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A B S T R A C T

Enterovirus D68 (EV-D68) represents an emerging pathogen which has demonstrated a capacity for causing
epidemic illness in pediatric and immunocompromised patients. With no effective antiviral treatment available,
therapeutic interventions are currently limited to supportive care. Utilizing available genomic sequences from
the 2014 B3 Epidemic EV-D68 clade and the 1962 Fermon EV-D68 strains, we performed in silico comparative
genomic analysis, identifying several islands of phylogenetic conservation within the viral RNA-dependent RNA
polymerase gene. The effects of transfecting short-interfering double-stranded RNA (siRNA) molecules targeting
these conserved sequences were tested in vitro using a human rhabdomyosarcoma cell-based model of EV-D68
infection. Two siRNA sequences demonstrated reproducible ability to abrogate EV-D68-mediated cytopathic
effect in vitro. These siRNA sequences were also able to decrease EV-D68 genome replication, VP-2 capsid protein
expression, and infectious particle production in vitro. EV-D68 knockdown was sequence-specific and not ob-
served in cells treated with a negative control siRNA lacking sequence homology to the viral genome. The
regions targeted by these siRNA's are located in highly conserved regions of the RNA-dependent RNA polymerase
gene. The most potent siRNA targeted a sequence found in subsequent enzyme crystallographic studies to en-
hance the enzyme's thermostability (Wang et al., 2017). Topical nebulized siRNAs have recently been utilized as
antivirals in human studies, with no adverse effects or toxicities noted (Gottlieb et al., 2016). Sequence selection
is likely one primary factor determining the potential efficacy of such therapeutics. These results demonstrate
that the identified siRNA sequences are able to suppress EV-D68 replication and cytopathic effect in vitro.

Picornaviruses represent one of the most common causes of acute
illness in human populations across the globe. They also contribute
significantly to the worldwide disease burden of asthma and can lead to
chronic infection in immunocompromised hosts. Enterovirus D68 (EV-
D68), formerly classified as rhinovirus 87, was responsible for an epi-
demic of pediatric respiratory illness that spread throughout North
America during 2014. This was the largest outbreak of EV-D68 yet
documented, with 1153 confirmed cases and 17 deaths (Messacar et al.,
2016). The CDC estimates that millions of children were likely infected,
though only a fraction of these ultimately had diagnostic testing per-
formed during 2014. Global surveillance data indicate that over the last
decade there has been an increase in EV-D68 infection rates concurrent
with increasing viral genome polymorphism (Gong et al., 2016). Be-
tween 2000 and 2010 large outbreaks of EV-D68 infection were docu-
mented in the Philippines, Asia, Africa, and Europe (Rahamat-
Langendoen et al., 2011, Imamura and Oshitani, 2015 and Holm-
Hansen et al., 2016).

RNA interference (RNAi) is a highly conserved cellular pathway
present in eukaryotic cells (Hannon, 2002) most frequently utilized for
interrogating gene function. The capability of siRNAs to knockdown

viral genes has also been documented (Liu et al., 2016). RNAi is notable
for both its remarkable specificity (a single nucleotide mismatch be-
tween the guide and target can abolish silencing) and robustness, with
decreases in endogenous protein expression approaching 90% com-
monly achieved during in vitro transfections of permissive cell lines
(Ambesajir et al., 2012). Human trials of a nebulized siRNA-based
treatment for respiratory syncytial virus infection have demonstrated
safety in lung transplant patients with an associated decrease in
bronchiolitis obliterans, though more work remains to optimize efficacy
(Gottlieb et al., 2016). Previously it has been shown that rhinovirus 1B,
16, and enterovirus 71 are susceptible to in vitro RNAi-mediated sup-
pression (Phipps et al., 2004; Wu et al., 2009). Like these picorna-
viruses, EV-D68 possess a single-stranded positive sense RNA genome
that undergoes replication and accumulation within the cytoplasm of
infected cells, leaving it potentially vulnerable to degradation by the
RISC.

We performed comparative genomic analysis examining the Fermon
and 2014 B3 clade epidemic US/MO/2014 strain of EV-D68, which
revealed several regions of extensive sequence conservation within the
RNA-dependent RNA polymerase (RdRP) gene. Three siRNAs targeting
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these islands of phylogenetic conservation (supplementary data) were
synthesized (IDT) and tested in vitro using a human rhabdomyosarcoma
cell (RD cells ATCC® CCL-136) based model of EV-D68 infection. RNAi
max transfection reagent (Invitrogen) was utilized to facilitate trans-
fection of all siRNAs. Data were subjected to ANOVA one-way analysis
using Prism 5 software (GraphPad Software, La Jolla, CA, USA) to de-
termine the significance of variability between groups. The 2ΔCt method
was utilized to calculate relative copy numbers in RT-PCR experiments.

RD cells that were transfected with siRNA-1 or siRNA-2, 24 h prior
to infection with EV-D68 (US/MO/2014 ATCC VR-1823), showed no
CPE at 5 days post infection. When stained with crystal violet (Fig. 1A),
and examined under a light microscope (Fig. 1B), cells were identical to
non-infected controls. In contrast, wells that were mock transfected,
transfected with siRNA-3, or transfected with the negative control
siRNA prior to infection showed prominent CPE at five days post-in-
fection. Transfection with both siRNA-1 and siRNA-2 abrogated the
capacity of a 2.1×108 tissue culture 50% infectious dose (TCID50)/ml
viral stock solution to produce any detectable CPE. TCID50 was calcu-
lated by the Spearman & Kärber method (Wulff et al., 2012).

Following staining with crystal violet absorbance at 570 nm was
used to quantify remaining cells. In wells transfected with siRNA-1 or
siRNA-2, there was no statistically significant difference in absorption
when compared with non-infected control wells. Absorbance was sig-
nificantly decreased in wells transfected with siRNA-3, negative control
siRNAs, or mock transfected wells 5 days after infection with EV-D68
(Fig. 2A).

To further quantify cytopathic effect, cells were stained with
Hoechst and the fluorescence in each well was measured using 361/
497 nm excitation/emission settings. Similar to the absorbance data,
wells treated with siRNA-1 and siRNA-2 prior to infection, showed no
statistically significant difference in fluorescence when compared to
non-infected controls (Fig. 2B). Infected wells that had been mock
transfected, transfected with siRNA-3, or transfected with negative
control siRNA prior to infection, showed significantly decreased fluor-
escence when compared to non-infected wells. When the concentrations
of siRNA-1 or siRNA-2 were varied, dose-dependent escalation of their
protective effects was noted with EC50 concentrations of 15 nM and
16 nM, respectively (Fig. 2C).

To determine the impact of siRNA treatment on EV-D68 genome
replication, RT-PCR was used to quantitate genome copy number five
days after infection (Wylie et al., 2015). Transfection with siRNA-1 or
siRNA-2 at 10 nM significantly decreased EV-D68 genome copy number
when compared to wells transfected with siRNA 3, negative control
siRNA, or the mock transfected controls (p < 0.001) (Fig. 3A).
Transfection with siRNA-1 or siRNA-2 produced 16- or 26-fold reduc-
tions in EV-D68 genome copy numbers, respectively (Fig. 3B).

Due to the fact that genome copy number may not always accurately
reflect picornavirus infectious particle titers, RD cell monolayers were
exposed to serial dilutions of culture media collected five days after
infection from 96 well plates. Culture media from infected wells
transfected with siRNA-1 or siRNA-2 showed decreased titers of in-
fectious particles compared to culture media harvested from siRNA-3-

Fig. 1. Effects of siRNA transfection on EV-
D68 CPE. (A) RD cell monolayers in a 96-well
plate were mock-transfected or transfected with
siRNAs. After 24 h cells were infected with EV-
D68 strain US/MO/2014, then incubated for five
days prior to staining with crystal violet.
Column 1 contains non-infected control cells;
column 2 contains cells infected with EV-D68 at
an MOI of 2.8; columns 3–12 were infected with
10-fold serial dilutions of the EV-D68 inoculum
used in column 2. 24 h prior to infection, rows
were transfected with 10 nM siRNA-1 (rows A
and B), siRNA-2 (rows C and D), siRNA-3 (rows
E and F), negative control siRNA (row G), or
mock-transfected (row H). (B) Representative
40× micrographs from wells of the 96-well
plate shown in panel A. a. well A1 (non-infected
cells); b. well H2 (no siRNA); c. well G2 (nega-
tive control siRNA); d. well A2 (siRNA-1); e.
well C2 (siRNA-2); f. well E2 (siRNA-3).
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or negative control siRNA-treated wells (Fig. 3C). CPE was not evident
in wells inoculated with culture media from wells treated with siRNA-1
beyond the 10−2 dilution or with culture media from wells treated with
siRNA-2 beyond the 10−1 dilution. In contrast, CPE was visible in
monolayers inoculated with all (10−2 to 10−5) dilutions of culture
media from siRNA-3- or negative control siRNA-treated wells (Fig. 3C).
Thus, treatment with siRNA-1 or siRNA-2 reduced production of in-
fectious EV-D68 by two and three logs respectively.

To determine if siRNA transfection was capable of inhibiting viral
protein expression, cells were stained with EV-D68 VP2 antibodies
(Genetex) 48 h after infection. The results revealed a decrease in EV-
D68 VP2 protein in cells transfected with siRNA-1 or siRNA-2 to levels
similar to non-infected controls (Fig. 4). In contrast, cells transfected
with siRNA-3, negative control siRNA, or mock transfected cells showed
abundant expression of EV-D68 VP2 protein (Fig. 4).

Our data demonstrates that EV-D68 is susceptible to knockdown via
the RNAi pathway. EV-D68 phylogeny currently designates four major
subtypes of the virus denoted A, B, C, and D (Tan et al., 2015). Each of
these contains multiple subclades. During the 2014 North American EV-
D68 epidemic, comprehensive genomic sequencing efforts revealed the
emergence of multiple new clades (Du et al., 2015). Subsequently in
2016, 159 samples from the Lower Hudson River valley tested positive
for EV-D68 during the summer of 2016 which sequencing revealed was
linked to the subclade B3 (Huang et al., 2016; C. Wang et al., 2017; G.
Wang et al., 2017).

Several point mutations identified in the 2014 EV-D68 B1 clade
were noted surrounding cleavage sites utilized by the viral 2Apro and
3Cpro enzyme (Huang et al., 2015). It was hypothesized that these
mutations might confer increased viral replicative capacity upon the
resulting virus. Our unpublished data supports this conjecture that the
2014 epidemic EV-D68 strain does indeed replicate at a greater rate

than the Fermon strain in vitro, though this has yet to be confirmed with
in vivo analyses.

Though the Fermon and 2014 epidemic strains of EV-D68 have
greater than 88% overall homology, we observed that stretches of exact
sequence conservation greater than 50 base pairs long were present but
rare. Taking advantage of this we were able to design siRNAs with
potent anti-viral activity against EV-D68. Two of the three siRNAs were
observed to provide potent suppression of EV-D68 CPE, viral genome
replication, viral protein expression, and infectious particle production.
Antiviral activity varied depending upon the sequence of the siRNA
transfected. A single non-conserved nucleotide which is present in the
Fermon strain, but which is not ubiquitous in more recent epidemic
strains (including US/MO/2014) was incorporated in to siRNA-3
(Table 1). This siRNA did not produce any measurable effect on EV-D68
CPE or replication of either the Fermon (data not shown) or the US/
MO/2014 EV-D68 strains, highlighting the importance of appropriate
target selection to achieve antiviral activity.

Subsequent to the completion of the experiments described here
within, a crystal structure of the EV-D68 RdRP was published (C. Wang
et al., 2017; G. Wang et al., 2017). This data revealed that, similar to
other picornaviruses, the EV-D68 RdRP structurally resembles a cupped
right hand. The sequence of siRNA-2, which showed the highest level of
antiviral activity, targets the extremely conserved nucleotide channel
formed by the index finger and thumb of the RdRP. The amino acids
391 through 399 of the EV-D68 RdRP, which are encoded by the viral
genome sequences homologous to siRNA-2, interact with amino acids at
the N-terminus of the polymerase to stabilize the molecule. Mutations
introduced to this region decreased the thermostability of the EV-D68
RdRP (C. Wang et al., 2017; G. Wang et al., 2017). siRNA-1 targets the
amino acids 447–455 of the RdRP directly adjacent to the 3′ UTR. These
amino acids are conserved but were not observed to have any protein

Fig. 2. Effects of siRNA transfection on cell
survival five days post-infection with EV-
D68. (A) Crystal violet staining was quantitated
by measuring the OD 570 nm for each well of
the plate shown in Fig. 1A. The data shown are
for cells that were either non-infected or in-
fected with an MOI of 2.8. There was a statisti-
cally significant increase in absorbance
(p < 0.0001) in cells treated with siRNA1 or
siRNA2 compared with controls.
(B) A replicate experiment to that shown in
Fig. 1 was stained with Hoechst stain instead of
crystal violet and fluorescence was subsequently
quantified and compared between transfected
and non-transfected groups. (C) RD cell mono-
layers in a 96-well plate were transfected with
increasing final concentrations of siRNA from
5 nM to 70 nM and then infected 24 h later with
EV-D68 at an MOI of 2.8. After incubation for
five days wells were stained with crystal violet.
Absorbance at 570 nm was measured and
plotted against log siRNA concentration and
EC50 values were calculated as the inflection
points of best-fit four-parameter curves.

N. Klaiber, et al. Antiviral Research 170 (2019) 104565

3



stabilizing motifs in the aforementioned crystallographic study. Such
motifs represent an attractive target for a therapy so dependent upon
sequence specificity as RNAi due to the reduced potential for viable
infectious particles with mutations conferring resistance. siRNA-3 tar-
gets the nucleotides encoding residues 31–39, which are directly ad-
jacent to amino acids 1–30 of the RdRP. While amino acids 1–30 form
the highly conserved motif noted to structurally interact with the

thumb region stabilizing the polymerase, residues 31–39 (targeted by
siRNA-3) do not form any motifs noted to be structurally critical by the
x-ray crystallography data (C. Wang et al., 2017; G. Wang et al., 2017).

The ability of siRNAs to result in antiviral activity is dependent
upon the secondary structure of the target RNA sequence and the sec-
ondary structure itself can be functional (i.e., via interactions with host
cellular machinery), resulting in evolutionary preservation of these

Fig. 3. Effects of siRNA transfection on EV-
D68 genome copy number and infectious
virus yield five days post-infection. (A) RD
cell monolayers in a 96-well plate were mock
transfected or transfected with 10 nM siRNAs
and 24 h later infected with EV-D68 US/MO/
2014 at an MOI of 2.8. After incubation for five
days RNA was isolated and EV-D68 genomes
were quantitated by RT-PCR. Results were ex-
pressed as mean cycle threshold (Ct) values. (B)
data from 3A were normalized to show fold re-
duction in EV-D68 genome copy number
(*p < 0.001). (C) Culture media from the in-
dividual wells described in panel A were 10-fold
serially diluted and added to fresh RD cell
monolayers in a 24-well plate. After incubation
for five days the wells were stained with crystal
violet. Wells in column 1 were mock-treated
(non-infected). Wells in columns 2 to 6 were
inoculated with culture media diluted 10−1 to
10−5, respectively, derived from infected wells
treated with siRNA-3 (row A), siRNA-2 (row B),
siRNA-1 (row C), or negative control siRNA (row
D).

Fig. 4. Effects of siRNA transfection on EV-
D68 VP2 protein expression. RD cell mono-
layers were mock transfected or transfected with
10 nM siRNA solution and 24 h later mock in-
fected or infected with EV-D68 US/MO/2014 at
an MOI of 2.8. After incubation for 48 h the cells
were fixed and stained for EV-D68 VP2 protein
using indirect immunofluorescence. (A) mock-
infected; (B–F) infected and treated with (B) no
siRNA (transfection agent only), (C) negative
control siRNA, (D) siRNA1, (E) siRNA2, (F)
siRNA3.
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nucleotide sequences. The 5′ untranslated region (UTR) of picorna-
viruses serves as an example of such an effect. Previous experiments
revealed that siRNA's targeting this region did not result in antiviral
activity against rhinovirus in vitro (10). This is likely attributable to the
complex cloverleaf secondary structure of the viral genome in this re-
gion limiting access of the RISC to the target. Due to this observation we
did not attempt to target the EV-D68 5′ UTR despite its high level of
interspecies conservation. These same experiments did note antiviral
activity from an siRNA targeting a genomic region encoding the rhi-
novirus RdRP around a highly conserved aspartic acid residue (Phipps
et al., 2004). Any viable siRNA-based antiviral will likely need to target
multiple viral sequences simultaneously, with each target having both
secondary structures accessible to the RISC and sequences of high
phylogenetic conservation.

Delivery has been a primary obstacle to effective RNAi-based ther-
apeutics. The respiratory epithelium offers the potential for cir-
cumventing this technical hindrance due to its anatomical location and
the apparent amenability of the epithelium to RNAi uptake. Our un-
published animal data suggest that in vivo knockdown of EV-D68 is
possible at the nasal epithelium with topical siRNA application.
Preliminary human trials have also provided proof-of-principle that
nebulized delivery of siRNAs is feasible (Gottlieb et al., 2016). In 2018
the FDA approved the first siRNA based drug, Patisiran, to treat her-
editary transthyretin amyloidosis (Adams et al., 2018). Picornaviruses,
due both to their genomic material, lifecycles, and sites of infection,
may represent a feasible target for RNAi-based therapeutics with effi-
cacy predicated upon appropriate sequence selection.
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