa-
tional analysis of the hMPV genome, we first selected 57 
siRNAs using a luciferase assay which did not require 
infectious particles. We next screened the selected siR-
NAs at two concentrations (10 and 100 nM) against 
an hMPV group A1 strain by real-time quantitative 
RT‑PCR. The top 10 siRNAs were then evaluated 
against two to four hMPV subgroups by RT‑PCR and 

Table 2. IC50 values for a cocktail of two siRNAs (siRNA45 and siRNA60), individual siRNAs and Dicer substrate siRNAs against an 
hMPV group A1 strain by plaque assay

siRNA	 Length	 Target gene	 siRNA sequence*†  	 IC50, nM‡

Cocktail of siRNA45 + 	 21-mer	 N + P	 5′-GAAGCAAAGCAGAAAGUUUdTdT-3′	 0.039 ±0.028§ 
siRNA60			   3′-dTdTCUUCGUUUCGUCUUUCAAA-5′	
			   +	
			   5′-GCAGAAGCUUUCCAGAAAUdTdT-3′	
			   3′-dTdTCGUCUUCGAAAGGUCUUUA-5′	
siRNA45	 21-mer	 N	 5′-GAAGCAAAGCAGAAAGUUUdTdT-3′	 0.046 ±0.027 
			   3′-dTdTCUUCGUUUCGUCUUUCAAA-5′	
siRNA45-mut	 19-mer	 N	 5′-GCAGCAAAGCAGAAAGUdTdT-3′	 0.476 ±0.326
			   3′-dTdTCGUCGUUUCGUCUUUCA-5′	
siRNA45-mut-Dicer	 25/27-mer	 N	 5′-GCAGCAAAGCAGAAAGUCUAUUUdGdT-3′	 0.025 ±0.023
			   3′-UCCGUCGUUUCGUCUUUCAGAUAAACA-5′	
siRNA45-Dicer	 25/27-mer	 N	 5′-GAAGCAAAGCAGAAAGUCUAUUUdGdT-3′	 0.018 ±0.011
			   3′-UCCUUCGUUUCGUCUUUCAGAUAAACA-5′	
siRNA60	 21-mer	 P	 5′-GCAGAAGCUUUCCAGAAAUdTdT-3′	 0.075 ±0.068
			   3′-dTdTCGUCUUCGAAAGGUCUUUA-5′	
siRNA60-Dicer	 25/27-mer	 P	 5′-GCAGAAGCUUUCCAGAAAUCAUUdAdA-3′	 0.022 ±0.000
			   3′-AUCGUCUUCGAAAGGUCUUUAGUAAUU-5′	

*Sense strand 5′–3′, antisense strand 3′–5′. †Bold, underlined nucleotides represent change in small interfering RNA (siRNA) sequence compared with the original 
siRNA45. ‡Means (±sd) of two to four independent experiments. §Equal amounts of each siRNA (siRNA45 and siRNA60) were used in the cocktail. hMPV, human 
metapneumovirus; IC50, 50% inhibitory concentration; N, nucleoprotein; P, phosphoprotein.
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plaque assay followed by immunostaining. We finally 
identified two highly efficient siRNAs (siRNA45 and 
siRNA60) that were similarly active against all four 
hMPV subgroups.

siRNA activity against other paramyxoviruses such 
as hRSV, human parainfluenza virus (hPIV) and aMPV 
has also been reported. siRNAs targeting aMPV P and 
N mRNAs, which are the closest genetic homologues to 
hMPV, have been successfully identified in vitro [33,34]. 
Also, in vivo experiments have shown that hRSV and 
hPIV replication can be efficiently inhibited by siRNAs 
targeting their P mRNA, and that a cocktail of both 
siRNAs can inhibit a dual viral infection in mice [28]. 
The hRSV NS1 gene (which is absent in hMPV) has 
also been successfully inhibited by siRNA in vitro and 
in vivo [35]. Moreover, Phase  I and II trials of ALN-
RSV01 (an siRNA targeting the hRSV N mRNA deliv-
ered via nasal spray and inhalation) have been recently 
completed in adults [39].

In our study, widely different inhibitory activities 
were sometimes obtained for siRNAs depending on the 
evaluation method. For instance, some siRNAs showed 
good hMPV inhibition when evaluated by quantita-
tive RT‑PCR performed on cell culture supernatant, 
but were not active (IC50 >10 nM) when evaluated by 
plaque assay followed by immunostaining (Table 1). 
It is likely that PCR analyses are less representative of 
viable viral progeny production compared with plaque 
assays, which directly estimate the amount of infectious 
particles present in a sample. Incomplete viral genomes 
or viral mRNAs (for example, N or P mRNAs) could be 
present in cell culture supernatant and might have led to 
an overestimation of siRNA activity when evaluated by 
PCR. Consequently, plaque assay followed by immuno-
staining appears to be more accurate for assessing siRNA 
potency in inhibiting hMPV replication, although addi-
tional in vitro and in vivo evaluations are required. Also, 
transfection efficiency and other reasons besides intrin-
sic on‑target siRNA activity can be responsible for the 
differences observed between evaluation methods and 
between replicates of the same experiment.

We cannot completely rule out the possibility that 
hMPV inhibition might be due to immune stimulation 
of LLC-MK2 cells following siRNA transfection. How-
ever, the absence of antiviral activity associated with 
the control siRNA and control Dicer substrate would 
suggest that interferon induction was not involved in 
hMPV inhibition.

siRNA sequences were chosen from conserved regions 
of different hMPV genomes, but the final sequences were 
selected based on hMPV B2, the consensus sequence. 
This approach resulted in a few mismatches between 
siRNAs and some of the strains used in subsequent 
evaluation. Among our top siRNA candidates, we found 
some mismatches with viral targets that were not always 

associated with a loss of activity. Most reports assessing 
the influence of target mismatches on siRNA activity 
showed that a single nucleotide change can reduce or 
completely abolish the siRNA silencing effect [27,40]. 
According to studies on miRNA efficacy and tolerance 
to mismatches, the 5′ region is crucial for recognition 
and pairing to the target mRNA and does not usually 
accept major changes [25,41]. The base at position 1 of 
the guide strand does not seem to pair with the mRNA 
target sequence, but rather interacts with proteins from 
RISC. However, nucleotides 2–8, which are responsible 
for recognition of mRNA target, do not easily tolerate 
mismatches. On the other hand, the 3′ region of miRNA 
allows for more base substitutions without drastically 
affecting its efficacy. It is believed that siRNA molecules 
follow the same rules as miRNA [42] but, according to 
our findings, some changes could be tolerated, even in 
the 5′ region of siRNAs. Figure 3A illustrates the posi-
tion of the nucleotides forming the siRNA and the cleav-
age of target mRNA by RISC between positions 10 and 
11 of the siRNA guide strand. Here, we report on two 
siRNAs (siRNA45 and siRNA60) for which mismatches 
in the 5′ region (positions 2 and 5, respectively) did not 
abrogate their activity, whereas a mismatch at position 2 
of siRNA1 was indeed associated with loss of function 
(Figure 3). As expected, mismatches located in the 3′ 
region of siRNAs (position 18 of siRNA45 and position 
17 of siRNA60) did not affect their anti-hMPV potency. 
Furthermore, siRNA45, which simultaneously presented  
two mismatches when compared with the hMPV A1 tar-
get sequence, remained highly effective against this strain. 
The position of mismatch is important for siRNA activity 
but the type of substitution could also be a key element 
in siRNA tolerance to mismatches. Substitutions of U to 
C (at position 2), of G to A (at position 5), of A to C (at 
position 17) and of A to C (at position 18) were well-
tolerated, whereas a substitution of A to G (at position 2) 
was deleterious for siRNA activity. This suggests that 
some mismatches can be tolerated in the siRNA sequence, 
but more detailed studies must be conducted to identify 
essential base-pairing positions and types of substitutions 
allowed for retaining siRNA activity.

We further demonstrated that a cocktail of two 
siRNAs (siRNA45 and siRNA60) can be successfully 
used to inhibit hMPV replication, at least as efficiently 
as individual siRNAs, without inducing cytotoxicity. 
The use of a cocktail of siRNAs might theoretically be 
helpful to prevent treatment failure if deleterious muta-
tions do happen in the target mRNA. This is a possi-
bility considering the number of variations reported in 
so‑called conserved viral genes.

Our two best siRNA candidates target mRNA of 
essential structural proteins. siRNA45 targets the N 
mRNA and siRNA60 targets the P mRNA. These pro-
teins form the replication-transcription complex along 
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with the L protein and are essential for viral replication 
[3]. Thus, silencing of these components leads to a 
nearly total loss of all RNA synthesis [16]. Moreover, 
de novo synthesis of N and P proteins following infec-
tion is essential for efficient viral replication of another 
paramyxovirus, such as the Sendai virus [43]. The N 
and P proteins are good targets because they are gener-
ally well conserved between all hMPV strains and less 
prone to immunological selective pressure than surface 
proteins [17–19]. Even though the N and P mRNAs 
are the two most frequent mRNAs produced in hMPV-
infected cells [15], their cleavage induced by siRNA45 
and siRNA60 transfection is highly effective in block-
ing replication, even at very low concentrations, that 
is, in the subnanomolar range against all hMPV sub-
groups (Table 1 and Figure 3). Because these experi-
ments involved transfection of cells in order to observe 
inhibition of hMPV replication, we cannot compare 
our siRNA IC50 values to those of other antiviral com-
pounds such as ribavirin [44].

In this study, we initially used 21‑mer siRNAs and 
identified two highly potent siRNAs against hMPV. 
Because some reports demonstrated better activity asso-
ciated with longer siRNAs known as Dicer substrates 
[45–49], we designed and evaluated 25/27-mer Dicer 
substrates corresponding to our top 21‑mer siRNA can-
didates, that is, siRNA45 and siRNA60. Two Dicer sub-
strates derived from siRNA45 and one from siRNA60 
were tested against hMPV A1 strain. siRNA45-mut-
Dicer had two RNA bases modified from the original 
siRNA45 sequence to obtain perfect complementarity 
with the hMPV A1 strain, whereas siRNA45-Dicer still 
contained the mismatch corresponding to position 18 
in siRNA45. siRNA60-Dicer had no modification com-
pared with the original RNA bases and was fully com-
plementary to the hMPV A1 strain. When evaluated 
by plaque assay followed by immunostaining, these 
three Dicer substrate siRNAs were at least as effective 
(and possibly slightly more active) against hMPV A1 
than the 21‑mer siRNAs (Table 2), which suggests that 
longer siRNAs can be an equal or even better option. 
Moreover, a gain in stability could be obtained with 
these longer siRNAs. A revised and shorter (19-mer) 
version of siRNA45 that contained no mismatches 
compared with hMPV A1 was also evaluated, but 
showed decreased activity against this strain compared 
with the original 21‑mer siRNA. Thus, both the length 
and sequence of siRNAs are important prerequisites for 
effective viral inhibition.

As these siRNAs are highly potent in inhibiting 
hMPV replication in vitro and are not associated with 
cytotoxicity in LLC-MK2 cells, subsequent evalua-
tion of their activity against hMPV in a small animal 
model in the presence or absence of delivery vehicles is 
extremely desirable. This will be further supplemented 

with the cytokine profiling from the bronchoalveolar 
lavage fluid of siRNA-treated mice. Considering that 
lung epithelial cells can be targeted by RNAi thera-
peutics following intranasal challenge with naked 
siRNAs or with the use of a carrier [28,45,50,51], 
topical antiviral therapy based on RNAi appears a 
promising avenue for hMPV and other respiratory 
viral infections [26,29].
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