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ABSTRACT 

Enterovirus D68 (EV-D68) emerged in 2014 as an important pathogen linked to severe lower 

respiratory disease and acute flaccid myelitis outbreaks. Historically associated with mild 

common-cold-like symptoms, clusters of severe disease attributed to EV-D68 appeared during a 

series of outbreaks in 2014, 2016, and 2018. Previous studies of historic EV-D68 strains 

demonstrated attenuated replication at temperatures of the lower respiratory tract (37°C), when 

compared to the upper respiratory tract (32°C). By testing a panel of historic and contemporary 

EV-D68 strains at 32°C and 37°C, we demonstrate that contemporary strains of EV-D68 

undergo little to no attenuation at increased temperatures. Contemporary strains produced 

higher levels of viral proteins at 32°C and 37°C than historic strains, although both strains 

infected similar numbers of cells and had comparable amounts of replication complexes. IRES 

activity assays with dual-luciferase reporter plasmids demonstrated enhanced translation in 

recent EV-D68 strains mapped to regions of variability in the 5’ UTR found only in contemporary 

strains. Using an infectious clone system, we demonstrate that the translation advantage 

dictated by the 5’ UTR does not solely mediate temperature sensitivity. The strain-dependent 

effects of temperature on the EV-D68 life cycle gives insight into the susceptibility of the lower 

respiratory system to contemporary strains. 
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IMPORTANCE 

Enterovirus-D68 (EV-D68) emerged in 2014 as a causative agent of biannual severe pediatric 
respiratory disease and acute flaccid myelitis (AFM). We show that recent EV-D68 viruses have 
gained the ability to replicate at 37⁰C. Enhanced virus protein translation seemed to correlate 
with enhanced virus replication at 37⁰C but other genetic factors are also contributing to this 
phenotype. An enhanced ability to replicate at core body temperature may have allowed EV-
D68 to penetrate both lower in the respiratory tract and into the central nervous system, 
explaining the recent surge in severe disease associated with virus infection.   

 

INTRODUCTION 

Human enterovirus D68 (EV-D68) has recently been associated with global outbreaks of 

severe acute respiratory illness and acute flaccid myelitis. This positive-sense, single-stranded 

RNA virus of the Picornaviridae family was first isolated in California from four pediatric patients 

in 1962. EV-D68 was found to be remarkably similar to human rhinovirus (HRV) in that it was 

acid labile, temperature sensitive, and transmitted from person-to-person via respiratory 

droplets [1-5]. The biological similarities between in EV-D68 and HRV led to its initial 

misclassification as human rhinovirus 87, which was corrected by genetic analysis and serum 

neutralization studies [6, 7]. Between 1970 and 2005, only 26 cases were reported to the CDC 

and the virus was generally associated with mild upper respiratory illness [8, 9].In 2014, 

unprecedented outbreaks of EV-D68 associated with severe respiratory disease and acute 

flaccid myelitis emerged throughout the world [3, 10-30]. Since 2014, there have been biannual 

patterns of severe disease associated with EV-D68 [31-50]. This unique pattern of recurring 

outbreaks and severe pathology sheds light on the importance of understanding evolutionary 

changes in contemporary EV-D68 strains. 

The propensity of a respiratory pathogen to induce severe respiratory distress can be 

partly linked to its ability to replicate in the lower respiratory tract. The upper respiratory tract is 

approximately 32°C due to the intake of cool ambient air, while the lower airways are around 

37°C, closer to core body temperature [51]. When respiratory viruses replicate poorly at 37°C, 
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their infections are often restricted to the upper airways, limiting the potential for damage to the 

lower respiratory tract and ultimately mitigating disease severity. It is widely accepted that the 

reason most HRVs cause only mild upper respiratory illness is their preferential replication at 

cooler physiological temperatures [52-54].Temperature sensitivity and restriction to the upper 

airways has been harnessed for vaccine development and is the basis behind the cold-adapted 

live attenuated influenza vaccine [55, 56]. Historically, in vitro studies indicated EV-D68 

replicates optimally at 33°C and is attenuated at higher physiological temperatures [1, 4, 5]. 

Given the recent outbreaks of lower respiratory disease associated with EV-D68, our lab sought 

to investigate EV-D68 temperature sensitivity in the context of historic and contemporary 

strains. 

Picornaviruses have a positive-sense RNA genome approximately 7.5kb long that 

encodes a single open reading (ORF) that is translated into a single polypeptide. The genome 

also has 5’ and 3’ untranslated regions (UTRs) directly adjacent to the ORF. Both UTRs form 

secondary structure that are functionally involved in protein translation and genome replication. 

Picornaviruses utilize an internal ribosomal entry site (IRES) located in the highly structured 5’ 

untranslated region (UTR) of the viral genome for the initiation of viral protein translation [57, 

58]. The IRES facilitates recruitment of host-cell translation machinery and initiation of 

translation in the absence of a 5’ methylated cap. Numerous studies have identified 5’ UTR 

mutations that impact IRES-mediated translation efficiency, which can be linked to temperature 

sensitivity, and neurotropism [57, 59, 60]. While some picornaviruses have been determined to 

have multiple open reading frames with an additional start codon in the 5’ UTR, this is not the 

case for EV-D68 [61, 62]. There has been substantial evolution in the EV-D68 5’ UTR since its 

initial discovery in 1962, most notably in the form of heightened variability and large deletions in 

the spacer region flanking the AUG start codon [63, 64]. Our studies identified a loss of 

temperature sensitivity in recent EV-D68 strains which was associated with increased 
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translation of the viral genome. While the precise viral regions responsible for temperature 

sensitivity remain to be delineated, our results suggest the acquisition of efficient replication at 

37°C preceded the emergence of EV-D68 as a global pathogen and may help explain its recent 

altered ability to induce respiratory and nervous system disease.  

 

MATERIALS AND METHODS 

Cell culture 

Human Rhabdomyosarcoma (RD) cells were obtained from the American Type Culture 

Collection (ATCC) (CCL-136) and cultured in Gibco Minimal Essential Medium (MEM) 

supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, 

and 2 mM GlutaMAX (Gibco). The cells were grown at 37°C in a humidified environment 

supplemented to 5% CO2.  

Viruses 

F02-3607 Corn (Corn-1963), US/MO/14-18947 (MO-2014), US/KY/14-18953, US/IL/14-18952 

and AY426531 (Fermon-1962) were obtained from ATCC. USA/N0051U5/2012 (TN-2012) and 

US/MO/14-18949 (MO-2014/2) were provided by Dr. Suman Das of Vanderbilt University. Virus 

stocks were generated by inoculating a confluent T75 or T150 flask of RD cells at a multiplicity 

of infection (MOI) of 0.01 50% tissue culture infectious doses (TCID50) per cell for 1 hour at 

32°C with rocking every 10-15 minutes. Virus inoculum was aspirated and replaced with 

infection media (IM- 2.5% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM GlutaMAX 

[Gibco]) followed by incubation at 32°C. After 24 hours of infection, initial IM was aspirated and 

replaced with fresh IM. When complete cytopathic effect (CPE) could be determined using a 

light microscope (3-5 days), the infected cells and supernatant were harvested, subjected to 2 

freeze thaw cycles, and centrifuged at 600 x g for 10 minutes  to remove all cell debris. The 
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clarified supernatant was aliquoted and stored at -70C. Virus stock titers were determined using 

TCID50 and plaque assays described below. 

50% Tissue culture infectious dose (TCID50) assay 

RD cells were plated in 96-well plates, grown to full confluence, and washed with PBS+. 

Tenfold serial dilutions of the virus inoculum were made and 200 μL of dilution was added to 

each of 6 wells in the plate, followed by incubation at 32°C or 37°C for 5-7 days. Cells were then 

fixed by adding 100 μL of 4% formaldehyde in PBS per well and incubated at room temperature 

for at least 10 minutes before staining with Naphthol Blue Black solution. TCID50 calculations 

were determined by the Reed-Muench method [65]. 

Plaque assays 

Plaque assays were performed using 6-well plates of confluent RD cells. Serial 10-fold 

dilutions of the virus inoculum were generated in IM. Cells were washed twice with PBS 

containing calcium and magnesium (PBS+) and 200 μL of inoculum was added per well. The 

cells were incubated for 1 hour at 32°C with rocking every 10-15 minutes. The inoculum was 

removed and replaced with IM containing 1% agarose. Cells were then incubated at 32°C or 

37°C for 5-7 days, fixed in 2% formaldehyde, and stained in a Naphthol Blue Black solution.  

Growth Curves 

Multistep growth curves were performed on RD cells at an MOI of 0.001. Virus stocks 

were diluted to the appropriate concentrations in IM. Cells were inoculated with virus and 

incubated at 32°C with rocking every 10-15 minutes. Cells were then washed 2 times with PBS+ 

and incubated with fresh IM at 32 or 37°C. At the time points indicated, all supernatant was 

harvested and stored at -80°C. Infectious virus quantification at each time point was determined 

using TCID50 assays. 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019380doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019380
http://creativecommons.org/licenses/by-nd/4.0/


Flow Cytometry 

RD cells were washed with PBS+ and infected at an MOI of 5 for 1 hour at 32°C with 

rocking every 10-15 minutes. Infected cells were allowed to incubate for an additional 8 hours at 

32°C or 37°C, at which time they were washed twice with PBS-, detached using trypsin, and 

fixed for 15 minutes at room temperature with 2% paraformaldehyde (PFA) in PBS. Cells were 

permeabilized with 0.2% Triton X-100 (Sigma) in PBS, blocked for 1 h in PBS with 3% normal 

goat serum and 0.5% bovine serum albumin (BSA; Sigma), and incubated for 1 h with anti-VP1 

rabbit serum (1:200; GTX132313, Genetex) or dsRNA mAb (1:200; J2 anti-dsRNA IgG2a, 

Scicons), followed by incubation for 1 h with goat anti-rabbit AF647 (1:400; A-21224, Molecular 

Probes) or goat anti-mouse AF488 (1:200, A-11029, Molecular Probes). The cells were 

analyzed by flow cytometry (BD FACSCalibur) and data analyzed using FlowJo software. 

Phylogenetic Analysis and RNA secondary structure 

Evolutionary trees were generated with all available EV-D68 complete genome 

sequences (408 sequences, December 11, 2017) from NCBI using entire genomes or 5’ UTRs 

only. Phylogenetic trees were generated using the Maximum-Likelihood tree analysis with 500 

bootstrap replicates from MEGA-X software. Alignments shown were performed using Geneious 

8.1.9 software. 

Predicted RNA secondary structure for each domain was determined using both 

RNAstructure 6.1 and Geneious 8.1 software and referencing that of CBV [66]. The structures 

were visualized and edited using RNAstructure Structure Editor. 

IRES Activity Assay 

Dual-luciferase plasmids were obtained from Genscript which used a CMV promoter to 

express and mRNA with the renilla luciferase gene, followed by the EV-D68 5’ UTR and firefly 

luciferase. RD cells were grown to 85-90% confluence in opaque 96-well plates overnight and 

plasmids were transfected into the cells for 4 hours at 37°C using TransIT-LT1 transfection 
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reagent and incubated overnight at 32°C. The cells were then left at 32°C or moved to 37°C for 

9 hours before read on a luminometer using the Dual-Luciferase Reporter Assay Step 

(Promega) according to manufacturer’s instructions. IRES activity was determined as the ratio 

of Firefly luciferase to Renilla luciferase. 

Infectious Clone System 

Recombinant Corn-1963, MO-2014, and 5’ UTR chimeric viruses were generated using 

sequences available in GenBank. pUC57 vectors encoding a T7 transcription site followed by 

the full-length genome of interest, a 30-35 base poly-A tail, and ClaI restriction site for 

linearization were ordered from Genscript (Piscataway, NJ). Plasmids were fully linearized by 

incubation at 37°C for a minimum of 2 hours using ClaI restriction enzyme (New England 

Biolabs). Full-length genomic RNA was transcribed from the linearized plasmids using the 

MegaScript T7 Kit (Ambion). 4µg of transcribed RNA was mixed with DMRIE-C (Invitrogen) 

transfection reagent (1:2 µg:µL ratio) in Opti-MEM (Gibco), serial diluted in 4-fold increments 

(1µg to 0.016µg RNA final), and added to 85-90% confluent RD cells in 12-well plates for 2-4 

hours at 37°C followed by an overlay of IM containing 1% agarose. The plates were incubated 

for up to 7 days with daily monitoring for plaques. Upon appearance, plaques were picked and 

plaque plugs placed in 500 µL of IM for use in generating seed stocks on RD cells. 

SDS-PAGE and western blotting 

RD cells were infected at a high MOI for 1 hour at 32°C with rocking every 10-15 

minutes and allowed to incubate for an additional 8 hours. Cells were washed twice with PBS 

and lysed using 1% SDS in PBS. Cell lysates were sonicated and clarified of any remaining 

cellular debris by centrifugation. Samples were mixed with 4X Laemmli buffer (Bio-Rad) 

containing dithiothreitol (DTT; ThermoFisher) and denatured at 100°C for 5 min. Samples were 

loaded alongside Precision Plus Protein Standards All Blue protein ladder (Biorad) into a 4-20% 

Mini-PROTEAN TGX Gel (Biorad) and run at 100 V for approximately 1 hour. Proteins were 
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transferred to a PDVF membrane for 1 hour at 100V and blocked for 1 hour (5% blotting-grade 

blocker (Bio-Rad) in PBS containing 0.05% Tween 20). The membrane was stained for 1 h with 

mouse anti-VP3 (1:1000; GTX633706, Genetex) or mouse anti-β-actin (1:10000; Abcam), 

followed by staining for 1 h with anti-mouse AF647 (1:1000; A-28181, Molecular Probes). The 

membrane was washed 3 times for 5 minutes with PBS containing 0.05% Tween 20 with 

rocking between each step. Protein expression was analyzed using a FluorChem Q system. 

Cellular expression of viral proteins was normalized by β-actin expression. 

Statistical analyses 

Replication kinetics of low MOI growth curves were analyzed by two-way ANOVA. TCID50 

assays, FACS data, and IRES activity assays were analyzed using unpaired or multiple t-tests. 

All statistical analyses were performed in GraphPad Prism 8.0.1. 

RESULTS 

Effect of physiological temperature ranges on historic and contemporary EV-D68 strain 

infectious virus production 

Historic strains of EV-D68 were previously shown to have optimal growth temperatures at 

33°C and undergo attenuated growth at 37°C [1, 4, 5]. Given the recent rise in acute respiratory 

illness correlating with EV-D68, we tested a panel of historic and contemporary strains to 

determine if temperature sensitivity phenotypes differ between historic and contemporary 

strains. In agreement with the literature, historic strains of EV-D68 were attenuated at 37°C 

compared to 32°C (Fig. 1A), with TCID50 values reduced by 1000 to 100,000 fold. However, 

contemporary strains showed no to at most a 20 fold reduction in infectious virus titer when 

TCID50 assays are performed at 32°C or 37°C (Fig. 1A). When analyzing plaque assays 

incubated at 32°C or 37°C, contemporary strains showed more plaques of greater size at 37°C 

when compared to historic strains (Fig. 1B). In low MOI growth curves on RD cells (Fig. 1C), the 

Corn-1963 strain showed reduced infectious virus production at 37°C, while the MO-2014 
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produced equivalent infectious virus titers at both temperatures. At 32°C, MO-2014 produced 

higher infectious virus titers compared to Corn-1963, suggesting MO-2014 had improved 

replication at 32°C compared to Corn-1963. The data suggest contemporary strains of EV-D68 

are better able to replicate at higher physiological temperatures than historic strains. 

Translation efficiency of contemporary and historic EV-D68 strains at physiological 

temperature ranges 

To investigate the mechanisms controlling temperature restriction of EV-D68, we selected 

temperature sensitive Corn-1963 (historic) and temperature tolerant MO-2014 (contemporary) 

strains to delineate which stages of the EV-D68 life cycle were affected by temperature. After 

infecting RD cells (MOI of 5) for 9 hours at 32°C or 37°C, we detected viral RNA replication 

complexes using an antibody specific to dsRNA and viral protein using an antibody specific for 

EV-D68 viral capsid protein 1 (VP1). Using flow cytometry for analysis, both strains showed 

similar numbers of infected cells at both temperatures as detected by dsRNA positive cells (Fig. 

2A) and nearly all of these infected cells were generating detectible viral protein (Fig. 2B). Mean 

fluorescence intensity was used to quantify relative amounts of dsRNA and VP1 on a per cell 

basis. The MFI of dsRNA was similar between strains (Fig. 2C). When RT-qPCR was used to 

quantify genome copies, there was a difference between Corn-1963 and MO02014 at both 

temperatures (Fig. 2E). Significant differences in VP1 expression were detected by flow 

cytometry, with the MO-2014 showing higher protein production at 32°C and 37°C compared to 

Corn-1963 (Fig. 2D). The differences in translation were further confirmed using a western blot 

assay and a monoclonal antibody to EV-D68 viral capsid protein 3 (VP3), which demonstrated 

increased VP3 at both 32°C and 37°C in MO-2014 infected cells (Fig. 2F). Based on the data, 

we inferred that while Corn-1963 and MO-2014 infected similar numbers of RD cells at either 

temperature, MO-2014 produced significantly more protein at both 32°C and 37°C. 
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Assessment of IRES activity from strains ranging from 1963 to 2016 

Since MO-2014 showed enhanced translation efficiency at 32°C and 37°C compared to 

the Corn-1963, we wanted to determine if IRES activity differed across a historical panel of virus 

strains. Sequences available on GenBank were selected that spanned all clades and a 

phylogenetic analysis was performed using either the IRES (Fig. 3A) or full genome (Fig. 3B) 

sequences. Representative 5’ UTR sequences from various EV-D68 strains were chosen for 

IRES activity analysis using a dual-luciferase plasmid encoding a CMV-promoter driven renilla 

luciferase ahead of the 5’ UTR of interest, followed by firefly luciferase.  These plasmids were 

transfected into RD cells and IRES activity levels were determined at both 32°C and 37°C for 

each strain. At 32°C, all strains from 1999 or later had significantly higher levels of IRES activity 

compared to CORN-1963. At 37°C, five of the strains were significantly higher than Corn-1963, 

including three clade B strains from recent outbreaks, WY-2014, MO-2014, and MO-2016. The 

data indicate that the WY-2014, MO-2014 and MO-2016 5’ UTRs appear to have much greater 

ability to mediate translation at either 32°C or 37°C when compared to many historical EV-D68 

strains.   

Genomic and structural comparison of Corn-1963 and MO-2014 and effects on IRES 

activity 

We further analyzed the genomic and structural components of the 5’ UTR by aligning the 

corresponding sequences from Corn-1963 and MO-2014. The 5’ UTRs of Corn-1963 and MO-

2014 share 83% homology with sporadic mutations that span the entire 5’ UTR. However,  (Fig. 

4A), there is a region of variation in bases 629-733 adjacent to the start codon, including a 35 

base deletion previously reported to be in all contemporary EV-D68 strains. Of the 733 base 5’ 

UTR, 50% of the sequence variation is found in this variable region. The sequence variation 

between Corn-1963 and MO-2014 affect the predicted secondary structure (Fig. 4B) by inducing 

the formation of a stem loop structure (VII) in MO-2014 compared to Corn-1963. Using the dual-
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luciferase plasmid assay, we analyzed the contribution to IRES activity of both the 35 base 

deletion and the entire variable region of the 5’ UTR (Fig. 4C). Deleting the 35 bases in Corn-

1963 increased IRES activity slightly. However, replacing the entire variable region with that of 

MO-2014 increased IRES activity, nearing levels of MO-2014. Adding in 35 bases to MO-2014 

increased IRES activity slightly, but replacing the entire variable region with that of Corn-1963 

resulted in a significant decrease in IRES activity. While the observed trends were detected at 

both 32°C and 37°C, the advantage of MO-2014 and its variable region penetrated more at 

37°C. In fact, the ratio of IRES activity (MO-2014:Corn-1963) was significantly higher at 37°C, 

suggesting an advantage to MO-2014 at 37°C (Fig. 4D). Taken together, the enhanced IRES 

activity of MO-2014 is largely mediated by the 5’ UTR variable region which is more 

advantageous at 37°C. 

Replication of Corn-1963 and MO-2014 5’ UTR chimeric viruses at 32°C and 37°C. 

Because our IRES-activity assay indicated increased translation efficiency for MO-2014 

that penetrated more strongly at 37°C, we generated chimeric recombinant viruses to test the 

influence of the 5’ UTRs on virus replication at 32°C and 37°C. TCID50 assays were performed 

at 32°C and 37°C on chimeric virus working stocks. The recombinant Corn-1963 (rCorn-1963) 

and MO-2014 (rMO-2014) viruses showed the same temperature sensitivity patterns as the 

natural isolates they were derived from in TCID50 assays (Fig. 5A). Surprisingly, replacing 

either the variable region or the entire 5’ UTR of either virus with that of the other had no effect 

on temperature sensitivity (Fig. 5A). Because TCID50 assays represent an endpoint assay, the 

effect of the 5’ UTR swaps were assessed in low MOI growth curves. Again, replacement of the 

variable region alone or the entire 5’ UTR had no effect on temperature dependent infectious 

virus production (Fig. 5B).  Given that there was no change in the temperature sensitivity 

phenotypes involving infectious virus production, we determined the translation efficiency of the 

recombinant viruses using Western blotting for VP3.  When the rCorn-1963 5’ UTR was 
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replaced with that of rMO-2014, translation was increased (Fig. 5C; 32 to 57 at 32°C and 17 to 

31 at 37°C) and the reciprocal swap resulted in a reduction of translation (Fig. 5C;117 to 42 at 

32°C and 73 to 45 at 37°C). Replacing only the variable regions had a minimal impact on rCorn-

1963, however, rMO-2014 lost translation efficiency when replaced with that of rCorn-1963. 

Taken together, the data demonstrate that that the 5’ UTR of MO-2014 increases viral protein 

translation in a recombinant virus when compared to the 5’ UTR of rCorn-1963. However, the 5’ 

UTR-mediated increase in translation efficiency is not the determining factor for EV-D68 

temperature sensitive infectious virus production.  

  

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019380doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019380
http://creativecommons.org/licenses/by-nd/4.0/


DISCUSSION 

EV-D68 has previously been shown to have an optimal growth temperature of 32°C 

compared to 37°C [1, 4, 5]. This temperature range is important because it represents the 

temperature of the human upper respiratory airways (32°C), which are cooled by inhalation of 

ambient air, and the lower respiratory airways (37°C), closer to core body temperature. 

Respiratory viruses incapable of replicating at higher physiological temperatures have 

correlated with mildly symptomatic infections of the upper respiratory tract [51]. HRV A and HRV 

B are two viruses with attenuated replication at higher physiological temperatures and are best 

known for causing common-cold symptoms [52, 53]. The recently discovered HRV C is not 

attenuated at 37°C and is associated with severe infections of the lower airways [67-71]. In EV-

D68 outbreaks (2014, 2016, 2018), there have been correlations to increased acute respiratory 

illness (ARI) [21, 30, 72-77]. Our data indicate that contemporary strains of EV-D68 are better fit 

to replicate at 37°C than historic strains. Extrapolation of this data suggests that temperature is 

no barrier for the viruses to infect both upper and lower airways of the human respiratory 

tract.While recent studies have given insight into the ability of EV-D68 to infect neuronal cell 

lines in vitro and in animal models as it pertains to receptors, the mechanisms by which EV-D68 

infects the central nervous system to cause AFM remain unclear [78-83]. Other picornaviruses 

capable of causing AFM such as poliovirus, EV-71, and CVB all replicate at high physiological 

temperatures. While temperature tolerance alone will not allow neuronal infections, our data 

suggests that contemporary strains of EV-D68 have overcome this barrier to efficient replication. 

Picornaviruses utilize an internal ribosomal entry site (IRES) element located in the 5’ 

UTR of the virus genome for the initiation of viral protein translation. There have been various 

studies outlining the impacts of picornavirus 5’ UTR mutations on IRES-mediated translation 

efficiency. While some picornaviruses have been determined to have multiple start codons, this 

is not the case for EV-D68 [61, 62].There has been substantial evolution in the EV-D68 5’ UTR 
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since its initial discovery in 1962. Comparing the genetic composition, there is 83% 5’ UTR 

sequence homology between our representative historic and contemporary strains and these 

differences do impact the overall predicted secondary structure (Fig. 4A and B). In addition to 

sporadic mutations throughout the 5’ UTR, there is a concentrated area of variability, including a 

35 base deletion just prior to the translation start codon that is found in all contemporary EV-

D68 strains. Due to the lack of sequences prior to the early 2000s, it is unknown when this 

sequence divergence took place. There is mounting evidence of EV-D68 recombination events 

that could potentially explain the heightened diversity in this specific region of the 5’ UTR [84]. 

Our dual-luciferase plasmid system gave the ability to test the impact of the 5’ UTR variability on 

translation by generating chimeric plasmids. Our data indicate that contemporary strains of EV-

D68 have acquired increased translation efficiency driven by evolution in the 5’ UTR.  The 35 

base deletion did not have much of an effect on the historical strains translation efficiency, 

however, incorporation of the entire region of high variability increased translation significantly 

(Fig. 4C). Predictive secondary modeling suggest that the variable region of the contemporary 

strains lead to an additional stem-loop after domain VI (Fig. 4A). The effects of additional 

secondary structure in this region remains unknown, but could play a role in recruitment of 

translation initiation factors.  

While our data suggest that contemporary strains of EV-D68 have a translation efficiency 

advantage over historic strains based on our bicistronic reporter assays, chimeric viruses were 

necessary to determine the impact it may have on infectious virus production and replication 

kinetics.  Swapping the variable region or the entire 5’ UTRs of Corn-1963 and MO-2014 did not 

phenotypically change their temperature sensitivity. That is, Corn-1963 encompassing 

components of MO-2014 remained attenuated at 37°C, while MO-2014 with the 5’ UTR of Corn-

1963 remained temperature tolerant (Fig. 5A and 5B). We confirmed that the 5’ UTR swaps do 

alter translation efficiency (Fig. 5C) in the context of a virus infection but the lack of an effect of 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019380doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019380
http://creativecommons.org/licenses/by-nd/4.0/


5’UTR swaps on the temperature sensitivity of infectious virus production indicates other viral 

sequences contribute to temperature tolerance  (Fig. 5D). There are many other benefits that 

may arise by increased translation. Picornaviruses, including EV-D68, have been show to utilize 

their encoded proteases to manipulate the host-cell immune function [85, 86]. Increased 

translation efficiency and the generation of more of these proteases could allow for a more 

robust immune evasion. Increased translation efficiency may also play a role in disease 

pathogenesis.  

Our results suggest that determinants outside the 5’ UTR control temperature depending 

infectious virus production.  Recent literature suggests that EV-D68 temperature sensitivity may 

be linked to the viral capsid protein VP1 [4]. Specifically, by taking a temperature tolerant EV-

D94 virus and swapping the VP1 with that of the prototype EV-D68 strain (Fermon-1962), the 

virus becomes temperature sensitive. While interesting, the reverse swap (EV-D94 VP1 into EV-

D68) was not able to be rescued, and therefore a temperature sensitivity phenotype swap for 

EV-D68 has not yet been successful. Generating a full panel of genomic swaps between the 

representative strains used in our studies investigating the role of structural and non-structural 

genes would lend insight into their role in temperature tolerance. Additionally, while the 5’ UTR 

contains the IRES element, the 3’UTR for picornaviruses also contains secondary structure and 

has been shown to influence translation and replication [87-90]. While extensive studies have 

not been done previously for EV-D68 3’UTR, one can postulate that similar interactions may 

occur between its 5’ and 3’ UTRs. Including an assessment of the 3’UTR in chimeric viruses 

may lend insight into its involvement in temperature sensitive infectious virus production. 

The data from these studies provide a functional basis for the genetic evolution that has 

been reported for the 5’ UTR of contemporary EV-D68 strains. Additionally, all contemporary 

strains of EV-D68 tolerate replication at 37°C better than historic strains. This provides evidence 

that contemporary strains may have increased their ability to infect the lower respiratory tract 
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and CNS – sites of the body normally at 37°C. Continued research into the mechanism of 

contemporary strain temperature tolerance is essential for a full understanding of recent severe 

EV-D68 outbreaks. Given the continued biannual patterns associated with severe disease since 

2014, understanding all potential contributors is essential. 

 

ACKNOWLEDGEMENTS 

 We would like to thank Dr. Suman Das at Vanderbilt University for kindly providing TN-

2012 and MO-2014/2 strains. Thank you to Dr. Katherine Fenstermacher and Dr. Elizabeth 

Troisi for their initial work with our EV-D68 virus stocks and Alysha Ellison for her help with 

generating rMO-2014. We thank Harrison Powell of the Pekosz laboratory for his support with 

flow cytometry. We would like to thank members of the Pekosz laboratory, Dr. Sabra Klein and 

members of the Klein laboratory, Dr. Kimberly Davis and members of the Davis laboratory, and 

Dr. William Jackson and members of the Jackson laboratory for their critical discussions of the 

data. This work was supported by HHSN272201400007C (AP) and T32 AI007417 (BS). 

  

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019380doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019380
http://creativecommons.org/licenses/by-nd/4.0/


REFERENCES 

1. Schieble, J.H., V.L. Fox, and E.H. Lennette, A probable new human picornavirus associated with 
respiratory diseases. Am J Epidemiol, 1967. 85(2): p. 297-310. 

2. Liu, Y., et al., Molecular basis for the acid-initiated uncoating of human enterovirus D68. Proc 
Natl Acad Sci U S A, 2018. 115(52): p. E12209-E12217. 

3. Imamura, T. and H. Oshitani, Global reemergence of enterovirus D68 as an important pathogen 
for acute respiratory infections. Rev Med Virol, 2015. 25(2): p. 102-14. 

4. Royston, L., et al., Viral chimeras decrypt the role of enterovirus capsid proteins in viral tropism, 
acid sensitivity and optimal growth temperature. PLOS Pathogens, 2018. 14(4): p. e1006962. 

5. Oberste, M.S., et al., Enterovirus 68 is associated with respiratory illness and shares biological 
features with both the enteroviruses and the rhinoviruses. J Gen Virol, 2004. 85(Pt 9): p. 2577-
2584. 

6. Savolainen, C., et al., Genetic clustering of all 102 human rhinovirus prototype strains: serotype 
87 is close to human enterovirus 70. J Gen Virol, 2002. 83(Pt 2): p. 333-340. 

7. Blomqvist, S., et al., Human rhinovirus 87 and enterovirus 68 represent a unique serotype with 
rhinovirus and enterovirus features. J Clin Microbiol, 2002. 40(11): p. 4218-23. 

8. Khetsuriani, N., et al., Enterovirus surveillance--United States, 1970-2005. MMWR Surveill 
Summ, 2006. 55(8): p. 1-20. 

9. Xiang, Z. and J. Wang, Enterovirus D68 and Human Respiratory Infections. Semin Respir Crit Care 
Med, 2016. 37(4): p. 578-85. 

10. Brown, B.A., et al., Seven Strains of Enterovirus D68 Detected in the United States during the 
2014 Severe Respiratory Disease Outbreak. Genome Announc, 2014. 2(6). 

11. Lang, M., et al., Acute flaccid paralysis following enterovirus D68 associated pneumonia, France, 
2014. Euro Surveill, 2014. 19(44). 

12. Meijer, A., et al., Continued seasonal circulation of enterovirus D68 in the Netherlands, 2011-
2014. Euro Surveill, 2014. 19(42). 

13. Midgley, C.M., et al., Severe respiratory illness associated with enterovirus D68 - Missouri and 
Illinois, 2014. MMWR Morb Mortal Wkly Rep, 2014. 63(36): p. 798-9. 

14. Nelson, R., Outbreaks of enterovirus D68 continue across the USA. Lancet Respir Med, 2014. 
2(10): p. 791. 

15. Farrell, J.J., et al., Enterovirus D68-associated acute respiratory distress syndrome in adult, 
United States, 2014. Emerg Infect Dis, 2015. 21(5): p. 914-6. 

16. Furuse, Y., et al., Molecular epidemiology of enterovirus D68 from 2013 to 2014 in Philippines. J 
Clin Microbiol, 2015. 53(3): p. 1015-8. 

17. Fyfe, I., Infectious disease: neurological disease in children linked to enterovirus D68. Nat Rev 
Neurol, 2015. 11(3): p. 124. 

18. Greninger, A.L., et al., A novel outbreak enterovirus D68 strain associated with acute flaccid 
myelitis cases in the USA (2012-14): a retrospective cohort study. Lancet Infect Dis, 2015. 15(6): 
p. 671-82. 

19. Hatchette, T.F., et al., Detection of enterovirus D68 in Canadian laboratories. J Clin Microbiol, 
2015. 53(5): p. 1748-51. 

20. Huang, W., et al., Whole-Genome Sequence Analysis Reveals the Enterovirus D68 Isolates during 
the United States 2014 Outbreak Mainly Belong to a Novel Clade. Sci Rep, 2015. 5: p. 15223. 

21. Khan, F., Enterovirus D68: acute respiratory illness and the 2014 outbreak. Emerg Med Clin 
North Am, 2015. 33(2): p. e19-32. 

22. Levy, A., et al., Enterovirus D68 disease and molecular epidemiology in Australia. J Clin Virol, 
2015. 69: p. 117-21. 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019380doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019380
http://creativecommons.org/licenses/by-nd/4.0/


23. Mertz, D., et al., Clinical severity of pediatric respiratory illness with enterovirus D68 compared 
with rhinovirus or other enterovirus genotypes. CMAJ, 2015. 187(17): p. 1279-1284. 

24. Messacar, K., et al., A cluster of acute flaccid paralysis and cranial nerve dysfunction temporally 
associated with an outbreak of enterovirus D68 in children in Colorado, USA. Lancet, 2015. 
385(9978): p. 1662-71. 

25. Midgley, C.M., et al., Severe respiratory illness associated with a nationwide outbreak of 
enterovirus D68 in the USA (2014): a descriptive epidemiological investigation. Lancet Respir 
Med, 2015. 3(11): p. 879-87. 

26. Midgley, S.E., et al., Emergence of enterovirus D68 in Denmark, June 2014 to February 2015. 
Euro Surveill, 2015. 20(17). 

27. Ng, K.T., et al., Outbreaks of enterovirus D68 in Malaysia: genetic relatedness to the recent US 
outbreak strains. Emerg Microbes Infect, 2015. 4(8): p. e47. 

28. Pfeiffer, H.C., et al., Two cases of acute severe flaccid myelitis associated with enterovirus D68 
infection in children, Norway, autumn 2014. Euro Surveill, 2015. 20(10): p. 21062. 

29. Poelman, R., et al., European surveillance for enterovirus D68 during the emerging North-
American outbreak in 2014. J Clin Virol, 2015. 71: p. 1-9. 

30. Reiche, J., et al., Low-level Circulation of Enterovirus D68-Associated Acute Respiratory 
Infections, Germany, 2014. Emerg Infect Dis, 2015. 21(5): p. 837-41. 

31. Dyrdak, R., et al., Outbreak of enterovirus D68 of the new B3 lineage in Stockholm, Sweden, 
August to September 2016. Euro Surveill, 2016. 21(46). 

32. Huang, W., et al., Complete Genome Sequences of Nine Enterovirus D68 Strains from Patients of 
the Lower Hudson Valley, New York, 2016. Genome Announc, 2016. 4(6). 

33. Ng, T.F., et al., Detection and Genomic Characterization of Enterovirus D68 in Respiratory 
Samples Isolated in the United States in 2016. Genome Announc, 2016. 4(6). 

34. Cabrerizo, M., et al., First Cases of Severe Flaccid Paralysis Associated With Enterovirus D68 
Infection in Spain, 2015-2016. Pediatr Infect Dis J, 2017. 36(12): p. 1214-1216. 

35. Knoester, M., et al., Upsurge of Enterovirus D68, the Netherlands, 2016. Emerg Infect Dis, 2017. 
23(1): p. 140-143. 

36. Messacar, K., et al., Surveillance for enterovirus D68 in colorado children reveals continued 
circulation. J Clin Virol, 2017. 92: p. 39-41. 

37. Ruggieri, V., et al., Enterovirus D68 infection in a cluster of children with acute flaccid myelitis, 
Buenos Aires, Argentina, 2016. Eur J Paediatr Neurol, 2017. 21(6): p. 884-890. 

38. Wang, G., et al., Enterovirus D68 Subclade B3 Strain Circulating and Causing an Outbreak in the 
United States in 2016. Sci Rep, 2017. 7(1): p. 1242. 

39. Wylie, K.M., T.N. Wylie, and G.A. Storch, Genome Sequence of Enterovirus D68 from St. Louis, 
Missouri, USA, 2016. Genome Announc, 2017. 5(9). 

40. Cottrell, S., et al., Prospective enterovirus D68 (EV-D68) surveillance from September 2015 to 
November 2018 indicates a current wave of activity in Wales. Euro Surveill, 2018. 23(46). 

41. Kramer, R., et al., Molecular diversity and biennial circulation of enterovirus D68: a systematic 
screening study in Lyon, France, 2010 to 2016. Euro Surveill, 2018. 23(37). 

42. Bal, A., et al., Emergence of enterovirus D68 clade D1, France, August to November 2018. Euro 
Surveill, 2019. 24(3). 

43. Carballo, C.M., et al., Acute Flaccid Myelitis Associated with Enterovirus D68 in Children, 
Argentina, 2016. Emerg Infect Dis, 2019. 25(3): p. 573-576. 

44. Gonzalez-Sanz, R., et al., Enterovirus D68-associated respiratory and neurological illness in Spain, 
2014-2018. Emerg Microbes Infect, 2019. 8(1): p. 1438-1444. 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019380doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019380
http://creativecommons.org/licenses/by-nd/4.0/


45. Knoester, M., et al., Twenty-nine Cases of Enterovirus-D68-associated Acute Flaccid Myelitis in 
Europe 2016: A Case Series and Epidemiologic Overview. Pediatr Infect Dis J, 2019. 38(1): p. 16-
21. 

46. Messacar, K., et al., Continued biennial circulation of enterovirus D68 in Colorado. J Clin Virol, 
2019. 113: p. 24-26. 

47. Pakala, S.B., et al., Nearly Complete Genome Sequences of 17 Enterovirus D68 Strains from 
Kansas City, Missouri, 2018. Microbiol Resour Announc, 2019. 8(45). 

48. Pellegrinelli, L., et al., Emergence of divergent enterovirus (EV) D68 sub-clade D1 strains, 
northern Italy, September to October 2018. Euro Surveill, 2019. 24(7). 

49. Uprety, P., et al., Association of Enterovirus D68 with Acute Flaccid Myelitis, Philadelphia, 
Pennsylvania, USA, 2009-2018. Emerg Infect Dis, 2019. 25(9): p. 1676-1682. 

50. Wang, H., et al., Molecular and Clinical Comparison of Enterovirus D68 Outbreaks among 
Hospitalized Children, Ohio, USA, 2014 and 2018. Emerg Infect Dis, 2019. 25(11): p. 2055-2063. 

51. D’Amato, M., et al., The impact of cold on the respiratory tract and its consequences to 
respiratory health. Clinical and Translational Allergy, 2018. 8(1): p. 20. 

52. Foxman, E.F., et al., Temperature-dependent innate defense against the common cold virus limits 
viral replication at warm temperature in mouse airway cells. Proceedings of the National 
Academy of Sciences, 2015. 112(3): p. 827-832. 

53. Foxman, E.F., et al., Two interferon-independent double-stranded RNA-induced host defense 
strategies suppress the common cold virus at warm temperature. Proc Natl Acad Sci U S A, 2016. 
113(30): p. 8496-501. 

54. Tyrrell, D.A. and R. Parsons, Some virus isolations from common colds. III. Cytopathic effects in 
tissue cultures. Lancet, 1960. 1(7118): p. 239-42. 

55. Wohlgemuth, N., et al., The M2 protein of live, attenuated influenza vaccine encodes a mutation 
that reduces replication in human nasal epithelial cells. Vaccine, 2017. 35(48 Pt B): p. 6691-6699. 

56. Maassab, H.F. and M.L. Bryant, The development of live attenuated cold-adapted influenza virus 
vaccine for humans. Reviews in Medical Virology, 1999. 9(4): p. 237-244. 

57. Liu, Z., et al., Structural and functional analysis of the 5' untranslated region of coxsackievirus B3 
RNA: In vivo translational and infectivity studies of full-length mutants. Virology, 1999. 265(2): p. 
206-17. 

58. Pelletier, J. and N. Sonenberg, Internal initiation of translation of eukaryotic mRNA directed by a 
sequence derived from poliovirus RNA. Nature, 1988. 334(6180): p. 320-325. 

59. Guest, S., et al., Molecular Mechanisms of Attenuation of the Sabin Strain of Poliovirus Type 3. 
Journal of Virology, 2004. 78(20): p. 11097-11107. 

60. Borman, A.M., et al., Comparison of picornaviral IRES-driven internal initiation of translation in 
cultured cells of different origins. Nucleic Acids Res, 1997. 25(5): p. 925-32. 

61. Guo, H., et al., A second open reading frame in human enterovirus determines viral replication in 
intestinal epithelial cells. Nature Communications, 2019. 10(1): p. 4066. 

62. Lulla, V., et al., An upstream protein-coding region in enteroviruses modulates virus infection in 
gut epithelial cells. Nature Microbiology, 2019. 4(2): p. 280-292. 

63. Furuse, Y., et al., Evolutionary and Functional Diversity of the 5' Untranslated Region of 
Enterovirus D68: Increased Activity of the Internal Ribosome Entry Site of Viral Strains during the 
2010s. Viruses, 2019. 11(7). 

64. Patel, M.C., et al., Enterovirus D-68 Infection, Prophylaxis, and Vaccination in a Novel Permissive 
Animal Model, the Cotton Rat (Sigmodon hispidus). PLoS One, 2016. 11(11): p. e0166336. 

65. Reed, L.J. and H. Muench, A simple method of estimating fifty per cent endpoints. American 
Journal of Epidemiology, 1938. 27(3): p. 493-497. 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019380doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019380
http://creativecommons.org/licenses/by-nd/4.0/


66. Bailey, J.M. and W.E. Tapprich, Structure of the 5′ Nontranslated Region of the Coxsackievirus B3 
Genome: Chemical Modification and Comparative Sequence Analysis. Journal of Virology, 2007. 
81(2): p. 650-668. 

67. Linsuwanon, P., et al., High prevalence of human rhinovirus C infection in Thai children with 
acute lower respiratory tract disease. J Infect, 2009. 59(2): p. 115-21. 

68. Piralla, A., et al., Clinical severity and molecular typing of human rhinovirus C strains during a fall 
outbreak affecting hospitalized patients. J Clin Virol, 2009. 45(4): p. 311-7. 

69. Lau, S.K., et al., Human rhinovirus C: a newly discovered human rhinovirus species. Emerg Health 
Threats J, 2010. 3: p. e2. 

70. Winther, B., Rhinovirus infections in the upper airway. Proc Am Thorac Soc, 2011. 8(1): p. 79-89. 
71. Bochkov, Y.A. and J.E. Gern, Clinical and molecular features of human rhinovirus C. Microbes 

Infect, 2012. 14(6): p. 485-94. 
72. Bragstad, K., et al., High frequency of enterovirus D68 in children hospitalised with respiratory 

illness in Norway, autumn 2014. Influenza Other Respir Viruses, 2015. 9(2): p. 59-63. 
73. Carney, S., et al., Enterovirus D68 detected in children with severe acute respiratory illness in 

Brazil. Emerg Microbes Infect, 2015. 4(10): p. e66. 
74. Biggs, H.M., et al., Enterovirus D68 Infection Among Children With Medically Attended Acute 

Respiratory Illness, Cincinnati, Ohio, July-October 2014. Clin Infect Dis, 2017. 65(2): p. 315-323. 
75. Gamino-Arroyo, A.E., et al., Surveillance for the identification of cases of acute respiratory 

infection by enterovirus D68 in children in a tertiary level care hospital during 2014-2016. Bol 
Med Hosp Infant Mex, 2018. 75(1): p. 23-30. 

76. Kujawski, S.A., et al., Enterovirus D68-Associated Acute Respiratory Illness - New Vaccine 
Surveillance Network, United States, July-October, 2017 and 2018. MMWR Morb Mortal Wkly 
Rep, 2019. 68(12): p. 277-280. 

77. Montes, M., et al., Enterovirus D68 Causing Acute Respiratory Infection: Clinical Characteristics 
and Differences With Acute Respiratory Infections Associated With Enterovirus Non-D68. Pediatr 
Infect Dis J, 2019. 38(7): p. 687-691. 

78. Wei, W., et al., ICAM-5/Telencephalin Is a Functional Entry Receptor for Enterovirus D68. Cell 
Host Microbe, 2016. 20(5): p. 631-641. 

79. Hixon, A.M., P. Clarke, and K.L. Tyler, Contemporary Circulating Enterovirus D68 Strains Infect 
and Undergo Retrograde Axonal Transport in Spinal Motor Neurons Independent of Sialic Acid. J 
Virol, 2019. 93(16). 

80. Zheng, Q., et al., Atomic structures of enterovirus D68 in complex with two monoclonal 
antibodies define distinct mechanisms of viral neutralization. Nat Microbiol, 2019. 4(1): p. 124-
133. 

81. Jiang, Y., et al., Methyl-beta-cyclodextrin inhibits EV-D68 virus entry by perturbing the 
accumulation of virus particles and ICAM-5 in lipid rafts. Antiviral Res, 2020. 176: p. 104752. 

82. Dyda, A., et al., The association between acute flaccid myelitis (AFM) and Enterovirus D68 (EV-
D68) - what is the evidence for causation? Euro Surveill, 2018. 23(3). 

83. Morrey, J.D., et al., Causation of Acute Flaccid Paralysis by Myelitis and Myositis in Enterovirus-
D68 Infected Mice Deficient in Interferon alphabeta/gamma Receptor Deficient Mice. Viruses, 
2018. 10(1). 

84. Tan, Y., et al., Molecular Evolution and Intraclade Recombination of Enterovirus D68 during the 
2014 Outbreak in the United States. J Virol, 2016. 90(4): p. 1997-2007. 

85. Xiang, Z., et al., 3C Protease of Enterovirus D68 Inhibits Cellular Defense Mediated by Interferon 
Regulatory Factor 7. J Virol, 2016. 90(3): p. 1613-21. 

86. Rui, Y., et al., Disruption of MDA5-Mediated Innate Immune Responses by the 3C Proteins of 
Coxsackievirus A16, Coxsackievirus A6, and Enterovirus D68. J Virol, 2017. 91(13). 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019380doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019380
http://creativecommons.org/licenses/by-nd/4.0/


87. Lin, J.-Y., et al., Viral and host proteins involved in picornavirus life cycle. Journal of biomedical 
science, 2009. 16: p. 103. 

88. Lozano, G. and E. Martinez-Salas, Structural insights into viral IRES-dependent translation 
mechanisms. Curr Opin Virol, 2015. 12: p. 113-20. 

89. Rohll, J.B., et al., The 3' untranslated region of picornavirus RNA: features required for efficient 
genome replication. J Virol, 1995. 69(12): p. 7835-44. 

90. Liang, R.Y., et al., [Structure and function of 3'- untranslated region in picornavirus]. Bing Du Xue 
Bao, 2014. 30(4): p. 463-9. 

 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019380doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019380
http://creativecommons.org/licenses/by-nd/4.0/


FIGURES 

 
 
Figure 1. The effect of physiological temperature ranges on EV-D68 infectious virus 
production. (A) Infectious virus titers were determined with various EV-D68 virus strains at 
32°C and 37°C using (A) TCID50 or (B) plaque assays. (C)  RD cells were infected at an MOI of 
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0.01 and infectious virus titers (TCID50/mL) in the cell supernatants were determined at various 
times post infection. Statistical significance determined by unpaired t-test (TCID50) or 2-way 
ANOVA (growth curves) with *p<0.05, ***p<0.001, ****p<0.0001. The data shown are pooled 
from 3 experiments performed in triplicate for each experiment. 
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Figure 2. The effect of physiological temperature ranges on EV-D68 mRNA translation 
efficiency. RD cells were infected with Corn-1963 or MO-2014, or Mock (infection media) for 9 
hours at an MOI of 5 and measured by flow cytometry for: (A) Percentage of infected cells 
(double-stranded RNA positive), (B) percentage of infected cells (gated to dsRNA+ cells) 
actively producing VP1 (VP1+), (C) relative amount of dsRNA in infected cells, measured by 
mean fluorescence intensity, and  (D) relative amount of VP1 in infected cells. (E) EV-D68 
genome copies were determined in virus infected cells by RT-qPCR. (F) Representative data of 
β-actin (loading control) and VP3 protein amounts analyzed by western blot in cell lysates 
generated at 9 hours post infection (MOI=5). VP3 band intensity was quantified using 
FluorChem Q and normalized to the intensity of the corresponding β-actin band (ND=not 
detected). Statistical significance determined by unpaired t-tests with *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. The data shown are pooled from 2-3 experiments performed in 
triplicate for each experiment. 
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Figure 3. Changes in EV-D68 IRES activity from 1963 to 2016.  Phylogenetic trees generated 
with all available EV-D68 complete genome sequences (408 sequences, December 11, 2017) 
from NCBI using (A) the entire genome or (B) 5’ UTR only. Trees were generated using the 
Maximum-Likelihood tree analysis with 500 bootstrap replicates from MEGA-X software. 
Various 5’ UTR sequences from historical EV-D68 sequences were selected (phylogeny 
indicated by red arrows on trees) and IRES activity analyzed at (C) 32°C or (D) 37°C using a 
dual-luciferase plasmid reporting system encoding the 5’ UTR EV-D68 sequences driving firefly 
luciferase activity (IRES mediated) compared to renilla luciferase activity (CMV-promotor 
mediated). Relative expression of firefly to renilla luciferase activity is graphed. Statistical 
significance determined by one-way ANOVA to Corn-1963 with *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. The data shown are pooled from 3 experiments performed in triplicate for each 
experiment. 
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Figure 4. Comparison of Corn-1963 and MO-2014 IRES genetic features and effects on 
IRES activity. (A) Sequence alignment of Corn-1963 and MO-2014 5’ UTR (conserved 
sequence black, non-conserved in grey) identifies a 104 nt region of high variability (red box), 
including a 35 base deletion present in contemporary EV-D68 strains. (B) Predicted secondary 
structure of Corn-1963 and MO-2014 determined using RNAstructure 6.1 and Geneious 8.1.9 
and visualized using RNAstructure StructureEditor software highlighting the region of high 
variability (red), point mutations (blue), and deletion (green) of MO-2014. (C) IRES activity 
measured using a dual-luciferase reporter system at 32°C (left) and 37°C (right) for Corn-1963 
5’ UTR (blue), MO-2014 (green) and the chimeric 5’ UTRs. (D) Ratios of MO-2014 and Corn-
1963 IRES activities were determined at 32°C (black) and 37°C (grey). Statistical significance 
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determined by multiple or unpaired t-tests with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
The data shown are pooled from 3 experiments performed in triplicate for each experiment. 
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Figure 5. Effects of Corn-1963 and MO-2014 IRES chimeras on replication and viral 
protein translation. (A) Infectious virus titers were determined with Corn-1963 and MO-2014 
chimeric IRES viruses at 32°C and 37°C using TCID50 assays. (B) RD cells were infected at an 
MOI of 0.01 and infectious virus titers (TCID50/mL) in the cell supernatants were determined at 
various time points post infection. (C) Representative data of β-actin (loading control) and VP3 
protein amounts analyzed by western blot in cell lysates generated at 9 hours post infection 
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(MOI=5). VP3 band intensity was quantified using FluorChem Q and normalized to the intensity 
of the corresponding β-actin band. Statistical significance determined by unpaired t-tests 
(TCID50) or 2-way ANOVA (growth curves) with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
The data shown are for 2-3 experiments performed in triplicate for each experiment. 
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