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ABSTRACT 

Development and Validation of an Animal Model for Enterovirus D68 for Screening of 

Antiviral Therapies 

by 

W. Joseph Evans, Master of Science 

Utah State University, 2017 

 

Major Professor: Dr. E. Bart Tarbet 
Department: Animal, Dairy and Veterinary Science 

Enterovirus D68 (EV-D68) is one of many non-polio enteroviruses, although it is 

unique in that it shares epidemiologic and biologic features with human rhinoviruses.  In 

2014 a mutated strain emerged in the U.S. belonging to the B1 clade and has only six 

coding differences from previous strains commonly found in the U.S.  However, of the 

six genetic polymorphisms in the EV-D68 polyprotein, five are present in 

neuropathogenic poliovirus. In 2015, development of a model for EV-D68 infection in 

AG129 mice started by serially-passaging virus in 4-week-old mice. For each passage 

mice were infected intranasally and virus was recovered from lung tissue three days post-

infection (p.i.).  Despite a lack of weight loss, virus titer increased in the lung from 106.5 

to 107.5 CCID50/mL by 8 hours p.i., and to 108.5 CCID50/mL by 24 hours p.i. In addition, 

histological changes and an increase in the pro-inflammatory cytokines were observed in 

lung tissues as the virus adapted to mice.  Histological lesions observed on days 2-6 with 

a peak on days 3-4 included interstitial inflammation and alveolar wall injury.  MCP-1 
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exhibited a 15-fold increase while RANTES exhibited a 2.5-fold increase compared to 

uninfected mice as mouse passage increases.  

A time course of infection study determined that virus spread from the lungs to 

the blood, liver, kidney, and spleen, with clearance of virus by day 9 p.i. Viremia peaked 

at day 1 p.i. and cleared by day 5 p.i.  This is the first report of a respiratory disease 

model for EV-D68 infection in mice, and has potential use for evaluation of experimental 

therapeutics.  When treated with 200mg/kg/day guanidine simultaneous with infection, 

mice exhibited a 320-fold reduction of virus titers in lungs compared to placebo and 

undetectable levels of virus in whole blood. 
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PUBLIC ABSTRACT 

 

 

Development and Validation of an Animal Model for Enterovirus D68 for Screening of 

Antiviral Therapies 

W. Joseph Evans 

 

 

Enterovirus D68 (EV-D68) virus has become more prevalent over the last 15 to 

20 years.  EV-D68 attacks the respiratory system and can cause severe disease in 

individuals who have underlying respiratory problems.  There have also been reports of 

individuals with EV-D68 showing signs of neurological system problems and acute 

flaccid paralysis.  Because of the increase in patients with EV-D68 and also the potential 

for neurological disease, an animal model is needed to study the disease and to evaluate 

experimental therapies for EV-D68 infection. 

To develop the animal model, 4-week old AG129 mice that lack alpha and beta 

interferon receptors, making them immunosuppressed, were used.  The mice were 

infected with EV-D68 by the intranasal route to allow infection of the lungs.  On day-3 

post-infection the mice were euthanized and lungs were removed and homogenized for 

collection of virus.  The newly collected virus was then used to infect another set of mice.  

This procedure was repeated 30 times.  As passage number increased so did the amount 

of virus that was collected from the lungs of mice.  The virus titer increased 320-fold 

between mouse passage 0 to 30. 
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At the end of the thirtieth passage, multiple tissues (lungs, liver, kidney, spleen, 

blood, brain, spinal cord and leg muscle) were collected from infected mice over several 

days and titered to demonstrate how quickly the virus spread to various tissues within the 

mouse.  The virus replicated most rapidly in the lungs and remained in the lungs longer 

than the other tissues evaluated.  However, large quantities of virus were found in all 

tissues evaluated. 

Finally, several experimental antiviral compounds were evaluated: rupintrivir, 

pleconaril, ribavirin, enviroxime and guanidine, all of which showed therapeutic potential 

in cell culture.  In the animal model rupintrivir, pleconaril, ribavirin and enviroxime did 

not show any therapeutic effect.  Only guanidine reduced the amount of virus that was 

found in the lungs as well as in whole blood. 
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CHAPTER I 

INTRODUCTION 

 

 

Since the 1960’s enteroviruses have been increasing in prevalence throughout the 

world (1).  Enteroviruses are members of the enterovirus genus, in the picornavirus 

family (2).  Picornaviruses are small, non-enveloped, positive sense, RNA viruses (3).  

Enterovirus D68 (EV-D68) was first isolated from four pediatric patients that had 

pneumonia in 1962 in California (2).  Between 1962 and 2009, cases of EV-D68 have 

been rare.  However, between 2009 and 2013 there were 79 cases reported through the 

United States National Enterovirus Surveillance System (4).  In 2014, the United States 

and Canada had the largest outbreak of EV-D68 that has been reported so far.  Between 

August 2014 and January 2015 there were about 1,100 cases of EV-D68 reported in the 

U.S. (5).  In addition, EV-D68 has been reported across the world with cases from Asia to 

Europe (6, 7).   

 Since EV-D68 was first isolated it has been well known as a respiratory virus (8).  

Most severe cases of EV-D68 are in young children (9, 10).  Individuals with underlying 

respiratory problems seem to be the most at risk for a severe infection.  Like with 

rhinovirus infections, individuals with EV-D68 have exhibited asthma-like exacerbations 

(10).  During the 2014 outbreak many patients with EV-D68 needed more intensive care 

than patients that had other underlying respiratory disease (4).  However, EV-D68 does 

not only cause respiratory disease.  During the 2014 outbreak, and ever since then, 

neurological disease has been observed in a number of patients that were positive for EV-
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D68.  This disease is described as acute flaccid paralysis or myelitis (11, 12).  Even 

though patients that develop acute flaccid paralysis are rare, the increase in prevalence 

and the severity of the respiratory infections make EV-D68 an important emerging 

disease. 

EV-D68 has been the subject of numerous studies including development of 

better detection assays (13), study of mechanisms for infection (14), and evaluating 

antiviral therapies in cell culture (15).  The current problem we face is that there is not an 

approved therapy for EV-D68 infection.  This is due largely to the fact that up until 

recently, there was not a good animal model for evaluation of experimental antiviral 

therapies identified in vitro (15). 

 Recently, two animal models for EV-D68 have been described.  M. C. Patel, et al. 

(16) developed a model in adult cotton rats.  This model gives insight into the respiratory 

side of the disease and the speed at which EV-D68 replicates.  The second model 

published was developed in two-day-old Swiss Webster mouse pups by A. M. Hixon, et 

al. (17).  This model provided evidence that EV-D68 is a causative agent of acute flaccid 

paralysis as observed in some of the EV-D68 patients infected in 2014.  Cotton rats are 

large and harder to handle than mice.  It is also difficult to get reagents for testing 

samples from adult cotton rats.  Two-day old mice are difficult to work with because you 

have to keep the pups with the mother.  Also, neither of the above-mentioned models has 

been used to evaluate the efficacy of antiviral therapies.  The initial goal of our project 

was to adapt EV-D68 to AG129 mice.  AG129 mice are immune suppressed, which 

makes the mouse more susceptible to infection by viruses.  We adapted EV-D68 to cause 

disease signs after 30 serial passages in four-week-old mice.  The next goal was to 
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characterize the pathogenicity of EV-D68 in the mouse.  This included determining the 

time course for infection in the lung, liver, kidney, spleen, blood, leg muscle, spinal cord 

and brain.  An optimum infectious dose was determined by infecting various dilutions of 

the virus in mice and determining the amount of recovered virus in these tissues.  Finally, 

we evaluated the antiviral efficacy of five antiviral compounds in our model to 

demonstrate the applicability of this model for evaluation of experimental therapies. 
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CHAPTER II 

LITERATURE REVIEW 

 

 

Enterovirus D68 Background 

Enteroviruses are classified into different phylogenetic groups, or clades A, B, C, 

D and E.  Enterovirus D68 (EV-D68) is a small, non-enveloped, positive sense, RNA 

virus in the picornaviridae family (3, 18, 19).  EV-D68 has a genome of approximately 

7,500 nucleotides long (19).  EV-D68 was first isolated in 1962 from four patients in 

California (2).  EV-D68 is a member of the genus enterovirus that is part of the 

picornaviridae family (2).  Also included in the picornaviridae family are echoviruses, 

rhinoviruses (non-polio enterovirus) and poliovirus (3, 20).  According to the CDC, there 

are approximately 15 million cases of enterovirus a year in the U.S. (21).  Enteroviruses, 

which typically infect the alimentary tract, have also been reported to have a neurological 

disease associated with the infection (22).  Enteroviruses are also known to cause 

myocarditis, aseptic meningitis, hand-foot and mouth disease, and upper and lower 

respiratory tract disease (23).  EV-D68 is a known respiratory virus that usually causes 

upper respiratory tract infections.  After the discovery of EV-D68, initial cases of virus 

infection were rare.  However, in the early 2000’s the number of cases worldwide started 

to increase (10).  According to N. Khetsuriani, et al. (1), enteroviruses in general have 

been increasing in prevalence since the 1960’s.  Between 2009 and 2013 there were 79 

cases of EV-D68 reported through the United States National Enterovirus Surveillance 

System, almost double the amount of cases of EV-D68 reported over the three decades 
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earlier (4).  T. Imamura and H. Oshitani (10) suggested that the increase in prevalence 

was not because of improved detection methods but because there is actually more people 

getting sick from enteroviruses. 

In 2014, the United States experienced an outbreak of EV-D68 that centered in 

the Midwest (24).  By January 2015, 49 states in the U.S. reported cases of EV-D68, 

which numbered around 1,100 (5, 25, 26).  However, EV-D68 is not just localized to the 

United States, many other countries have reported cases of EV-D68 since the virus was 

first isolated in 1962. Between 2008 and 2011 the Philippines, Japan, and the Netherlands 

all reported an increase in the number of cases of EV-D68 (6, 7).  Italy initially reported 

cases of EV-D68 in 2008.  Since that time numerous cases were reported in Italy between 

2010 and 2012 (27).  In Beijing, China between 2006 to 2010, EV-D68 was detected 

frequently among adults that were exhibiting acute respiratory tract infections (8).  

During the 2014 outbreak in the U.S., Canada also reported 221 cases in nine provinces 

(4, 28).  Not only have the numbers of reported cases increased, but also there have been 

at least 14 fatal cases since the 2014 outbreak (5, 23, 29-32).  The increase in disease 

incidence and the number of fatalities associated with infection by EV-D68 have made 

this virus a public health concern. 

 The original patients in 1962 from which the virus was isolated were all young 

children that presented with pneumonia (3, 10).  The virus has primarily affected infants 

to teenagers (9, 10).  However, EV-D68 has been identified as the causative agent of 

disease in adults as well (23, 29, 33, 34).  Specifically, in Beijing, China, EV-D68 was 

detected in adults with respiratory tract infections (8). 
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EV-D68 is a respiratory virus.  This is due to the types of cellular receptors 

utilized by EV-D68 to gain entrance into the host cells.  Individuals with underlying 

respiratory diseases such as asthma, reactive airway disease or chronic obstructive 

pulmonary disease (COPD) are more at risk for severe complications (7, 9, 10, 26, 29).  

Included in these complications are lower respiratory tract infections.  In fact EV-D68 

has a higher detection rate in patients with lower respiratory tract infections than in those 

with upper respiratory tract infections (10, 23, 35).  One reason for this observation is that 

EV-D68 is known to exacerbate asthma, which might cause an enhancement of the 

immune response in the lower respiratory tract.  The enhanced immune response in the 

respiratory tract might be causing the more severe respiratory illness that has been 

observed (10). 

Typical symptoms of an EV-D68 infection include coughing, labored breathing, 

wheezing, and fever (5, 25, 36).  In at least one case of a four-year old girl with 

interstitial pneumonia, complications became severe within 17 hours of the first sign of 

illness (36).  This suggests that the virus replicates quickly in the host.  Originally EV-

D68 was isolated from samples obtained from four young patients that presented with 

pneumonia.  EV-D68 infection has been associated with neurological disease as well.  In 

fact, of all the viruses that cause infections of the central nervous system (CNS), 

enteroviruses are among the most common (37).  The neurological symptoms associated 

with EV-D68 are described as acute flaccid paralysis (36, 38).  During the 2014 outbreak, 

cases of acute flaccid paralysis associated with EV-D68 infection were seen in Colorado 

and California (38).  However, between August and December 2014, 33 states reported 

having cases of acute flaccid paralysis associated with EV-D68 infection (31, 39).  At 



 

 

7 

least one child with acute flaccid paralysis also exhibited a viremia (38).  However, it 

appears that the majority of symptoms associated with EV-D68 are respiratory.  M. 

Matsumoto, et al. (36) suggest that only 48% of patients will present with a fever.  Even 

fewer patients have presented with neurological disease as these symptoms have only 

been observed in rare cases (3, 25, 36).  According to the CDC, the neurological disease 

of acute flaccid myelitis occurs in less than one in a million cases (12).  Some reports 

suggest this is higher among enterovirus infected patients. 

Since the 2014 outbreak of EV-D68, prevalence of EV-D68 in the United States 

has been fairly low.  In 2015, the CDC reported none of the 700 samples received from 

patients tested positive for EV-D68.  However, in 2016 sporadic cases of EV-D68 were 

detected throughout the U.S. although, not as many cases as the outbreak in 2014 (5).  

Although, during this same time period there was a rise in acute flaccid myelitis (AFM) 

or neurological disease that is often associated with EV-D68 (12).  Thus far in 2017, it 

was reported that 136 patients from 37 states were confirmed to have AFM (12).  

In 2016, the Netherlands reported having an upsurge of EV-D68 cases.  M. 

Knoester, et al. (11) reported that EV-D68 infections in 2015 were low in numbers or 

were minimal.  However in 2016, the medical center in this study reported 25 cases of 

EV-D68.  Out of those patients, 17 were children with “life-threatening respiratory 

distress” (11).  There were 13 pediatric patients that required admission to the ICU.  M. 

Knoester, et al. (11) also reported that one child, a 4-year old boy was admitted for 

“clinical characteristics of AFM”.  Along with the paralysis that he was experiencing, the 

patient had to be placed on ventilation for breathing support due to respiratory distress.  

EV-D68 was the only virus that was detected from bodily fluids collected from this 
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patient.  Cerebral spinal fluid was collected and was tested for a variety of other viruses 

with negative results.  Adult patients in the Netherlands with respiratory difficulties also 

tested positive for EV-D68, six of them were transplant recipients (11). These 

observations suggests that EV-D68 targets or at least causes more severe disease in 

individuals that have underlying medical conditions or pre-existing health problems, and 

that neurological disease or AFM is a rare symptom associated with EV-D68 infection. 

 

 

Characteristics of EV-D68 

 When EV-D68 was first characterized in 1962, there were four isolates or strains 

of virus, one from each patient: Fermon, Franklin, Robinson and Rhyne named after the 

patients from whom they were isolated.  Because all the strains had similar properties, 

Fermon was chosen as the representative strain (2, 10).  EV-D68 was classified as an 

enterovirus because it shared characteristics with other known enteroviruses such as acid 

stability (2).  Enteroviruses are sub-categorized into four sub-species A through D (3, 20).  

After the original classification of the virus, EV-D68 was further classified into the sub-

species of D enterovirus (10).  Currently there are only five enteroviruses in the D sub-

set:  EV-D68, EV-D70, EV-D94, EV-D111, and EV-D120 (10, 40).  Though they are 

classified as D enteroviruses, they each have their own disease profile.  EV-D68 is a 

respiratory virus that has been shown to have some neurological affinities (3, 10, 36, 38).  

Enterovirus D70 has been identified as a causative agent for hemorrhagic conjunctivitis 

(40, 41) and enterovirus D94 has been identified as a causative agent for acute flaccid 
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paralysis (42).  Enteroviruses D111 and D120 were both identified in non-human 

primates (10).  

EV-D68 was originally classified as an enterovirus on the basis of acid stability 

and pathogenesis in EV-D68 in suckling mice (2, 18, 43).  The original study showed that 

the Fermon strain did not replicate in suckling mice but the Rhyne strain did, just not in 

the respiratory tract (2).  EV-D68 has been further classified as an enterovirus based on 

antigenicity toward neutralizing antibody tests (2).  Serological studies have also shown 

that the original EV-D68 Fermon strain differs from the strains of EV-D68 currently 

circulating (40, 44).  

EV-D68 shares a number of similar characteristics with human rhinoviruses.  

Human rhinoviruses (HRV) are a common cause of upper and lower respiratory tract 

infections, and are a frequent cause of the common cold (45, 46).  D. Mertz, et al. (47) 

described HRVs as the leading cause of diseases of the respiratory tract.  EV-D68 has 

been shown to be similar to HRVs in cell culture, in that it grows better at 33°C than at 

37°C and is acid sensitive (15, 48).  This is a characteristic of a virus that typically causes 

upper respiratory tract infections.  Enteroviruses typically grow better at 37°C and are 

acid stable, as is EV-D68 (20, 22).  Oberste et al. and Blomqvist et al. independently 

showed that two sub-lines of the Fermon strain were actually acid sensitive (20, 22).  In 

addition, Oberste et al. showed acid sensitivity of multiple isolates of EV-D68 from 1989 

to 2002 (22).  These studies also showed that EV-D68 replicates to higher virus titers at 

33°C than at 37°C (20, 22).  

S. Blomqvist, et al. (20) suggests that a sub-type of human rhinovirus, HRV-87, is 

actually a serotype of EV-D68.  Interestingly HRV-87 was first isolated in 1963 in the 
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same lab as the EV-D68 isolate (22).  HRV-87 and EV-D68 have been compared in 

multiple studies to determine if they have been misclassified as either rhinovirus or 

enterovirus.  S. Blomqvist, et al. (20) suggests that the dividing line between EV-D68 and 

rhinoviruses is possibly more blurred than what was originally held to be true.  S. 

Blomqvist, et al. (20) determined that HRV-87 is more closely related to EV-D68 and 

other enteroviruses than to rhinoviruses.  H. Ishiko, et al. (49) compared the sequence of 

the VP4 gene of HRV-87 to that of EV-D68 and other rhinoviruses.  They found that 

HRV-87 had more than 97% nucleotide identity with EV-D68.  The next closest 

homology was 76.8% with EV-D70.  In their study, H. Ishiko, et al. (49) compared 66 

enteroviruses and 12 rhinoviruses.  They therefore concluded that HRV-87 is actually a 

strain of EV-D68 (20, 22, 49).  A. C. Palmenberg and J. E. Gern (50) reclassified HRV-

87 in 2015 as an EV-D68. 

 

 

Genome Description and EV-D68 Classification/Identification 

Picornavirus RNA gives rise to the four structural proteins, VP1, VP2, VP3 and 

VP4 (10, 18).  There are 60 copies each of the VP1, VP2 and VP3 viral proteins within 

the icosahedral shell.  The VP4 protein, creates a network on the interior of the capsid 

(51).  The VP1 sequence is most often used for picornavirus classification based on RNA 

sequence, since it is the most variable region of the picornavirus genome, and more 

specifically the enterovirus genome (10, 18, 33, 43, 52).  EV-D68 has been classified into 

three clades A, B and C (30).  Clades A and C differentiated between 1995 and 2001.  

Clade B came about around the year 2007 (30).  Because of the ability to use the VP1 
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segment of the genome for identification of EV-D68 and its characterization into three 

subclades, B1, B2 and B3, these clades have been used to identify isolates from patients 

around the world.  These results give evidence that the EV-D68 isolates are not 

geographically isolated or independent (10, 53).  Evaluation of samples from the 2014 

outbreak by W. Huang, et al. (54) revealed that the majority of these samples belonged to 

a novel clade of EV-D68 called the B1 clade (19).  As W. Huang, et al. (54) compared 

the 2014 strains to those from previous years; they identified two locations with 

significant differences; T860N and S1108G.  According to W. Huang, et al. (54) these 

two variable locations are related to “protease cleavage activity” and “peptide 

maturation” respectively.  They suggest that this variability could be the cause of the 

increase in prevalence of EV-D68 and increase in disease severity (54).  In addition, the 

B1 clade of EV-D68 appears to be associated with the occurrence of acute flaccid 

myelitis (38).  

During the 2014 outbreak of EV-D68, the CDC released an emergency use RT-

PCR assay to help identify EV-D68 among patients (55).  Since then others have either 

modified the CDC Protocol, or developed their own RT-PCR assay, specifically targeting 

the VP1 gene to increase the sensitivity of detection towards EV-D68 infections in 

patients (13).  The VP1 gene is valuable for identifying the phylogenetic relatives and 

clades of EV-D68, as well as identifying EV-D68 as the cause of disease in patients.  

Targeting the VP1 gene has shown that different clades of EV-D68 seem to be the main 

cause of the outbreaks observed around the world (27, 33, 56). 
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EV-D68 Infection of Host Cells 

Many enteroviruses use an immunoglobulin-like receptor to bind to and release 

their genomic RNA into the host cell, which is the method of replication used by 

polioviruses and rhinoviruses (51, 57, 58).  However, EV-D70, which is a close relative 

of EV-D68, has been described as using sialic acid as a receptor (59, 60).  Hemorrhagic 

conjunctivitis is associated with EV-D70.  Since sialic acid is known to be present in at 

least two forms in the human respiratory tract, these receptors were suspect receptors for 

cell entry (61).  EV-D68 was shown by Y. Liu, et al. (51) to use sialic acid as a cellular 

receptor to gain entry into the host cell (51).  EV-D68 was shown to have a high affinity 

for the a2-6 sialic acid receptor, which is more abundant in the upper respiratory tract in 

humans (62).  Even though EV-D68 has a higher affinity for a2-6 sialic acid receptors, 

EV-D68 had a higher detection rate in patients with lower respiratory tract infections, 

which are also more severe infections.  The type of sialic acid that is more abundant in 

the lower respiratory tract is the a2-3 receptor.  EV-D68 shows little to no affinity for the 

a2-3 receptor.  This could suggest that there is another mechanism that plays a role in 

lower respiratory tract infections (3).   

 

 

Clinical Case Presentation of EV-D68 Infections  

There is not currently an approved therapy or vaccine available for EV-D68.  

Patients are treated by managing symptoms (4).  When children infected withy EV-D68 

visited the emergency room at the British Colombia Children’s Hospital (BCCH), 

physicians treated them by following an asthma protocol, which entailed administering 
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oral dexamethasone and three rounds of salbutamol and ipratropium (4).  They also used 

a pediatric respiratory assessment measure or PRAM score to evaluate the severity of the 

breathing difficulties that were associated with these patients.  Chest X-rays revealed that 

in some of the patients there was a peribronchial thickening and hyperinflation of the 

lungs.  Also noted was evidence of airspace disease in the form of minor and major 

patchy changes (4).  Along with these clinical evaluations, some of the most severe cases 

required admission to the ICU, where the children were placed on ventilators for 

intensive respiratory support (4). There were similar observations noted in a review of 

case studies completed in Kansas City, Missouri and Alberta Canada (47, 63).   

J. E. Schuster, et al. (63) reviewed the data from Children’s Mercy Hospital 

(CMH) in Kansas City Missouri, for patients admitted to the hospital with respiratory 

difficulties during the 2014 outbreak of EV-D68 in the U.S.  The pediatric patients, 

between 0 and 17 years old, that were admitted to the hospital and were positive for 

enterovirus had high neutrophil counts and abnormal radiographic findings.  They also 

noted that these patients did not test positive for other secondary infections.  In this study 

ventilation was not required, however several patients required admission to the intensive 

care unit for management of breathing difficulties (63) and they used albuterol and 

intramuscular epinephrine at higher amounts for children that tested positive for EV-D68 

than children that tested negative for EV-D68.   

In blinded studies, D. Mertz, et al. (47) noted that patients who tested positive for 

EV-D68 required more intensive care than others with similar histories and respiratory 

presentations (4, 47, 63).  Of the types of infection involved in these studies, whether 

rhinovirus, influenza or a bacterial infection, patients with EV-D68 required more 
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intensive care.  These studies identified EV-D68 as a more severe respiratory disease than 

other types of respiratory infections among children.  However, these studies were biased 

toward younger aged patients 0-18 because they were conducted at three children’s 

hospitals (4, 47, 63).   

In a study conducted by M. Knoester, et al. (11), a 4-year old patient was 

diagnosed with AFM along with EV-D68 being the only causative agent that was 

reported.  Along with his influenza-like respiratory signs that lasted at least a week, he 

had “rapidly progressing asymmetric facial paralysis”, along with “asymmetric weakness 

of arms and legs”.  This 4-year old also showed bulbar paralysis, which involves 

functions such as swallowing, speaking and chewing.  Upon analysis of cerebrospinal 

fluid, no abnormalities were found.  “Hyperintense nonenhancing gray matter lesions” 

were found in the brainstem and in the spinal cord upon an MRI.  Hyperintense 

nonenhancing gray matter lesions are bright spots on MRI scans.  M. Knoester, et al. (11) 

completed an electromyography that revealed injury to the motor axon and the anterior 

horn of the spinal cord.   

There are two important conclusions that can be drawn from these EV-D68 case 

presentations.  The first is that there is a need to quickly and effectively identify patients 

that are EV-D68 positive.  The second is the need for an antiviral therapy to treat patients, 

and the development of vaccines for use as a preventative measure. 

Rapid detection of EV-D68 infections have been addressed by several different 

groups.  The first is the Center for Disease Control, which developed an RT-PCR 

protocol to help with the outbreak.  Another group, T. N. Wylie, et al. (13) then took the 

CDC protocol and modified it to make it more sensitive to more strains of EV-D68.  This 
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protocol was used in our studies to verify the strains of EV-D68.  Other reports have 

identified new developments in RT-PCR (54).   

 

 

Antiviral Evaluation of EV-D68 Infections In Vitro 

There is an immediate need for an antiviral therapy, in addition to vaccines to 

help in treatment and prevention of EV-D68 infections.  Currently, there are not any 

approved antiviral therapies or vaccines for EV-D68.  This is not because there have not 

been any positive results in finding antiviral drugs that show efficacy in vitro.  The 

antivirals were evaluated and EC50’s and EC90’s were reported.  The EC50 is the 

concentration of drug that yields 50% protection against the virus or the 50% effective 

concentration.  The EC90 is the concentration of drug that yields 90% protection against 

the virus in cell culture.  Following is a summary of in vitro evaluations of antiviral 

compounds against EV-D68.   

 Rupintrivir or AG7088 is a 3C protease inhibitor (64).  Viral 3C protease is 

needed to process precursor proteins into functional proteins necessary for RNA 

replication in picornaviruses (65, 66).  Rupintrivir binds to the 3C protease, which then 

inhibits the virus from replicating (64).  D. A. Matthews, et al. (65) and A. K. Patick, et 

al. (66) also showed that rupintrivir is an effective treatment for different rhinovirus 

strains in vitro.  These values, shown in Table 1 were based on the activity of rupintrivir 

against 48 different strains of rhinovirus.  D. A. Matthews, et al. (65) reported that 

rupintrivir was specially formulated for intranasal treatment and was soon evaluated in 

clinical trials but proved non-effective.  Since the original tests of rupintrivir against 



 

 

16 

rhinoviruses, a number of labs have tested the efficacy of the compound against EV-D68.  

L. Sun, et al. (67) tested the efficacy of rupintrivir against ten isolates of EV-D68 on Hela 

Rh cells.  E. Rhoden, et al. (68) tested rupintrivir against three representative strains or 

isolates of EV-D68 from the 2014 outbreak results shown in Table 1.  An additional 

study reported high activity for rupintrivir against EV-D68, in vitro using RD cells with 

an EC50, similar to that reported by E. Rhoden, et al. (68). 

 
 
 
Table 1 Antiviral efficacy (EC50 values) of rupintrivir evaluated against 

multiple strains of EV-D68 in vitro.    

EC50 (µM) 
CC50 

(µM) Strains Author 

0.023 >1000M 48 Strains or 
Rhinovirus 

D. A. Matthews, et 
al. (65) 

0.082 >1000 EV-D68 D. A. Matthews, et 
al. (65) 

0.0018 and 0.003 NT Ten Isolates L. Sun, et al. (67) 

0.0046 ± 0.0016 NT 
Three 

Representative 
Strains 

E. Rhoden, et al. 
(68) 

0.0046 ± 0.0027 134 ± 21 US/KY/14-18593 D. F. Smee, et al. 
(15) 

 

 

 

Pleconaril is a picornavirus capsid binding inhibitor (69).  Capsid inhibitors 

prevent virus attachment and/or the virus from uncoating (15, 70, 71).  L. Sun, et al. (67) 

and D. F. Smee, et al. (15) demonstrated pleconaril to be active against EV-D68 (see 

Table 2).  D. F. Smee, et al. (15) pleconaril was also shown to be slightly less active 

against HRV-87 than EV-D68.  D. F. Smee, et al. (15) also showed that pleconaril is not 
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active against EV71.  Y. Liu, et al. (14) describes that the VP1 protein for most 

enteroviruses contain a pocket factor, or the VP1 binding pocket (72-74). The VP1 

protein is responsible for the binding in EV-D68, which is then responsible for the un-

coating of the virus (14, 75).  Y. Liu, et al. (14) describes that pleconaril binds to this 

pocket factor which then inhibits EV-D68 and rhinoviruses from binding to host cells and 

infecting cells. 

In 2012 G. Zhang, et al. (76) assessed the efficacy of pleconaril in treating EV71 

in neonatal mice.  When 1-day old mouse pups were infected with EV71 then treated 

with 80mg/kg/day of pleconaril, their survival rate was about 80 percent.  Also reported 

by G. Zhang, et al. (76) was that when pleconaril was tested against EV71 in RD cells, 

the EC50 was from 0.13 to 0.54µg/mL.  This is significant because Y. Liu, et al. (14) and 

D. F. Smee, et al. (15), reported pleconaril to be inactive against EV71 and yet showed 

high activity against EV-D68 and rhinoviruses.  This data suggests that pleconaril might 

have a good potential to prove effective in treating EV-D68 infections.  Pleconaril is also 

in phase II clinical trials with healthy human volunteers that were then infected with 

rhinovirus in the form of two 200mg tablets for five days.  Pleconaril can be orally 

absorbed by the patient (77).  

Enviroxime also showed efficacy against EV-D68.  D. F. Smee, et al. (15) 

reported enviroxime to exhibited activity against two strains of EV-D68, RV-87 and 

EV71.  L. Sun, et al. (67) tested enviroxime against ten strains of EV-D68 grown in Hela 

Rh cells.  Results are shown in Table 3.  The mechanism of action isn’t well understood.  

There were reports that enviroxime worked against the 3A(B) protein of rhinovirus (79, 
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80).  However, others reported that enviroxime did not disrupt the binding of 3A(B) 

proteins to bind to RNA (81). 

 

 

Table 2 Antiviral efficacy (EC50 values) of pleconaril evaluated against multiple 
strains of EV-D68 in vitro. 

EC50 (µM) CC50
 Strains Author 

 
0.6 ± 0.14 Not Shown One strain Y. Kim, et al. (78) 

 
0.08 to 0.8 Not shown 10 Strains L. Sun, et al. (67) 
0.13 ± 0.09 11.3 ± 0.03 Two Strains D. F. Smee, et al. (15) 
4.44 to 6.11 Not Shown Three Strains E. Rhoden, et al. (68) 
0.38 ± 0.01 Not Shown Fermon E. Rhoden, et al. (68) 

 
0.43 ± 0.02 Not Shown One Strain Y. Liu, et al. (14) 

 

 

Enviroxime also showed efficacy against EV-D68.  D. F. Smee, et al. (15) 

reported enviroxime to exhibited activity against two strains of EV-D68, RV-87 and 

EV71.  L. Sun, et al. (67) tested enviroxime against ten strains of EV-D68 grown in Hela 

Rh cells.  Results are shown in Table 3.  The mechanism of action isn’t well understood.  

There were reports that enviroxime worked against the 3A(B) protein of rhinovirus (79, 

80).  However, others reported that enviroxime did not disrupt the binding of 3A(B) 

proteins to bind to RNA (81).  
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Table 3 Antiviral efficacy (EC50 values) of enviroxime evaluated against multiple 
strains of EV-D68 in vitro. 

EC50 (µM) CC50
 Strains Author 

0.19 to 0.45 Not shown 10 Strains L. Sun, et al. (67) 

0.27 to 0.31 95 ± 27  Two Strains D. F. Smee, et al. 
(15) 

0.19 ± 0.11 Not Shown Human Rhinovirus D. F. Smee, et al. 
(15) 

1.0 ± 1.1 Not Shown Enterovirus 71 D. F. Smee, et al. 
(15) 

 

 

Guanidine HCl (guanidine) is an enterovirus replication inhibitor.  In negative 

stranded RNA, the function of viral protein 2C is inhibited by guanidine interaction (82).  

B. Loddo, et al. (83) tested guanidine in vitro on Hela cells and MS cells and showed 

good activity against poliovirus.  More recently guanidine was also reported to be an 

effective treatment for EV-D68, HRV-87 and EV71 in vitro by D. F. Smee, et al. (15).  

Guanidine was shown to be less effective against EV71 than EV-D68 (15).  These results 

are shown in Table 4. 

 

 

Table 4 Antiviral efficacy (EC50 values) of guanidine evaluated against multiple 
strains of EV-D68  in vitro Reported by D. F. Smee, et al. (15). 

EC50 (µM) SI Strains 

80 ± 21 46 US/KY/14-18953 
91 ± 11 40 Fermon 
91 ± 10 40 Human Rhinovirus 
305 ± 5 12 Enterovirus 71 

SI = Selectivity Index=(CC50/EC50) 

EC50 = 50% Effective Concentration 



 

 

20 

Guanidine was also tested in suckling (newborn) mice as a possible treatment for 

echovirus-9 and coxsackiesvirus A9 (84).  Both of these viruses belong to the 

picornavirus family.  Guanidine was tested in conjunction with 2-a-Hydroxybenzyl-

benzimidazole (HBB).  Neither compound alone was protective against either virus.  

However when administered together, the suckling mice were protected against mortality 

(84).  E. C. Herrmann, Jr., et al. (85) reported that when infant mice were infected with 

coxsackiesvirus A16, guanidine treated with two injections per day with 97 mg/kg per 

injection and combined with HBB, the death rate was significantly reduced.  They also 

report tremors at 145 mg/kg per injection and also 97 mg/kg per injection.  Because of 

this there is some promise for the efficacy of guanidine against EV-D68. 

 

 

Animal Models 

Mice provide a good model for studying many virus infections.  Mice can be 

inexpensive and easy to handle and many strains of mice are available.  However for 

many human viruses including EV-D68, mice are not the natural host, so the virus must 

be adapted to infect the animal.  Influenza is an example of a virus that does not naturally 

infect mice.  To produce disease in the mouse, the virus must first be adapted to mice by 

serial passage through the lungs of mice (86).  Furthermore, for the purpose of evaluating 

antiviral therapies, passaging the virus in mice to make it lethal to the mouse may be 

required and is difficult to achieve. 

Three EV-D68 animal models have been developed since the beginning of this 

project.  One in cotton rats, one in two-day old Swiss Webster mice and ferrets.  The first 
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model takes advantage of the affinity of EV-D68 to bind to sialic acid receptors in adult 

cotton rats.  Cotton rats have been shown to have high numbers of a2,6-linked sialic acid 

receptors (87).  M. C. Patel, et al. (16) used three different strains of EV-D68: Fermon, 

VANBT/1, and MO/14/49 (16) representing clades A and B that are relevant to the 

United States.  They determined that the VANBT/1 strain replicated more than the other 

two strains in cotton rats.  Using VANBT/1, these authors determined that EV-D68 

replicates quickly in the nasal tissues as well as in the lungs, similar to what is observed 

in humans (16).  M. C. Patel, et al. (16) infected animals with EV-D68, then euthanized 

and collected nasal and lung tissues at 0.5, 2, 4, 6, 8, 10, 24, 48 and 96 hours.  In cotton 

rats, virus measured in tissues (tissue titers) were detected in nasal tissue collected at 0.5 

hours post infection.  The tissue titers then dropped at the 2 to 4 hour time points p.i. and 

then increased and peaked at 10 hours p.i. (16).  Virus was cleared in the nose by 48 

hours p.i.  A similar pattern was observed in the lung tissues.  Differences between male 

and female cotton rats were negligible.   

Pro-inflammatory cytokines were evaluated at the same time points.  Monocyte 

chemo-attractant protein-1 (MCP-1) and neutrophil chemo-attractant chemokine (GRO) 

levels peaked at 4-hour p.i. and then decreased (16).  Other cytokines that showed 

significant difference between uninfected and infected rats at the specified time points 

were IP-10, RANTES, Interferon-b, Mx-1, Mx-2, IL-6 and Interferon-g.  M. C. Patel, et 

al. (16) also showed lung pathology in infected mice.  The severity of the pathology 

peaked at 48 hours p.i., with moderate signs of disease noted.   

This study evaluated the ability of vaccination to protect from EV-D68 infection.  

Three strains of EV-D68, both live and inactivated by ultraviolet light, were used to 
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inoculate cotton rats. Cotton rats were then infected with EV-D68 intranasally after one-

week post vaccination.  M. C. Patel, et al. (16) showed that immunized animals showed 

no clinical signs of disease.  The vaccinated animals were also able to clear virus from 

their tissues faster than the unimmunized rats. 

The second animal model developed was in two day-old Swiss Webster mice 

using seven strains of EV-D68.  Five strains from the 2014 U.S. outbreak: US/KY/14-

18953 (clade A), IL/14-18952 and CA/14-4231 (both clade B), MO/14-18947 and 

CA/14-4232 (both clade B1) (17) as well as two of the original strains of EV-D68, 

Fermon and Rhyne, were evaluated..  The virus was inoculated into mice by intracerebral 

injection with as much virus as possible.  By doing this, they were able to induce acute 

flaccid myelitis (AFM).  Acute flaccid paralysis and acute flaccid myelitis are used 

interchangeably in the literature (88).  These results gave laboratory confirmation that 

AFM can be caused by an EV-D68 infection.  Of the five 2014 strains that were 

evaluated, four caused AFM and even mortality in mice.  Of the strains of virus originally 

isolated in 1962, only Rhyne induced some mild limb weakness (2). 

After intracerebral injection, the infected mice exhibited limb weakness and 

paralysis in the front limbs, although some limb weakness and paralysis were observed in 

both the front and rear limbs.  When spinal cord samples were taken on day 0 p.i. just 

after infection, viral titers were undetectable.  However, samples collected on day 2 to 4 

had increased titers (17).  Virus titers in the brain collected at the same time points had a 

reverse pattern; the virus had high titers in the brain 1 hour p.i. and then by day 2 to 4 p.i. 

viral titers were undetectable.  They were also able to show that the motor neurons of the 

anterior horn in paralyzed limbs were severely injured or dead. 
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Alternate routes of infection were evaluated using the two-day old Swiss Webster 

mouse pups and the MO/14-18947 strain of EV-D68 (17).  Following intramuscular 

injection paralysis was observed in all mice.  However, paralysis was only observed in 2 

out 73 mice following intranasal infection, and took 8 and 10 days p.i. for signs to 

develop.  Similar results were seen in mice infected by intraperitoneal injection, where 

only 1 out of 22 mice showed paralysis, and paralysis did not occur until day 5 p.i..   

A. M. Hixon, et al. (17) showed the protective affect of EV-D68 antibodies to 

prevent paralysis and death.  They injected 1 day-old pups with pooled immune sera 

against [EV-D68] MO/14-18947 and a control serum.  The mice were then challenged 

with EV-D68 24 hours later.  The control group, had 57% of the mice develop paralysis 

with 18% mortality.  Comparatively, in the mice treated with the “pooled immune sera”, 

only 4.5% of mice showed paralysis and no mortality (17).  This neonate model was used 

to show that EV-D68 can cause AFM and also that there is a possibility of treating EV-

D68 with IVIGs. 

The third animal model was developed in ferrets.  The ferrets were infected 

intranasally with 104.5 CCID50 with EV-D68 Fermon.  Body weight, temperatures, 

respiration, sneezing and nasal discharge were measured.  Animal feces, nasal washes, 

throat swabs, and organs were harvested.  Four of the 15 ferrets had respiratory illness, 

including cough, nasal discharge and dry nose.  No change was observed in body 

temperature, although mock-infected ferrets gained more weight than EV-D68 infected 

ferrets suggesting that mock-infected ferrets were healthier than infected ferrets.  Virus 

load was determined by qPCR and was observed on multiple days p.i. in feces, nasal 

washes, blood, lymph nodes and lungs.  Histopathological manifestations were present in 
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the lungs yet not in the trachea.  These 3 animal models all have serious limitations in the 

lab.  Cotton rats are expensive and hard to work with.  2-day old mice are difficult to 

work with and intracerebral injection is difficult and variable. Ferrets are costly.  So a 

better model was needed. 

 

 

AG129 Mice 

AG129 mice are a valuable because they are immune compromised.  Both A129 

and G129 mice were genetically altered using embryonic stem cell gene targeting 

intercrossed to generate the AG129 mice (89).  The A129 mice are deficient in INF-a/b 

receptors, while G129 mice are deficient in the INF-g receptor (89, 90).  IFNs provide an 

innate response to infection by foreign pathogens (91).  According to C. A. Biron (92) the 

interferons that take a lead role in the early stages of infection are INF-a/b.  For example 

C. A. Biron (92) showed that IFN-b activates proteins that then inhibit later steps in the 

life cycle of the virus (91).  A. G. Goodman, et al. (91) described the activation and 

recruitment of T-cells and natural killer cells by INF-a/b  (93).  These T-cells and natural 

killer cells then secrete INF-g (91, 93).  Due to the lack of interferon receptors, AG129 

mice are immune compromised. 

Since AG129 mice are immune deficient, they are more susceptible to viruses that 

would not normally infect mice.  Therefore, AG129 mice are a valuable tool for studying 

human viruses.  For example, AG129 mice have been used to study influenza and more 

recently the newly emerged Zika virus outbreak (94).  Other viruses have been tested 

including Enterovirus 71, at least two strains of coxsackiesvirus, dengue virus, yellow 
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fever virus, Japanese encephalitis virus, and Chikungunya virus; some even without 

adaptation (95-100).  Because of the success observed with AG129 mice as models for 

other viruses, AG129 mice were selected for use in model development for EV-D68 

infection.  
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CHAPTER III 

ENTEROVIRUS D68 ADAPTATION TO 4-WEEK-OLD AG129 MICE 

 

 

In Vitro Evaluation of EV-D68 Isolates 

 One approach to developing an animal model for EV-D68 was to initially adapt 

the EV-D68 virus to replicate in mouse cells in culture.  Four strains of EV-D68 were 

obtained from the American Type Cell Culture (ATCC) along with several different 

strains of mouse cells to grow in cell culture.  The four strains of EV-D68 were 

US/IL/14-18982, US/KY/14-18953, US/MO/14-18949 and US/MO/14-18947, all of 

which were isolated during the 2014 EV-D68 outbreak.  These viruses were passaged in 

RAW mouse macrophage cells, and 3T3 mouse embryo fibroblast cells.  Cells were 

seeded into T-25 flasks 24 hours prior to infection.  After 24 hours, the cells were 

infected with EV-D68, one flask per strain, and incubated at 33°C and 5% CO2.  The 

cells were then observed for up to three days post-virus exposure.  Once the cells within 

the flask reached 80-100% cytopathic effect (CPE), the flasks were frozen at -80°C to 

rupture cells and release virus.  After freezing, the cells were thawed and homogenate 

containing the virus was aliquoted into cryovials.  The same procedure was used for all 

viruses evaluated. 

 The homogenate from each passage was titered using a standard endpoint dilution 

assay on 96-well plates seeded with human rhabdomyosarcoma (RD) cells.  Micro-plates 

were seeded 24 hours prior to virus-exposure and incubated at 37°C and 5% CO2 to 

ensure a cell confluence of 100% (15).  After addition of virus the micro-plates were 
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incubated 6 days at 33°C and 5% CO2 then examined for CPE.  The 50% cell culture 

infectious doses (CCID50) were then calculated using the Reed and Munech endpoint 

dilution (101).  Hereafter, each mouse passage will be referred to as MP0, MP1, etc. 

 Each of the five strains of EV-D68 was serially passaged four times in both of the 

cell lines.  Three of the four strains, US/IL/14-18982, US/KY/14-18953, and US/MO/14-

18949 started with viral titers between 103.5 to 105.5 CCID50/mL on the first passage in 

mouse tissues.  The second passage resulted in 10 to 100-fold reduction for most strains 

of EV-D68 in both cell lines.  By the third and fourth passages, virus titers were 

undetectable (Table 5).  This suggests that these strains of EV-D68 (US/IL/14-18982, 

US/KY/14-18953 and US/MO/14-18947) were not adapting to the mouse cells.  One 

strain of EV-D68, US/MO/14-18949 did increase in virus titer with sequential culturing 

in mouse cells.  The titer after the first passage of virus was 106 CCID50/mL, which then 

was slightly lower after passage two.  After the fourth passage in both murine cell lines, 

the virus titers increased by 10-fold.  Based on this information, EV-D68 US/MO/14-

18949 was selected for adaptation in the mouse. 
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Table 5 Virus Titers During Adaptation of EV-D68 in Two Mouse Cell Lines. 
 

Cell Lines 

EV-D68 US/IL/14-18952 EV-D68 US/KY/14-18953 

Passage 1 Passage 2 Passage 3 Passage 4 Passage 1 Passage 2 Passage 3 Passage 4 

Raw 4.67 3.00 1.00 1.00 2.50 0.67 <0.67 <0.67 

3T3 3.33 0.67 <0.67 <0.67 3.50 1.50 <0.67 <0.67 

Cell Lines 
EV-D68 US/MO/14-18949 EV-D68 US/MO/14-18947 

Passage 1 Passage 2 Passage 3 Passage 4 Passage 1 Passage 2 Passage 3 Passage 4 

Raw 3.00 3.67 3.50 4.33 3.33 2.33 0.67 <0.67 

3T3 5.00 4.67 5.00 6.00 3.33 <0.67 <0.67 <0.67 

Values listed in the table are log CCID50/mL. 
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Development of a Mouse Model 

 Because EV-D68 does not naturally cause disease in mice, an immune suppressed 

mouse strain was selected for development of the animal model.  AG129 [129/Sv] mice 

are deficient in both alpha/beta (IFN-α/β) and gamma (IFN-γ) interferon receptors.  It 

may be that the presence of interferon or pathways influenced by interferon in a normal 

mouse could impede the ability of EV‐D68 to replicate sufficiently to yield any 

pronounced lung disease in a normal mouse.  Because AG129 mice lacked these 

receptors, EV-D68 would have a better chance of adapting to the mice. 

EV-D68 virus was serially passaged 30 times in 4-week old AG129 mice of both 

genders.  The AG129 mice came from a germ free breeding colony at Utah State 

University.  Each passage was completed by inoculating a group of 6 mice, 3 males and 3 

females, with 90 µL of virus intranasally (i.n.).  Mice were then observed for three days 

p.i.  On day 3 p.i., 2 male and 2 female mice were euthanized and their lungs were 

collected.  Virus was recovered from the homogenized lung tissue and then used to infect 

a subsequent set of mice.  A sample of lung homogenate was also used to determine a 

virus titer following the procedure described previously.  The two remaining mice were 

observed for 21 days p.i. for signs of disease such as weight loss and mortality. 

Over the 30 serial passages, no weight loss or mortality was observed.  However, 

as the passage number increased, the viral titer increased as well (Figure 1). The virus 

titer of EV-D68 at passage 1 was 105 CCID50/mL and by passage 15 it had increased to 

108.8 CCID50/mL in lungs.  The initial aim of the project was to create a lethal model for 

EV-D68 in AG129 mice.  Therefore, subsequent passaging of adapted virus was 

continued.  From mouse passage 15 to 30 virus titers in the lungs varied between 107.6 
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and 108.8 CCID50/mL, but clinical signs were not observed in the infected mice at any 

passage number. 

 

 

 
Figure 1 Virus titers in lungs after serial passage of EV-D68-US/MO/14-18949 in 
AG129 mice. Virus titers in the lungs collected from mice during virus passage show an 
increase in titer of more than 1000-fold between passage 1 to 15.  Between passages 12 to 
30 and plaque purified (PP) the virus titers plateau around 107.5 CCID50/mL. 
 

 

Because of the lack of clinical signs of disease other than virus titers, other 

markers of disease were evaluated to verify that the virus was adapting to the mouse.  

Pro-inflammatory cytokine levels were evaluated for this purpose.  Two cytokines 

showed an increase in concentration as mouse passage increased, MCP-1 and RANTES 

(Figure 2).  MCP-1 is involved in regulating migration and infiltration of monocytes 
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and/or macrophages (102).  RANTES also aids in the regulation of macrophage 

migration and plays a role in the progression of inflammation from acute to chronic 

(103).  Both MCP-1 and RANTES increased significantly between MP1 and MP15.  

MCP-1 increased significantly (P = <0.05) by MP11 compared to MP1, then remained 

fairly constant between MP15 and MP30.  RANTES did not increase significantly from 

MP1 to MP25, but did show a significant increase from MP25 to MP30. 

In addition to lung virus titers and cytokine levels, we evaluated lung tissues from 

different mouse passages for histological lesions.  We tested four mice infected with MP-

0 and MP-19 and compared lung injury to the lungs from uninfected mice.  A lung injury 

scoring system was used to differentiate the amount of observable lung lesions.  A lung 

score of “-“, or 0 equals no damage, “1+” equals minimal damage, “2+” equals mild 

damage, “3+” equals moderate damage and “4+” equals severe damage (Table 6).  The 

six categories of observations made for each lung sample were: 1) bronchial epithelium 

injury, 2) bronchiolar epithelium injury, 3) alveolar wall injury, 4) lymphocyte around 

bronchioles, 5) interstitial inflammation (perivascular and alveolar) and 6) pulmonary 

edema.  For each of these observations, group 1 (MP0 infected) did not show any lesions, 

meaning that MP0 did not cause any observable lung injury.  However, group 2 (MP19 

infected) showed alveolar wall injury scores of 1+ to 2+.  The scores for lymphocytes 

around bronchioles for three mice were 2+ and for one mouse 2+ to 3+.  For interstitial 

inflammation, the MP19-infected mice had a scores of 2+ to 3+.  Finally, three of the 

group 2 mice exhibited a pulmonary edema score of 1+ and one with a score of 2+.  

Group 3, which was the uninfected vehicle control group, had lung scores of 0 for all 

groups.  Because we observed increased lung pathology scores from MP0 to MP19, more 
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Figure 2 Pro-inflammatory cytokines MCP-1 and RANTES levels during mouse 
adaptation of EV-D68 –US/MO/ 2014.  Fold changes compared to baseline in levels of 
MCP-1 and RANTES as mouse passage increased.  Baseline is determined from 
uninfected control mice and is set to equal a value of 1.  Both MCP-1 and RANTES 
exhibited significant increases as mouse passage increased.  Average of 4 samples, 2 
male, 2 female.  Stats were compared to the mouse passage previous.  *P <0.05,          
**P <0.01, ***P <0.001, ****P<0.0001. 
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passages of EV-D68 were completed in mice. 

 

 

Determining de novo Virus Replication Following Infection of Mice 

To verify that EV-D68 was truly adapting to AG129 mice and replicating in the 

lung and that we were not simply recovering input virus, we determined de novo virus 

replication in the lung.  Poliovirus grown in the presence of neutral red becomes light 

sensitive as the dye becomes incorporated into the virion.  When the neutral-red-bound 

virus is then exposed to visible light, the virus is rendered inactive (104).  We used this 

principle to demonstrate de novo virus replication in the lungs of infected mice.  Mouse 

passage 16 of EV-D68 was grown in in cell culture media containing 10 µg/mL neutral 

red (Sigma-Aldrich, St. Louis MO).  RD cells were seeded into a T-150 flask 24 then 

infected with a 1:1000 dilution of EV-D68 MP16.  The flasks were then incubated in the 

dark at 33°C with 5% CO2 for two days until 100% CPE was reached.  The virus was 

then harvested, aliquoted and frozen for later use.  

Three mice were inoculated intranasally with the light sensitive EV-D68, and then 

euthanized three-days post-virus exposure.  Lungs were collected and homogenized in the 

dark.  Lung homogenate samples were then split in half.  Half the sample was exposed to 

10 minutes of fluorescent light and the other half was kept in the dark.  Viral titers were   

determined for the original light sensitive virus along with the lung homogenates, with 

light sensitive virus treated identically to virus from infected lungs.  Virus titers from 

lung homogenates exposed to light and unexposed to light were compared.  Lung 

homogenates from mice infected with light sensitive EV-D68 showed similar titers
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Table 6 Lung Histological Lesion Score Comparison of MP0 and MP19 for Lung Observations. 

Group	#	
Bronchial 
epithelium 

injury 

Bronchiolar 
epithelium 

injury 

Alveolar 
wall 

injury 

Lymphocyte 
around 

bronchioles 

Interstitial 
inflammation 
(perivascular 
and alveolar) 

Pulmonary 
edema 

MP0	Infected	

- - - - - - 

- - - - - - 

- - - - - - 

- - - - - - 

MP19	
Infected	

- - ++ ++ to +++ ++ to +++ + 

- - + ++ ++ + 

- - ++ ++ ++ to +++ ++ 

- - ++ ++ ++ to +++ + 

Uninfected	
control	

- - - - - - 

- - - - - - 

Lung injury score from 0 to 4 with - being no damage, + is minimal, ++ is mild, +++ is moderate and ++++ is sever.
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regardless of light exposure.  The light sensitive virus had a titer of 107.2 CCID50/mL 

before exposure to light, and a titer of 103.0 CCID50/mL after exposure to light. Lung titers 

for samples not exposed to light averaged 107.55 CCID50/mL, while titers for lung samples 

exposed to light averaged 107.5 CCID50/mL (Figure 3).  This clearly shows that EV-D68 

is in fact replicating in the lungs of mice after challenge infection since the virus 

replicating in mouse tissues was not light sensitive. 

 

 

 
Figure 3 Light Sensitive EV-D68 Infection in Mice.  Lung homogenates from mice 
infected with light sensitive EV-D68 before and after exposure to 10 minutes of 
fluorescent light.  Virus samples from mouse lungs had similar titers before and after 
light exposure.  However, light sensitive virus that was not passaged through mice, 
showed a 10,000-fold difference when virus was exposed to 10 minutes of fluorescent 
light compared to virus handled in the dark. 
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Evaluation of Alternative Adaptation Strategies 

D. F. Smee and D. L. Barnard (86) described using mannan as a way to aid the 

adaptation of influenza viruses to mice.  Mannan is a plant polysaccharide that binds host 

cell collectins that can inhibit influenza virus (86).  Six passages of EV-D68 in mice were 

completed using mannan in the infection medium.  The first passage from mannan-

infected mice had an average titer of 107.6 CCID50/mL, whereas by the last passage virus 

titers decreased 3.2-fold to an average of 107.1 CCID50/mL.  Fucoidan, another additive, 

was also evaluated in two passages of EV-D68, as done with mannan.  After the second 

passage in mice, the virus titer had decreased 3.2-fold from an average of 108.0 

CCID50/mL to 107.5 CCID50/mL.  Infection with these additives did not cause the mice to 

exhibit any signs of disease.  Therefore mannan and fucoidan were not used for further 

passaging. 

Another adaptation method included passage of virus through younger mice.  The 

idea was that younger mice would not have a fully developed immune response, giving 

the virus a better chance for replication and survival.  For this process virus was passaged 

in two-week old AG129 mice starting with MP22.  After the first passage virus titers 

averaged 108.2 CCID50/mL. Through the five passages, no clinical signs were observed 

and virus titers decreased steadily throughout passaging.  At the end of five passages the 

virus titers averaged 107.5 CCID50/mL, which was a 3.2-fold decrease (Table 7).  

Obviously, the AG129 mouse immune response is suppressed, but not absent.   
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Table 7 Lung Virus Titers from 2-Week Old AG129 Pups Infected with EV-D68.   

Mouse 
Passage 

Lung Virus Titers (CCID50/mL Log10) 

Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5 

1 8.0 8.5 8.0 - - 
2 8.3 8.8 7.5 7.6 7.6 
3 7.4 7.5 - - - 
4 7.5 7.6 7.6 - - 
5 7.4 7.5 7.6 - - 

Passages were completed in groups of 2 to 5 mice depending on availability. 

 

 

Evaluation of Alternative Routes of Infection 

Different routes of infection were evaluated to identify the optimum route for use 

in the mouse model.  The routes initially evaluated included: intranasal (i.n.), intra-thecal 

(i.t.), retro-orbital (r.o.), intra-venous (i.v.) and intra-peritoneal (i.p.).  Four mice were 

used to test each route of infection.  Two mice from each group were euthanized day 3 

post infection and multiple tissues (kidney, brain, lungs, spleen and liver) were collected 

for virus titer.  Viral titers in tissues were highest in all 5 tissues for mice infected via the 

intranasal route.  Other routes of infection resulted in virus spreading to various tissues, 

however no clinical signs were observed (Table 8).  From these studies, intranasal 

infection was identified as the best route of infection for EV-D68.   

 

 

 

 
 
 



 

 

38 

Table 8 EV-D68 virus titers in various tissues following different Routes of Infection 
in 4-week-old AG129 Mice.    

Route of 
infection Kidney Brain Lung Spleen Liver 

i.t. 0.67 0.67 0.67 0.67 0.67 
3.25 0.67 0.67 0.67 4.50 

r.o. 4.50 0.67 0.67 0.67 4.25 
4.25 0.67 0.67 0.67 1.25 

i.v. 
0.67 0.67 5.75 0.67 0.67 
0.67 0.67 5.50 0.67 0.67 

i.p. 0.67 0.67 0.67 2.50 4.25 
0.67 0.67 1.67 0.67 4.75 

i.n. 4.75 2.67 8.00 4.00 5.00 
5.00 2.67 8.00 5.00 4.50 

Limit of virus detection is 0.67.   
Values expressed in Log10 CCID50/mL. 

 

 

Evaluation of Alternative Strains of EV-D68 

The strain of EV-D68 used for the adaptation process was the US/MO/14-18949 

strain.  However, other strains of EV-D68 were passaged in mice to confirm that the 

Missouri isolate was the best candidate for adaptation.  One representative strain of EV-

D68 that did not passage in vitro, US/KY/14-18953, was passaged four times in four-

week-old mice. 

This study also confirmed that virus strains that did not replicate in mouse cells in 

vitro, would not replicate in vivo in mice.  Virus was inoculated into mice via intranasal 

infection, and then recovered three days post-virus exposure, and virus titers determined 

in the lungs.  Between the first and second mouse passage, virus titers were 104.3 
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CCID50/mL (Figure 4).  After the third passage virus titers decreased about 100-fold.  By 

the fourth passage the lung virus titers were undetectable. 

 

 

 
Figure 4 EV-D68 isolate US/KY/14-18953 titers from lungs after passages in AG129 
mice.
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Abstract 

Enterovirus D68 (EV-D68) is a non-polio enterovirus that affects the respiratory 

system and can cause serious complications, especially in children and older people with 

weakened immune systems.  As an emerging virus, there are no current antiviral 

therapies or vaccines available.  The goal of this project was to develop a mouse model of 

human EV-D68 infection that mimicked the disease observed in humans.  This model 

could be valuable in evaluating experimental therapies and vaccines.  We initially 

adapted the virus by serial passage in AG129 mice, which are deficient in IFN- α/β and –

γ receptors.  For each passage, mice were infected via the intranasal route.  After three 

days the virus was recovered by homogenization of lung tissues, followed by titration in 

human rhabdomyosarcoma (RD) cells.   

Despite a lack of observable clinical signs in the mice, virus titer increased 320-

fold, and the pro-inflammatory cytokines MCP-1 and RANTES increased 15-fold and 2-

fold, respectively, over 30 passages in mice.  Extensive passaging of the virus caused 

increased inflammation of lung tissue, as determined by evaluation of histological 

lesions.  In addition, a time course of EV-D68 infection was determined in lung, blood, 

liver, kidney, spleen, spinal cord and brain samples taken on multiple days after infection.  

Lung pathology and selected cytokines in lungs and blood were also measured over time.  

This is an effective mouse model for EV68 disease using virus titers, lung pathology and 

cytokine markers, and it will be useful in evaluating infection and antiviral compounds in 

the future. 
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Introduction 

Enterovirus D68 (EV-D68) was first isolated in 1962 in California from four 

patients with respiratory illness (2).  EV-D68 is a member of the Enterovirus genus in the 

Picornaviridae family (105).  Viruses of the picornaviridae are small, single stranded, 

non-enveloped viruses containing positive sense RNA (8).  EV-D68 shares some 

characteristics with rhinoviruses.  Like rhinoviruses, EV-D68 is a respiratory virus (3, 

10).  Most enteroviruses are known for being stable in acid.  When EV-D68 was first 

isolated in 1962, the studies concluded that EV-D68 was acid-stable (2).  However, later 

studies have concluded that EV-D68 is actually acid-sensitive (20, 22).  M. S. Oberste, et 

al. (22) showed that two sub-strains of Fermon (the originally isolated strain (2)) along 

with multiple other newer isolates of EV-D68 were also acid-labile (22).  Rhinoviruses 

are known to be acid-labile and to replicate at lower temperatures than most animal 

viruses in cell culture (43).  These characteristics are also exhibited by EV-D68.  A recent 

change in taxonomy has classified rhinovirus-87 as a strain of EV-D68 (50). 

According to the Centers for Disease Control and Prevention (CDC), 

enteroviruses cause about 15 million infections annually in the United States.  Most 

people infected with enterovirus are asymptomatic or have only mild illness (26).  

However individuals with asthma or reactive airway disease (25, 26), infants and/or 

individuals with weakened immune systems can have serious complications when 

infected with EV-D68 (15).  EV-D68 infections were rarely reported after their initial 

discovery in 1962 (10).  However, since the 2000’s EV-D68 has been increasing in 

prevalence and is becoming recognized as a cause of respiratory illness.  The Philippines 

experienced a small outbreak of EV-D68 in 2008 through 2009 (6).  In 2009, the 
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Netherlands and the United States also reported cases of EV-D68.  In 2010, Japan 

reported more than 120 cases of EV-D68 (6, 7).  China, Italy and Canada have also 

reported small outbreaks or clusters of EV-D68 infections in recent years as well (4, 8, 

27). 

In 2014, the United States experienced an outbreak of Enterovirus D68 with over 

1,100 cases reported (68).  The cases were mostly children with severe respiratory illness 

(10).  Enterovirus D68 patients presented with shortness of breath, cough, and nasal 

congestion.  Patients also showed decreased air entry or wheezing, and severe to 

moderate respiratory distress, and evidence of airspace disease showing minor and major 

patchy changes within the lungs.  During this outbreak, some patients required respiratory 

support (4).  In addition, some individuals who tested positive for EV-D68 exhibited 

neurological disease.  During the 2014 U.S. outbreak two states, Colorado and California 

originally reported these cases of acute flaccid paralysis.  However, by mid December at 

least 33 states in the U.S. reported children with acute flaccid paralysis who were positive 

for EV-D68 (31, 36, 38, 39).  Other enteroviruses have also been known to be 

neurotropic as well (22). 

Since EV-D68 has been increasing in prevalence over the last few years, it is 

important to find treatment strategies against infection.  To date there are no approved 

treatments for EV-D68, although there are many compounds that have shown efficacy 

against EV-D68 in vitro, including Rupintrivir, Enviroxime and Pleconaril (15, 67, 68).  

One reasons treatments have not been approved is that until recently, there has not been 

an animal model available for study of experimental therapeutics against EV-D68.  A 

cotton rat infection model was recently reported using non-adapted EV-D68 (16). In 
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addition, a model was recently developed showing the neurotropic effects of EV-D68 in 

neonatal Swiss Webster mouse pups (17).  Unlike these models, we developed an EV-

D68 model in AG129 mice by serial passaging the virus.  Herein we demonstrate that 

EV-D68 increased its ability to replicate and to cause lung pathology with increasing 

mouse passages.  We also describe the pathogenesis of the virus over time in different 

mouse tissues.  Finally, we compared the mouse-adapted EV-D68 to rhinoviruses and 

show that both can be treated by similar antiviral compounds in vitro.  This comparison 

demonstrates that the mouse model developed in 4-week-old AG129 mice can be used as 

a model for evaluating antivirals against both EV-D68 and rhinoviruses. 

 

 

Materials and Methods 

Viruses and Cell Lines.  The following viruses were obtained from the American 

Type Culture Collection (ATCC, Manassas, VA): enterovirus D68 (US/MO/14-18949), 

enterovirus D68 (US/MO/14-18947) enterovirus D68 (US/KY/14-18953), enterovirus 

D68 (US/IL/14-18982) and human rhinovirus type 14.  Human rhabdomyosarcoma 

(CCL-136) cells (RD), A549, 3T3 and RAW 264.7 cells were also obtained from ATCC.  

HeLa-Ohio-1 (human cervical epithelioid carcinoma) cells were obtained from Dr. 

Frederick Hayden (University of Virginia, Charlottesville, VA).  

Cell Culture Media.  Cells lines were grown in minimum essential media 

(MEM) (GE Healthcare Hyclone, Logan, UT USA) with 5% fetal bovine serum (FBS).  

Media used for EV-D68 cell culture infection included 2% FBS and 25 mM MgCl2 in 
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MEM + 50 µg/ml of gentamicin.  Tissues harvested from mice were homogenized in 

MEM.  In addition, MEM served as the infection vehicle for infections of mice. 

Passage of virus in mice.  Four strains of EV-D68 were passaged three times on 

mouse 3T3 and RAW cells and EV-D68 (US/MO/14-18949) was the only strain that 

continued to replicate in consecutive passages.  Therefore, Enterovirus D68 (US/MO/14-

18949) was selected for adaptation in mice.  Male and female AG129 mice were obtained 

from a germ free breeding colony at Utah State University.  AG129 mice are deficient in 

IFN- α/β and –γ receptors (90, 106).  Four-week old, male and female mice were used to 

serially-passage EV-D68 in mice (86).  For each passage the animals were infected 

intranasally with the virus.  After three days lungs were from the mice and homogenized 

in blender bags containing 1 mL of MEM.  Part of the recovered virus was titrated on 

human rhabdomyosarcoma cells.  Part of the lung homogenate sample was pooled and 

used to re-infect the next group of mice.  This was repeated for 30 passages.  A modified 

CDC RT-PCR protocol was used to verify that samples from the mouse passages 

contained EV-D68 (13).  Each mouse-passaged virus was labeled sequentially as MP1, 

MP2, etc. 

Plaque Purification of Mouse Passage 30 (MP30pp).  RD cells were seeded 

into 12-well microplates 24 hours prior to infection.  EV-D68 MP30 was serially diluted 

and plated onto the 12-well microplates.  The virus was incubated with cells for 1-hour 

p.i.  The growth medium was removed and replaced with 0.6% sea plaque agarose (FMC 

Bioproducts, Rockland, ME USA), 2% FBS and 25mM MgCl2. Cells were observed 

visually for plaques for 3 days p.i.  Individual plaques were then picked at random and 

inoculated into T-25 flasks containing RD cells and growth media.  Cells in T-25 flasks 
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were observed 2 to 3 days post plaque harvesting for CPE.  The virus from the T-25 

flasks showing 100% CPE was then used to repeat the plaque purification procedure 

three times.  The resulting virus stock was labeled as MP30pp. 

Mouse Passage Comparison.  To show how the virus adapted to growth in the 

mouse over the 30 passages, five groups of mice were infected with the following mouse 

passages; MP0, MP10, MP20, MP30, and MP30pp along with an uninfected control 

group.  There were 4 mice per group.  Multiple tissues (lungs, liver, kidneys, spleen and 

whole blood) were harvested from the mice on day three p.i. and virus titers determined 

on RD cells (Figure 5). 

Virus Titration Assay.  Virus titers were determined on RD cells in 96-well 

microplates.  Plates were seeded with cells 24 hours prior to infection and incubated at 

37°C and 5% CO2.  Samples collected from mouse tissues or cell culture were serially 

diluted, and each 10-fold dilution added to four wells.  Microplates were then incubated 

for 6 days at 33°C with 5% CO2(15).  Six days p.i., cells were examined visually for viral 

cytopathic effect.  The 50% cell culture infectious doses (CCID50) were calculated using 

an endpoint dilution method (101) and virus titers were expressed per mL.   

Histopathology.  Tissues collected from mice were sent to the Utah Veterinary 

Diagnostic Laboratory for evaluation by Dr. Arnaud Van Wetter, a board certified 

Veterinary Pathologist.  For histological analyses, the left lobe of the lung, liver, and 

kidney were always submitted for consistency.  The top half of each spleen was 

submitted for histological evaluation.  These analyses were completed for the mouse 

passage comparison as well as the natural history studies. 
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Lung Cytokine/Chemokine Evaluations.  A sample (200 µl) from each lung 

homogenate was tested for cytokines and chemokines using a chemiluminescent ELISA-

based assay according to the manufacturer’s instructions (Quansys Biosciences Q-PlexÔ 

Array, Logan, UT).  The Quansys multiplex ELISA is a quantitative test in which 16 

distinct capture antibodies have been applied to each well of a 96-well plate in a defined 

array.  Each sample supernatant was tested at 2 dilutions for the following: IL-1α, IL-1β, 

IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-17, MCP-1, IFN-γ, TNFα, MIP-1α, 

GM-CSF, and RANTES.    

Definition of abbreviations are: IL - interleukin; MCP - monocyte 

chemoattractant protein; IFN - interferon; TNF - tumor necrosis factor, MIP – 

macrophage inflammatory protein; GM-CSF - granulocyte/ macrophage colony 

stimulating factor; and RANTES - regulated upon activation, normal T cell expressed 

and secreted. 

Cytokine and chemokine levels are reported in fold changes compared to levels in 

from uninfected control mice.  

Virus Growth Curve Evaluations.  The viral growth curve for EV-D68 MP0 

and MP30pp was obtained on three human cell lines, RD, Hela-Ohio and A549.  Multiple 

time points were evaluated from 6 to 72 hours p.i. at 6 hour intervals.  Samples from all 

three cell lines were evaluated in triplicate at each time point on RD cells.  

Antiviral Compounds.  Enviroxime was obtained from the U.S. Army Medical 

Research Institute of Infectious Diseases (USAMRIID), Ft. Detrick, Frederick, MD 

through the NIAID antiviral screening program.  Pirodavir was purchased from AdooQ 

Bioscience, (Irvine, CA).  Pleconaril was obtained from the former Biota Pharmaceuticals 
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(Notting Hill, Victoria, Australia).  Rupintrivir and Guanidine HCl were purchased from 

Sigma Aldrich (St. Louis, MO). 

Ethical Treatment of Animals.  This study was completed under the approval of 

the Institutional Animal Care and Use Committee of Utah State University.  The work 

was performed in the AAALAC-accredited Laboratory Animal Research Center of Utah 

State University in accordance to the National Institutes of Health Guide for the Care and 

Use of Laboratory Animals (107). 

Statistical Analysis.  Statistical Analysis was completed using Prism 7, Graph 

Pad Software (San Diego, CA).  For comparison of virus titers in different tissues, a one-

way analysis of variance (ANOVA) was completed followed by Tukey’s multiple 

comparison, and by two-way ANOVA for effects based on the day p.i. using Prism 7.0d.  

Cytokines and chemokine levels were compared by ANOVA assuming equal variance 

and normal distribution. 

 

 

Results 

Mouse Passaged Virus Comparison.  A mouse passaged virus comparison was 

completed to determine which virus produced the highest infection and greatest disease 

signs for the model (Figure 5).  From MP0 to MP10, there was an increase in virus 

recovered from the mouse lungs from 105.8 to 107.0 CCID50 per mL.  Between MP10 to 

MP30 there was smaller increase in lung virus titers to 107.2 CCID50 per mL.  Virus titers 

for MP0 in liver samples were undetectable, while MP30 and MP30PP were 10 to 100-

fold higher (105.5 and 104.8 CCID50 per mL) than MP10 and MP20 (103.0 and 103.5 CCID50 
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per mL).  Kidney and spleen showed a similar increase in virus titer for higher mouse 

passaged virus.  Virus titers in whole blood were undetectable in MP0, then increased 

from MP10 to MP30 from 101.33 to 102.5 CCID50 per mL of virus.  Viremia has also been 

shown in clinical patients with EV-D68 (38).  This was consistent with observations of 

histological lesions from infected lungs showing interstitial pneumonia of various 

severity, suggesting exposure occurred through the blood rather than through airways.  

These observations are highly suggestive that blood is the route by which the virus is 

spreading. 

Lung samples from mice infected with MP0, MP10, MP20, MP30, and MP30pp 

were evaluated using a panel of 16 pro-inflammatory cytokines and chemokines.  Mice 

infected with MP0 showed similar levels of cytokines to those of the uninfected control 

mice.  However, the pro-inflammatory cytokines MCP-1 and RANTES showed 

significant increases compared to uninfected mice in the groups infected with MP10, 

MP20, MP30 and MP30pp as virus passages continued.  The mice infected with MP30 

showed the highest levels of MCP-1 and RANTES. The mice infected with MP30pp also 

showed significantly higher levels of MCP-1 than the mice infected with MP0, MP10, 

and MP20.  However, RANTES levels decreased with the plaque purified strain of virus 

compared to MP30 (see Figure 6).  Pro-inflammatory cytokines from other tissues were 

evaluated as well, although significant differences compared to control mice were not 

observed. 

A comparison of the histological lesions demonstrated an increase in injury to 

lung tissues as the virus passage number increased (Table 9).  A lung injury scoring 

system of 1+ to 4+ was used for evaluation ( “-”, or 0 = no damage, 1+ = minimal 
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damage, 2+ = mild damage, 3+ = moderate damage and 4+ = severe damage).  All tissue 

samples were compared to uninfected control mice.  Interstitial pneumonia in the lungs 

increased from MP0 to MP30.  Mice infected with MP30 had interstitial pneumonia that 

was mild to moderate with lung scores from 2+ to 3+. 

This histological lesion data show that lung injury caused by EV-D68 increased as 

virus was passaged and that infection with MP30 caused greater lung injury than MP10 

or MP20.  Even though lung virus titers, RANTES levels, and histological lesions scores 

appeared to be slightly lower after plaque purification of MP30, we selected MP30pp as 

the virus isolate for use in additional pathogenesis studies of EV-D68 in AG129 mice.  

Natural History.  A time course of infection for EV-D68 in AG129 mice was 

evaluated in lungs, liver, kidney, spleen, whole blood, leg muscle, spinal cord and brain 

tissues using EV-D68 MP30pp.  Tissues were harvested at 8 hours and day 1, 3, 5, 7, 9 

p.i.  We also evaluated different infectious doses by comparing our undiluted challenge 

stock, 106.5 CCID50/mouse (group 1) to a 105.5 CCID50/mouse (group 2) and 104.5 

CCID50/mouse (group 3) along with uninfected controls (group 4).  Each of the different 

test groups included 28 mice.  At each time point, four mice per group were euthanized 

and the tissues collected for virus titers, histological analyses and a measure of pro-

inflammatory cytokines.  Lungs from four mice in group 1 were euthanized at 4 hours p.i. 

and recovered 106 CCID50 virus per mL.  By 8-hours p.i. the lung virus titers increased to 

107.7 CCID50/mL and by 24 hours (day 1) post-virus to its peak titer at 108.3 CCID50/mL.  

The titer remained high through day 3 p.i., then started to decrease on day 5 and by day 9 

were undetectable.  Groups 2 and 3 showed similar virus titers to group 1, only with 10-

fold less virus detected for each time point until day 3 p.i.  By day 3, groups 2 and 3 had 
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similar lung virus titers to group 1, 108 CCID50/mL and 107.7 CCID50/mL, respectively.  

After day 3, virus titers in lungs declined through day 7 and day 9 p.i.  Liver, kidney, and 

spleen samples had titers between 104 to 105 CCID50/mL on day 3 p.i.  Virus titers in 

these tissues then decreased on day 5 p.i. and by day 7 p.i. viral titers were undetectable 

(Figure 7). 

Whole blood, leg muscle, spinal cord and brain tissue was only collected from 

mice infected with 106.5 CCID50, 104.5 CCID50 and uninfected control mice.  Virus titers 

in whole blood, increased rapidly and peaked on day 1, after which time the whole blood 

titers decreased and by day 5 were undetectable (Figure 8).  In addition, virus increased 

rapidly in the CNS (spinal cord and brain tissues) in mice infected with 106.5 CCID50.  

Figure 8 shows the time course of infection for both challenge doses in the CNS.  Virus 

titers in the spinal cord showed 103 CCID50/mL by day 1 p.i. and maintained that level 

through day 5 p.i. in mice infected with 106.5 CCID50.   Virus titers in spinal cord from 

mice infected with 104.5 CCID50 mice were undetectable on day 1 p.i., but by day 3 

reached 102.5 CCID50/mL and peaked on day 5 p.i. at 102.67 CCID50/mL.  Virus titers in 

brain tissue peaked on day 1 p.i. in mice infected with 106.5 CCID50 at 103.5 CCID50/mL 

and they decreased 10-fold by day 3 p.i.  Titers in brain tissue from mice infected with 

104.5 CCID50 did not peak until day 3 p.i.  Both groups of infected mice had titers were 

almost undetectable by day 5 p.i.  Figure 8 also shows virus titers from leg muscle after 

intranasal infection, indicating that EV-D68 infection ion the mouse becomes systemic 

and replicates at multiple sites.  Virus titers in the blood are lower than in the other 

tissues evaluated and clears more rapidly, suggesting that the virus is replicating in those 

tissues and that the titer is not coming from any remaining blood in the tissues.  In 
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addition, we wanted to evaluate whether the virus was gaining access to the CNS by 

retrograde axonal transport from peripheral nerves in the leg, so determination of virus in 

leg muscle was considered important to ascertain the potential of EV-D68 to cause 

neurological infection and lesions by this route. 

Table 10 lists the histological injuries observed in lung tissues from groups 1-4, 

after challenge infection.  Six categories of histological injury were evaluated; bronchial 

epithelium injury, bronchiolar epithelium injury, Alveolar wall injury, Lymphocytes 

around bronchioles, interstitial inflammation (perivascular and alveolar), and pulmonary 

edema.  Alveolar wall injury and interstitial inflammation or pneumonia, are the only 

observations that showed any signs of injury or damage in the lungs. 

On day 1 p.i., group 4 mice had an average lung score for alveolar injury of 0 to 

1+ and an interstitial inflammation of 1+.  Group 1 mice on day 1 p.i. had a lung score for 

alveolar injury of 1+ to 2+ and an interstitial inflammation score from one mouse of 2+ to 

4+.  These observations were consistent with the viral titer results.  Both alveolar injury 

and interstitial inflammation reached a peak by day three p.i. for groups 1-3.  The 

alveolar injury amongst groups 1-3 peaked between 2+ and 3+.  In addition, groups 1-3 

all had interstitial pneumonia scores of 2+ to 3+.  Similar results were observed on day 5 

p.i. for interstitial inflammation, whereas alveolar injury started to resolve.  By day 7 p.i., 

histological lesions for both categories for all three groups began to resolve and by day 9, 

all lesions had resolved.  The lung scores for mice in group 4 had all resolved by day 3 

p.i. for all categories.  When compared against sham-infected mice (group 4), there was 

more severe injury in mice that were infected with EV-D68.  In summary, pathology was 

seen in lungs and was similar across the different virus inoculums.   
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Samples from liver, kidney and spleen were also evaluated, but histological 

lesions were not observed (data not shown).  The entire spinal cord, brain and leg muscle 

tissue sample from groups 1 and 3 were used to obtain virus titers, therefore these 

samples were not evaluated by histology.  

Pro-inflammatory cytokines were determined in lung samples after infection.  

MCP-1 and RANTES (a chemokine) had significant increases on day 3 p.i. compared 

with uninfected control (Figure 10), similar to observations in the mouse passage study 

(Figure 6).  However, the largest increase in cytokine levels was observed on day 1 p.i.  

This rapid response is characteristic of EV-D68 infections and has also been described by 

M. C. Patel, et al. (16).  On day 1 p.i., MCP-1 from group 1 mice increased about 50-fold 

compared to the vehicle control mice (Figure 10).  RANTES from group 1 mice also 

showed a 9-fold increase on day 1, 3 and 5 p.i. compared to controls.  Other pro-

inflammatory cytokines also had significant increases on day 1.  IL-6 had the most 

significant response, with a 150-fold increase compared to controls.  In addition, IL-1a, 

Il-1b, IL-5, and TNFa had 10 to 20-fold increases compared to the control group (Figure 

9).  Other cytokines that showed a significant increase on day 1 included: IL-2, IL-3, Il-4, 

IL-10, IL-12p70, IFNg, and GM-CSF (see supplemental information).  Some of these 

(IL-2, IL-4 and GM-CSF) showed significant increases on day 5 p.i. as well.  MIP-1a 

showed significant increase at eight hours p.i. and day 3 p.i. (Figure 10). 

Comparison of In Vitro Viral Replication Curves.  An in vitro replication curve 

of EV-D68 MP0, MP30 and MP30PP was completed on three cell lines: RD, Hela-Ohio, 

and A549 cells.  After infection, samples were collected from each culture at 6, 12, 18, 

24, 30, 36, 42, 48, 54, 60, 66 and 72 hours and are shown in Figure 11.  Growth curves 



 

 

54 

were done in triplicate.  In all three-cell lines MP30 and MP30pp started to replicate 

sooner, as determined by the earlier increase in virus titer than did MP0.  The virus titers 

were also higher in MP30pp than in MP0 in the Hela-Ohio and A549 cells at each time 

point.  After 54 hours, RD cells infected with MP30 and MP30pp showed declines in 

virus titer.  RD cells infected with MP30 and MP30pp reached 100 percent cytopathic 

effect (CPE) by 72 hours p.i., and represent the last time point taken for RD cells.  

Because of this, Figure 11 shows MP0 titers reaching the same point as those for MP30 

and MP30pp by 72 hours.  The passaging of EV-D68 in mice appears to have improved 

the ability of the virus to replicate in cell culture, especially in RD cells.   

Comparison of Routes of Infection.  Multiple routes of infection were evaluated 

for efficacy in AG129 mouse infection; intrathecal (i.t.), intravenous (i.v.), intraperitoneal 

(i.p.), retro orbital (r.o.), intramuscular (i.m.), intracranial (i.c.) and intrasiatic notch (i.s.).  

Samples from multiple tissues were collected during mouse passaging of the virus and 

titers were evaluated.  Most of the alternative routes of infection did not show any viral 

titer in the lungs or other tissues.  Infection by the r.o. and i.v. routes showed minimal 

amounts of virus in lungs, kidney and liver tissue (data not shown).  This verified that the 

intranasal route of infection provided the optimum route for a disease model.  This is also 

the most clinically relevant route to EV-D68 infections in humans leading to a respiratory 

tract infection. 

RT-PCR Verification of Mouse Passaged Virus.  Viral RNA from mouse lungs 

infected with EV-D68 was extracted using the Qiagen AMP Viral RNA mini kit.  RNA 

samples (60µL) from each of the EV-D68 mouse passages, MP0, MP10, MP20, MP30 

and MP30pp were evaluated.   The RT-PCR protocol, primers, probe and cycle 
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parameters used for analyses were adapted from T. N. Wylie, et al. (13).  Primers and 

probes are specific for EV-D68, therefore, enterovirus 71 (EV-71) RNA was used as a 

negative control.  Alternatively, RNA samples were evaluated using a protocol for 

identification of EV-71 from the Center for Disease Control with primers and probe 

specific for EV71(107).  Using the EV-D68 protocol, all five mouse passage variants of 

EV-D68 were confirmed as EV-D68 and the EV-71 RNA was negative.  Primers used 

were; CACTGAACCAGAAGAAGCCA (forward), CCAAAGCTGCTCTACT-

GAGAAA (reverse) and TCGCACAGTGATAAATCAGCACGG (probe). 

In Vitro Antiviral Comparison.  The in vitro comparison of EV-D68 MP0, 

MP30PP and rhinovirus 14 (RV-14) was completed to show that the mouse model 

developed for EV-D68 may also be applicable for rhinoviruses.  This study evaluated 

multiple compounds that are known inhibitors of EV-D68 (15).  Table 11 shows the 

antiviral comparison in vitro.  Rupintrivir showed the most activity against all 3 virus 

strains.  Enviroxime and pleconaril also showed high activity against these viruses.  

Guanidine, a known inhibitor of poliovirus (83), was tested previously by D. F. Smee, et 

al. (15) against EV-D68.  It exhibited activity with a 50% effective concentration (EC50) 

of 44.7 ± 11.9 and 61.0 ± 10.5 with an SI of 31.7 and 23.2 against EV-D68 MP0 and 

MP30pp.  Against rhinovirus-14, guanidine had an EC50 of 80.7 ± 16.2 and an SI of 37.6.  

From these results, it appears that compounds active against rhinovirus are also active 

against EV-D68, lending credence to the hypothesis that this mouse model could be used 

to evaluate antiviral compounds against rhinoviruses using this EV-D68 mouse model.  
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Discussion 

Because of the recent increase in clinical cases of EV-D68 infection, along with 

the neurological disease and fatalities, the significance of this virus has increased.  Many 

studies have evaluated the efficacy of antiviral therapies such as rupintrivir, ribavirin, 

pleconaril and others in vitro (15, 37, 67).  However as of yet, the only treatments 

available are supportive.  During the 2014 outbreak of EV-D68 most of the patients 

presented with severe asthma-like symptoms.  In at least two locations these patients 

were given albuterol and other bronchodilators to help with breathing, and in both 

locations, there were smaller numbers of patients that required ventilation and intensive 

care management (4, 63).  However, these treatment regimens are for the respiratory 

symptoms of EV-D68 disease and have no effect on acute flaccid paralysis.  Therefore, 

there is need for development of antiviral therapy that can prevent both the respiratory 

and neurological disease signs associated with EV-D68. 

To aid in the development of antiviral therapies and vaccines for EV-D68, 

development of an animal model is critical.  Recently, three animal models have been 

developed.  The first model in adult cotton rats (16) takes advantage of the abundance of 

a2,6 linked sialic acid receptors in the cotton rats respiratory system.  In this model, 

using non-adapted EV-D68, M. C. Patel, et al. (16) showed a “mild cumulative 

pathology” in the lungs (16).  In addition, MCP-1 peaks at 4-hours post-virus exposure of 

the VANBT/1 strain of EV-D68 (16).  After this initial peak, the cytokine levels 

decreased rapidly.  Other cytokines were also shown to rise to a peak and then fall off 

rapidly at different time points. 
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A second model has been developed in neonatal Swiss-Webster mice (17).  In this 

model, the authors were able to induce limb paralysis and death in two day-old mouse 

pups by intracerebral injection of virus using 5 different strains of EV-D68.  This model 

provided evidence that EV-D68 does cause neurological disease.  In addition, A. M. 

Hixon, et al. (17) demonstrated that serum containing EV-D68 antibodies was able to 

confer immunity to mice when the mice were treated with the antibody serum 1 day prior 

to infection (17).   

The third model, developed in ferrets, evaluated the Fermon strain of EV-D68 in 

feces, nasal washes, throat swabs, blood, lymph node and lungs.  Detectable levels of 

EV-D68 were observed in all of these tissues (108).  The ferrets were infected via 

intranasal infection and virus was quantified in tissues by qPCR.  These authors 

demonstrated that EV-D68 causes a lower respiratory infection by histological analysis, 

in which no pathological changes were observed in the trachea while “remarkable 

pathogenesis” was seen in the lower respiratory tract (121). 

In our model, we demonstrate an increased ability of mouse-adapted virus to 

infect 4-week old (juvenile) AG129 mice.  By using juvenile mice, this model replicates 

more closely what is seen in the human population since the majority of cases are in 

patients that are young children to teenagers (4, 10, 29, 63, 109, 110).  Yet this median 

age is also beneficial because EV-D68 has also been shown to cause disease and even 

fatalities in adults (32-34).  This model shows how rapidly the virus can cause injury in 

mouse lungs, along with the rapid spread of virus from lungs to the blood and then to 

other tissues in the mouse.  These results are consistent with reports that most patients 

were sick 1.5 to 2 days before being taken to the hospital and or treatment clinic (4, 36, 
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63).  Also of note, the longest average stay for patients in the hospital was 4.75 days (62).  

This suggests that an uncomplicated EV-D68 infection replicates and spreads rapidly, and 

then resolves in about one week.  However, it is not known how long neurological signs 

take to resolve in patients with neurological disease.   

This model is also more convenient than previously described models, since one 

model requires of cotton rats which are hard to work with as well as a lack of reagents 

compared to mice, another model is in neonatal mice which is not convenient, and the 

ferret model is costly and not available in many labs. 

The data in this study shows that virus from a respiratory tract infection can leave 

the lungs and enter the bloodstream.  Then resulting viremia then spreads the virus to 

other tissues in the mouse, including the CNS, suggesting that EV-D68 is capable of 

causing neurological disease along with the respiratory disease. 

 

 

Conclusion 

This model of EV-D68 infection in 4-week-old AG129 mice has the potential for 

use in evaluating experimental therapies and vaccines.  In addition, this model has well-

established viral endpoints and a clinical profile that can be used to evaluate amelioration 

of clinical disease parameters.  Antivirals can also be assessed on their ability to protect 

the CNS from virus spread, thus possibly providing therapies to prevent and protect 

against both EV-D68 respiratory and neurological disease.  
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Figure 5 EV-D68 Virus titers in blood, lungs, liver, kidney and spleen after various 
passages through Ag129 mice.  Significance is shown by comparison against the 
previous passage.  MP30 showed similar significance against MP20 and MP30pp in 
kidney tissue.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 6 MCP-1 and RANTES in lung samples after infection with mouse-adapted 
EV-D68.  MCP-1 showed the greatest change compared to the uninfected mice as virus-
adaptation increased.  The lung samples were collected from mice on day 3 post-virus 
exposure.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Table 9 Comparison of histological injury in lungs after infection with different 
virus passages of mouse-adapted EV-D68.   

EVD68 Mouse 
Passage 

Bronchial 
Epithelium 

Injury 

Bronchiolar 
Epithelium Injury 

Interstitial 
Inflammation 

(Perivascular and 
Alveolar) 

MP0 

- - - 
- - ++ 
- - + 
- - + 

MP10 

- - ++ 
- - ++ 
- - ++ 
- - ++ 

MP20 

- - ++ to +++ 
- - ++ to +++ 
- - ++ to +++ 
- - ++ to +++ 

MP30 

- - +++ 
- - ++ 
- - +++ 
- - +++ 

MP30pp 

- - ++ to +++ 
- - ++ to +++ 
- - ++ 
- - ++ 

Uninfected 
- - - 
- - - 
- - - 

An injury scoring system of 0 (-) to 4 (++++) was used for evaluation.  A score of - = no 
damage, + = minimal damage, ++ = mild damage, +++ = moderate damage and ++++ = 
severe damage.  All samples were compared to uninfected control mice for each day. 
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Figure 7 Time course of infection for EV-D68 MP30pp in lungs, liver, kidney and spleen.  Three infectious doses and one group 
of infection medium were evaluated at six time points.    
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Figure 8 Time course of infection for EV-D68 MP30pp in blood, spinal cord, brain and leg muscle.  Two infectious doses and 
one group of infection medium were evaluated at six time points.  
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Table 10 Time course of histological lesions in lungs after infection with various 
inoculum levels of EV-D68 MP30 virus. 

EV-D68 
INOCUL
UM PER 
MOUSE 

Day of  
Harvest 

Bronchial & 
Bronchiolar 
epithelium 

injury 

Alveolar 
wall 

injury 

Lymphocyt
e around 

bronchioles 

Interstitial 
inflammation 
(perivascular 
and alveolar) 

Pulmonary 
edema 

106.5 Day 1 
- ++ - +++ - 
- + - ++ - 
- ++ - +++/++++ - 

Vehicle 
Control Day 1 

- + - + - 
- - - + - 
- + - + - 
- - - + - 

106.5 Day 3 

- ++ - +++ - 
- ++ - +++ - 
- ++ - ++/+++ - 
- ++ - ++/+++ - 

105.5 Day 3 

- ++/+++ - ++/+++ - 
- ++ - ++/+++ - 
- ++ - ++/+++ - 
- ++ - ++/+++ - 

104.5 Day 3 

- ++ - ++/+++ - 
- ++ - ++/+++ - 
- ++ - ++/+++ - 
- ++ - +++ - 

106.5 Day 5 

- + - ++ - 
- ++ - ++/+++ - 
- ++ - ++/+++ - 
- + - ++ - 

105.5 Day 5 

- + - ++ - 
- ++ - ++/+++ - 
- ++ - ++/+++ - 
- ++ - ++/+++ - 

104.5 Day 5 

- ++ - ++ - 
- + - ++ - 
- + - ++ - 
- ++ - +++ - 

106.5 Day 7 

- - - - - 
- +++ - +++/++++ - 
- + - ++ - 
- + - ++ - 

105.5 Day 7 

- + - ++/+++ - 
- + - ++ - 
- + - ++/+++ - 
- + - ++ - 

104.5 Day 7 

- + - ++/+++ - 
- + - ++ - 
- + - ++/+++ - 
- + - ++ - 

106.5 Day 9 

- + - ++ - 
- - - + - 
- + - ++ - 
- - - + - 

105.5 Day 9 

- - - + - 
- - - + - 
- - - + - 
- - - + - 

104.5 Day 9 

- + - ++ - 
- + - ++ - 
- - - + - 
- + - ++ - 

Note: vehicle control had not pathology after day-1.
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Figure 9 Time Course of IL-1a, IL-1b, IL-5, IL-6 in Lungs.  Pro-Inflammatory cytokines from lung samples taken from EV-D68-
infected mice harvested on multiple days p.i. were compared to uninfected control mice.  Group 1 =106.5 CCID50/mouse, group 2 = 
104.5 CCID50/mouse and group 3 = infection medium control.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001.
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Figure 10 Time course of MCP-1, TNFa, MIP-1a, RANTES in Lungs.  Pro-Inflammatory cytokines and chemokines from lung 
samples taken from mice infected with EV-D68 on multiple days p.i. were compared to uninfected control mice.  Pro-inflammatory 
chemokines, RANTES, showed a significant difference compared to the control through day 7 p.i..  *P <0.05, **P <0.01,              
***P <0.001, ****P<0.0001.  Group 1 =106.5 CCID50/mouse, group 2 = 104.5 CCID50/mouse and group 3 = infection medium control. 
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Figure 11 Viral Replication Curve In Vitro.  Comparison between enterovirus D68 
MP0, MP30, and MP30pp on 3 different cell lines; RD, Hela-Ohio and A549.  Each time 
point represents the average of 3 independent experiments.   
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Table 11 In Vitro Antiviral Comparison of EV-D68 MP0, MP30pp and rhinovirus-14. 

Compound 
CC50

a EV-D68/Missouri 
(MP0) 

EV-D68/Missouri 
(MP30PP) Rhinovirus-14 

RD Hela-Ohio EC50
b  SIc EC50

b  SIc EC50
b  SIc  

 
Enviroxime 14.1 ± 4.8 22.3 ± 9.7 0.03 ± 0.0 469 0.07 ± 0.03 201 0.13 ± 0.1 108 

 
Pleconaril 10.5 ± 3.5 4.7 ± 2.3 0.08 ± 0.0 131 0.08 ± 0.00 131 0.08 ± 0.0 59.1 

Guanidine 
HCl 1420 ± 315 3030 ± 577 44.7 ± 11.9 31.7 61.0 ± 10.5 23.3 80.7 ± 16.2 37.6 

Rupintrivir >1.0 ± 0.0 >1.0 ± 0.0 0.0003±0.0 >3333 0.0004 ± 0.0001 >2500 0.003 ± 0.0004 >333 

Units are µM 
a50% cytotoxic concentration (CC50) ± standard deviation from 3 independent determinations. 
b50% effective virus-inhibitory concentration ± standard deviation from 3 independent determinations. 
cSI-Selectivity Index = CC50 / EC50 using the CC50 in RD cells. 
Enterovirus D68 tested on RD cells, Rhinovirus-14 tested on Hela-Ohio cells. 
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Supplemental Information 

 

 

 Comparison of Pro-Inflammatory Cytokines and Chemokines.  IL-1a, IL-1b, 

IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-17, IFNg, TNFa, MIP-1a and GM-CSF 

were evaluated by Quansys 16-plex array (Logan, Utah).  IL-1a, IL-1b, IL-6, MIP-1a 

and GM-CSF did not show an increase as the mouse passage number increased (see 

Figure 12-15). 

 Time Course for Pro-Inflammatory Cytokines and Chemokines after 

infection.  Pro-inflammatory cytokines IL-2, IL-3, IL-4, IL-10, IL-12p70, IFNg and GM-

CSF all showed between a 2 to 5-fold increase in cytokine levels during day 1 p.i. in 

group 1.  It is characteristic of the virus to show a rapid time course of infection.  After 

day 1 p.i., most of these cytokines decreased to levels similar to the uninfected control 

group with few exceptions (IL-2, IL-4 and GM-CSF) that showed significance on day 5 

as well (see Figure 16-17).
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Figure 12 IL-1a, IL-1b, IL-2, IL-3 in lung samples after infection with various passages of mouse-adapted EV-D68.  The 
statistics shown are all compared to the baseline.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 13 IL-4, IL-5, IL-6, IL-10 in lung samples after infection with various passages of mouse-adapted EV-D68.  The 
statistics shown are all compared to the Base Line.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 14 IL-12p70, IL-17, INF, IL-10 in lung samples after infection with various passages of mouse-adapted EV-D68.  The 
statistics shown are all compared to the Base Line.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
 

MP0 MP10 MP20 MP30 MP30 PP
0.0

0.5

1.0

1.5

2.0

(F
ol

d-
C

ha
ng

e 
fr

om
 B

as
el

in
e)

IL-12p70 A

Base-
Line

*

MP0 MP10 MP20 MP30 MP30 PP
0.0

0.5

1.0

1.5

2.0

(F
ol

d-
C

ha
ng

e 
fr

om
 B

as
el

in
e)

INFγC

Base-
Line

*

Mouse Passage

MP0 MP10 MP20 MP30 MP30 PP
0.0

0.5

1.0

1.5

2.0 IL-17 B

Base-
Line

*

MP0 MP10 MP20 MP30 MP30 PP
0.0

0.5

1.0

1.5

2.0 TNFαD

Base-
Line

*

Mouse Passage



 

 
 

 

 

74 
 

 
 
 
 

 
Figure 15 MIP-1a and GM-CSF in lung samples after infection with various passages of mouse-adapted EV-D68.  The statistics 
shown are all compared to the Base Line.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001.  
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Figure 16 IL-2, IL-3, IL-4, IL-10 levels in lung samples after infection with MP30pp mouse-adapted EV-D68.  All cytokines 
showed significant increases on day 1 p.i. compared to baseline.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001.   
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Figure 17 IL-12p70, IL-17, INFa, GM-CSF levels in lung samples after infection with MP30pp mouse-adapted EV-D68. All 
cytokines showed significant increases on day 1 p.i. compared to baseline.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001.  
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CHAPTER V 

PLETHYSMOGRAPHY EVALUATION 

 

 

Plethysmography Evaluation of EV-D68 MP30 Infected Mice 

 To further evaluate the affects/signs/severity of disease, the respiratory function 

of mice was evaluated by plethysmography.  Mice were put into a sealed chamber and 

respiratory function was measured under two conditions, the first was room air and the 

second was a challenge of 7% CO2, 50% O2 and balanced with N3, which is referred to as 

the CO2 challenge.  The parameters evaluated were; inspiratory time, expiratory time, 

peak inspiratory flow, peak expiratory flow, tidal volume, expired volume, relaxation 

time, minute volume, frequency, end inspiratory pause, end expiratory pause, enhanced 

pause, and mid-expiratory flow.   

 The first evaluation of plethysmography was completed using EV-D68 MP30 

with four infectious doses; 106.5 CCID50/mL (group 1), 106.0 CCID50/mL (group 2), 105.5 

CCID50/mL (group 3), 105.0 CCID50/mL (group 4) and a mock infected group (group 5).  

Each group had four 4-week-old mice.  Room air was the first parameter measured.  Each 

mouse was allowed to acclimate in the chamber for five minutes.  After acclimation, the 

parameters were measured for five minutes.  This same procedure was done for the CO2 

challenge.  Lung function recordings were taken just prior to infection and then every day 

for seven days.  Time parameters were measured in msec, and volume parameters were 

measured in mL and reported as a percent of the control group. 
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 When respiratory function was measured under room air conditions, the results 

were highly variable (see Appendix).  When mice were challenged with CO2 there was a 

more notable difference between groups.  The only parameter that showed significance 

was enhanced pause.  Enhanced pause is scaled to the strength of the inhale and exhale 

which is calculated by (PEF/PIF) x pause.  PEF is the peak expiratory flow, PIF is the 

peak inspiratory flow while the pause takes place between the expiratory cycle(111).  By 

day 6 group 1 mice showed significant differences in enhanced pause compared to 

uninfected control mice.  Day 7 also showed significant increase in enhanced pause of 

group 1 compared to group 5 (Figure 18).   

 

 

Plethysmography Evaluation of Mouse Passaged Virus 

To qualify plethysmography as a viable means to evaluate morbidity following 

EV-D68 infection, a mouse passage comparison study was conducted.  The study design 

was similar to that of the virus passage comparison described in Chapter IV.  Six groups 

of four mice per group were used.  The EV-D68 virus passages used included: MP0, 

MP10, MP20, MP30, MP30pp and a mock-infected control group.  Mice from each 

group were evaluated prior to infection and then every other day for 15 days starting on 

day 1.   
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Figure 18 Plethysmography (CO2): Evaluation of lung function in EV-D68 MP30 
infected mice compared to uninfected mice.  Parameters of infected mice were 
compared to uninfected controls and are reported as percentages, 100% being the 
baseline.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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study where enhanced pause in the CO2 stressed mice showed significant differences 

between EV-D68 infected mice and uninfected mice on day 5 and 7, this study did not 

show any statistical difference after CO2 stress (Figure 19).  There was a significant 
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pause (Penh) evaluation under room air on day 5 p.i.  However, this was the only 

significant difference observed (Figure 20). 

 

 

 
Figure 19 Comparison of Mice Infected with Different Virus Passages of EV-D68 
Under CO2 Stress.  No statistical difference was observed in mice that were infected 
with EV-D68 and uninfected mice.  Data is reported as a percentage of uninfected control 
mice. 
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Figure 20 Comparison of Mice Infected with Different Virus Passages of EV-D68 
Under Room Air.  A significant difference was observed in mice that were infected with 
EV-D68 MP30, MP30pp and uninfected mice on day 5 p.i.  Data shown is a comparison 
to the control mice and reported as a percentage.  *P <0.05, **P <0.01, ***P <0.001, 
****P<0.0001. 
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Evaluation of Infectious Doses of EV-D68 

Along with a comparison of EV-D68 mouse passages, a comparison was done of 

EV-D68 MP30pp at different infectious doses: 106.5 CCID50/mL, 105.5 CCID50/mL, 104.5 

CCID50/mL and mock infected mice.  There were four mice per infectious dose.  Lung 

function for each mouse was evaluated just prior to infection and then every other day 

after that for 15 days.   

The enhanced pause (Penh) measured in room air with mice infected with EV-

D68 MP30pp 106.5 CCID50/mouse showed the most significant increase on day 5 

compared to control (Figure 21).  Mice infected with EV-D68 MP30pp at 105.5 

CCID50/mouse also showed a significant increase compared to control.  

We evaluated Penh under CO2 stress and under room air after EV-D68 MP30pp 

challenge at different doses.  Even though the CO2 challenge did not produce as high of a 

change between infected and uninfected mice as did the room air measurement, it did 

show that there is a consistent difference between EV-D68 infected mice and uninfected 

mice.  Figure 21 shows that infection with EV-D68 MP30pp produced a dose responsive 

effect in Penh under room air.  Figure 22 shows the dose response of EV-D68 infection 

under CO2 challenge. 
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Figure 21 Evaluation of Penh by challenge Dose of EV-D68 MP30pp Under Room 
Air.  A significant difference was observed in mice infected with EV-D68 MP30pp and 
uninfected mice on day 5 p.i.  Data shown is reported as a percentage of the value for 
uninfected mice.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 22 CO2 plethysmography evaluation of infectious doses of EV-D68 MP30pp 
against uninfected mice. Statistical difference was observed in mice that were infected 
with EV-D68 MP30pp and uninfected mice on day 5 p.i.  Data shown is a comparison to 
the control mice and reported as a percentage.  *P <0.05, **P <0.01, ***P <0.001, 
****P<0.0001. 
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Plethysmography was used as a tool to measure morbidity and can help determine 

if antiviral compounds can reduce morbidity.  The benefit of this method is that it does 

not require sacrifice of mice for evaluation.  It also allows us to compare overall lung 

function in mice after infection by EV-D68.  Enhanced pause with either a room air or a 

CO2 stress appears to be the best parameter to evaluate.  Day 5 p.i. showed the greatest 

difference between EV-D68 MP30pp and uninfected mice.   

 Several issues were noted with regard to use of plethysmography for evaluation of 

lung function.  The protocol used for plethysmography measurements takes twenty 

minutes per mouse to complete, so this method is time-consuming.  This shortcoming 

will need to be re-visited when used in evaluation of experimental antivirals.  In addition, 

there can be a lot of variation among measurements.  Enhanced pause showed the best 

consistency between studies, and other parameters showed much more variability.  

Further evaluation needs to be done for plethysmography to be used as a viable tool. 
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CHAPTER VI 

USE OF THE MOUSE MODEL OF EV-D68 INFECTION FOR EVALUATION  

OF ANTIVIRAL THERAPEUTICS 

 

 

Once the mouse model of EV-D68 infection was developed and a basic 

understanding of the pathogenesis in mice was obtained, the next step was to evaluate 

potential treatment strategies using this model.  A number of antiviral compounds have 

been evaluated in cell culture against EV-D68.  However, until now, there has not been 

an animal model available for evaluation of antiviral therapies.  Therefore, we evaluated 

several antiviral compounds in mice to determine if our model could be used for 

evaluation of experimental drugs. 

  Ideally, experimental compounds selected for evaluation would be effective 

antivirals for EV-D68 and potentially, rhinoviruses.  The antiviral compounds evaluated 

included rupintrivir, enviroxime, pleconaril, ribavirin and guanidine.  These compounds 

were shown to be effective inhibitors of both EV-D68 and rhinovirus infection in vitro as 

described in the literature review and the publication manuscript.  In addition, ribavirin 

has been shown to be efficacious against EV-D68 by D. F. Smee, et al. (15), and also 

against rhinovirus by J. H. Song, et al. (112).  From initial in vitro screening, the most 

promising compound identified for evaluation in our mouse model was rupintrivir.  This 

compound showed the highest activity against EV-D68 and HRV-14 of those tested in 

chapter IV.  So Rupintrivir was used as the pilot antiviral compound in this new model. 
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Evaluation of Rupintrivir as Treatment for an EV-D68 Infection in Mice 

  Rupintrivir was used as treatment for an EV-71 infection in 2-day-old mouse pups 

at 0.1mg/kg/day and 1mg/kg/day, and provided 90.9% survivability at the lower dose 

(113).  Because our model for EV-D68 infection is nonlethal, we determined therapeutic 

efficacy by reduction in virus titer in mouse tissues.  Three different concentrations of 

rupintrivir: 10mg/kg/day, 3mg/kg/day, 1mg/kg/day treated intra-peritoneally (i.p.), were 

evaluated and compared to a placebo control group.  Each treatment dose was evaluated 

against two challenge doses, 106.5 CCID50/mouse and 105.5 CCID50/mouse.  Seven mice 

per treatment group were infected with 90 µL of virus.  Two time points were selected for 

euthanasia of mice and collection of tissues: day 2 p.i. and day 5 p.i.  Four mice per group 

were euthanized on day 2 and three mice per group were euthanized on day 5.  Five 

different tissues were collected from each of the mice including: lungs, whole blood, 

liver, kidney and spleen.  Virus titers in the lung for the placebo group were 107.0 

CCID50/mL on day 2 and 105.3 CCID50/mL on day 5 after challenge with the 106.5 

CCID50/mouse dose.  All three treatment groups had similar virus titers as the placebo 

group with an average titer of 107.3 CCID50/mL on day 2 and 105.3 CCID50/mL on day 5 

(Figure 23).  The failure of rupintrivir to show efficacy against EV-D68 in the mouse 

model at the doses evaluated in this study may be due to the i.p. route of administration.  

Rupintrivir is hydrolyzed in the liver (114, 115), therefore the i.p. route may have 

affected the rate of metabolism of the compound.  Therefore, we evaluated rupintrivir by 

the intranasal(i.n.) route at the same doses as i.p. treatment.  This i.n. treatment yielded 

the same results as the i.p. treatment (data not shown) suggesting that rupintrivir is not 

active against EV-D68 infection in the mouse model. 
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Figure 23 Evaluation of Rupintrivir as treatment of an EV-D68 Infection in Mice. 
Panel A shows lung virus titers from mice infected with 106 CCID50/mL virus.  Panel B 
shows lung virus titers from mice infected with 105 CCID50/mL virus.  No virus reduction 
was observed on either day 2 or day 5 p.i. 
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Evaluation of Ribavirin, Pleconaril, Guanidine, and Enviroxime as   

Treatment for an EV-D68 Infection in Mice 

We observed rapid replication of EV-D68 after intranasal challenge, producing 

high titers in the lungs of mice by day 1 post-virus exposure.  Therefore, in additional 

studies using four experimental antiviral compounds, we used a single infectious dose of 

105.5 CCID50/mL EV-D68 MP30pp and treated mice on only a single occasion.  On day 1 

post-virus exposure, the mice were euthanized and lung tissue and whole blood was 

collected for virus titration.  Using this study design, two concentrations of ribavirin, 

500mg/kg/day and 300mg/kg/day p.o., and single concentrations of pleconaril at 

10mg/kg/day p.o., guanidine at 200mg/kg/day i.p. and enviroxime at 200mg/kg/day i.p. 

were evaluated.  Each treatment group consisted of four mice.  

 The results following treatment with ribavirin, pleconaril, and enviroxime were 

similar to those observed following rupintrivir treatment, with virus titers from lung and 

whole blood being similar to the placebo group.  However, mice treated with guanidine 

significantly reduced lung virus titers (Figure 24).  The virus titers in the placebo group 

averaged 107.6 CCID50/mL, while guanidine treated mice showed about a 1000-fold 

reduction in lung virus titers and whole blood titers. Blood titers for the placebo group 

were 103.4 CCID50/mL, while virus titers in the blood of the guanidine treated mice were 

undetectable.   
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Figure 24 Virus titers in lung and blood following antiviral treatment of EV-D68 
infected mice.  Guanidine treated mice had significantly lower virus titers in both lung 
and blood samples.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Maximum Tolerated Dose of Guanidine 

To determine the dose range for use in the antiviral efficacy study, a maximum 

tolerated dose study evaluating four doses of guanidine was completed in 4-week old 

AG129 mice (Figure 25).  The four concentrations evaluated included 50mg/kg/day, 

100mg/kg/day, 200mg/kg/day and 400mg/kg/day and all where i.p. treatments.  

Treatments were administered twice per day for five days.  Mice were evaluated based on 

individual weights and mortality for eight days.  In all of the treatment groups, mice did 

not lose weight, indicative of low toxicity from the drug.  

 

 
Figure 25 Guanidine maximum tolerated dose.  All doses tested appear to be safe as 
none of the treatments caused a loss in weight, although mice receiving the highest dose 
did not gain weight. 
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Dose Response Evaluation of Guanidine as Treatment for an  

EV-D68 Infection in Mice 

Figure 26 shows the results of a dose response study completed to verify the 

efficacy of guanidine as an antiviral treatment for the AG129 mouse adapted model of 

EV-D68.  Four groups of mice per dose of guanidine were evaluated including 200, 100, 

and 50 mg/kg/day.  Mice were infected with 104.5 CCID50/mouse EV-D68 i.n., as this 

lower challenge dose was shown to provide similar results as higher inocula.  Treatment 

was started at the time of infection by the i.p. route.  Each treatment was administered 

twice per day for 1 day.  On day 1 post-virus exposure, mice were euthanized and lung 

and blood samples collected.  

 Placebo mice had an average lung virus titer of 106.8 CCID50/mL and an average 

blood titer of 102.3 CCID50/mL.  Mice treated with 50mg/kg/day, had an average lung titer 

of 106.2 CCID50/mL.  One mouse in the group had a blood titer of 101.7 CCID50/mL and in 

the other three mice the titers were undetectable.  Mice treated with 100mg/kg/day i.p. 

and 200mg/kg/day i.p., also had undetectable blood virus titers.  Mice treated at 

100mg/kg/day i.p. had an average lung titer of 105.8 CCID50/mL, a 10-fold reduction from 

the placebo treated mice.  Mice treated at 200mg/kg/day i.p. yielded an average lung titer 

of 104.5 CCID50/mL, about a 320-fold reduction from the placebo treated mice.   Mice 

treated with guanidine exhibited lower blood virus titers at all three drug doses then 

placebo treated mice, demonstrating that guanidine was able to reduce and/or eliminate 

the viremia. for one day. 
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Figure 26 Dose Response of Guanidine as Treatment of EV-D68 Infection in Mice.  
Dose response of guanidine treatment on virus titers in the lungs and blood.  Both 100 
and 200 mg/kg/day doses showed significant reduction in virus titers in the lungs (Panel 
A), while all three doses showed significant reduction in viremia (Panel B).   
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001.
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CHAPTER VII 

SUMMARY 

 

 

 As EV-D68 was passaged in 4-week old AG129 mice, the virus slowly adapted 

over 30 passages, as indicated by increasing virus titers in the lungs from MP0 to MP30.  

In addition to an increase in lung virus titers, EV-D68 caused viremia and increased 

levels of virus in other tissues, including liver, kidney and spleen as virus passage 

increased.  In addition, mouse adapted EV-D68 caused increased levels of the pro-

inflammatory chemokines MCP-1 and RANTES.  Finally, as EV-D68 adapted to 4-week 

old AG129 mice, the virus increased in capacity to cause histological legions in lung 

tissues all shown in Table 12.  

Table 13 shows the ability of EV-D68 to replicate within mouse tissues was 

determined by virus titration of homogenized tissues.  In addition, histological lesions in 

4-week old AG129 mice was evaluated in multiple tissues, but lesions were only 

observed in the lungs.  Challenge doses of 106.5, 105.5 and 104.5 CCID50/mouse were 

evaluated for EV-D68 infection.  By day 3 post-virus exposure, titers in lung, liver and 

spleen tissues for all challenge doses were similar.  For all challenge doses, the mice 

began clearing virus by day 4 or 5 p.i. and virus was undetectable in all tissues by day 9 

p.i.  EV-D68 infection by the i.n. route caused a viremia, which occurred rapidly with a 

peak in virus titers on day 1, which was eventually cleared by day 5 p.i.  Guanidine was 

shown to be an effective treatment for EV-D68 infection in mice by reducing virus titers 

in the lung at 200 mg/kg/day and reducing viremia at 50, 100 and 200 mg/kg/day 
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concentrations. We do not propose the use of guanidine as a therapeutic treatment for 

EV-D68 infections, although these results indicate that guanidine can be used 

successfully as a positive control in future antiviral studies in our model. 

 

 

Table 12 Virus Passage Comparison Summarizing Virus Titer, Histological lesions 
and Chemokines from Lungs in Mice on Day 3 P.I. 

Mouse Passage  MP0 MP10 MP20 MP30 MP30pp 

Virus Titer Lungs 5.8 7.1 7.2 7.2 7.3 
Blood <0.67 1.33 2.2 2.4 2.0 

Histological Lesions 
(Interstitial Pneumonia)  

1(-), 2(+), 
1(++) All (++) All (++ to 

+++) 
1(++), 
3(+++) 

2(++), 
2(++ to 
+++) 

Chemokines 
MCP-1 1.9 8.6 9.2 14.3 15.8 

RANTES 0.9 1.4 1.4 2.3 1.7 

Virus Titers: Value shown represents a log CCID50/100 uL of lungs homogenized in 1 
mL of MEM solution. 
Histopathology: Scores were obtained from four mice per mouse passage. 
Chemokines are expressed as fold changes compared to the baseline or uninfected mice. 
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Table 13 Summary of Virus Titers, Histological lesions and Chemokines for Mice 
Infected with EV-D68 MP30pp at 106.5, 105.5 or 104.5 CCID50/mouse. 

Day Post-Virus Exposure  8hr Day 1 Day 3 Day 5 Day 7 Day 9 

10^6.5 Infection 

Virus 
Titer 

Lungs 7.7 8.3 8.0 5.3 3.33 <0.67 
Viremia 1.0 5.4 3.4 <0.67 <0.67 <0.67 

Histological lesions 
(Interstitial Pneumonia)  

Not 
Tested 

1(+++), 
1(++), 

1(+++/+
+++) 

2(++/++
+), 

2(+++) 

2(++), 
2(++/++

+) 

3(++), 
1(+++/+

+++) 

2(+), 
2(++) 

Chemokines 
MCP-1 2.6 47.6 5 10.7 1.9 0.8 

RANTES 2.4 7.8 1.6 1.6 1.4 1.1 

10^5.5 Infection 

Virus Titer 
Lungs 6.9 7.8 8.0 5.75 3.3 <0.67 

Viremia Not 
Tested 

Not 
Tested 

Not 
Tested 

Not 
Tested 

Not 
Tested 

Not 
Tested 

Histological lesions 
(Interstitial Pneumonia)  

Not 
Tested 

Not 
Tested 3(++/+++) 1(++), 

3(++/+++) 
2(++), 

2(++/+++) All(+) 

Chemokines 
MCP-1 2.0 21.6 5.4 9.5 1.3 1.0 

RANTES 2.7 3.3 1.6 1.3 1.4 1.0 

10^4.5 infection 

Virus Titer 
Lungs 6.0 7.2 7.7 6.2 4.1 <0.67 

Viremia <0.67 3 3.39 <0.67 <0.67 <0.67 

Histological lesions  
(Interstitial Pneumonia)  

Not 
Tested 

Not 
Tested 

3(++/+++), 
1(+++) 

3(++), 
1(+++) 

2(++), 
2(++/+++) 

3(++), 
1(+) 

Chemokines 
MCP-1 2.1 2.1 5.1 9.6 0.9 1.2 

RANTES 2.5 1.3 1.5 1.7 1.2 1.0 

Virus Titers: Value shown represents a log value. 
Histological lesions: Scores were obtained from four mice per mouse passage. 
Chemokines are expressed as fold changes compared to the baseline or uninfected mice. 
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Future Studies 

 There are a number of questions pertaining to EV-D68 pathogenesis that can be 

addressed using this mouse model: 

1. How is the virus carried in the blood, and is there a specific cell type associated 

with viremia?   

2. Does intranasal infection of younger mice lead to a lethal model?   

3. What is the timing and route for transmission of virus from the lungs to the CNS, 

and are histological lesions within the CNS produced.   

4. During virus adaptation, when does the ability to infect the CNS develop, and can 

the mutation associated with that ability be identified?   

5. What additional antiviral compounds can be evaluated for efficacy in the mouse 

model of infection?   

6. Does guanidine treatment reduce virus titers, cytokines and histopathology in 

mice at day 3 and 5 p.i. in EV-D68 MP30pp infected mice? 

7. Does guanidine treatment reduce enhanced pause for in EV-D68 MP30pp infected 

mice? 
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Figure 27 RT-qPCR of EV-D68 MP0, MP30 and MP30pp.  EV-D68 Primers and protocol were used; 
CACTGAACCAGAAGAAGCCA (forward), CCAAAGCTGCTCTACTGAGAAA (reverse) and 
TCGCACAGTGATAAATCAGCACGG (probe).  EV71 was used as a negative control to verify specificity of primers to EV-D68.  
All EV-D68 strains were identified by cycle 13. 
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Figure 28 Plethysmography Evaluation of Lung Function in EV-D68 MP30 Infected Mice Compared to Uninfected Mice.  
Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.             
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 29 Plethysmography Evaluation of Lung Function in EV-D68 MP30 Infected Mice Compared to Uninfected Mice.  
Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.             
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 30 Plethysmography Evaluation of Lung Function in EV-D68 MP30 Infected Mice Compared to Uninfected Mice.  
Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.             
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001..
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Figure 31 Plethysmography (Room Air) Evaluation of EV-D68 Mouse Passages MP0, MP10, MP20, MP30, MP30pp to 
Uninfected Mice.  Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the 
baseline.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 32 Plethysmography (Room Air) Evaluation of EV-D68 Mouse Passages MP0, MP10, MP20, MP30, MP30pp to 
Uninfected Mice.  Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the 
baseline.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 33 Plethysmography (Room Air) Evaluation of EV-D68 Mouse Passages MP0, MP10, MP20, MP30, MP30pp to 
Uninfected Mice.  Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the 
baseline.  *P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 34 Plethysmography (CO2) Evaluation of EV-D68 Mouse Passages MP0, MP10, MP20, MP30, MP30pp to Uninfected 
Mice.  Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.   
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 35 Plethysmography (CO2) Evaluation of EV-D68 Mouse Passages MP0, MP10, MP20, MP30, MP30pp to Uninfected 
Mice.  Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.   
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 36 Plethysmography (CO2) Evaluation of EV-D68 Mouse Passages MP0, MP10, MP20, MP30, MP30pp to Uninfected 
Mice.  Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.   
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001.
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Figure 37 Plethysmography (Room Air) Evaluation of EV-D68 Infectious Doses of MP30pp and Uninfected Mice Evaluation.  
Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.             
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001.
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Figure 38 Plethysmography (Room Air) Evaluation of EV-D68 Infectious Doses of MP30pp and Uninfected Mice Evaluation.  
Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.             
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001.
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Figure 39 Plethysmography (Room Air) Evaluation of EV-D68 Infectious Doses of MP30pp and Uninfected Mice Evaluation.  
Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.             
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001.
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Figure 40 Plethysmography (CO2) Evaluation of EV-D68 Infectious Doses of MP30pp and Uninfected Mice Evaluation.  
Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.             
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 41 Plethysmography (CO2) Evaluation of EV-D68 Infectious Doses of MP30pp and Uninfected Mice Evaluation.  
Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.             
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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Figure 42 Plethysmography (CO2) Evaluation of EV-D68 Infectious Doses of MP30pp and Uninfected Mice Evaluation.  
Parameters of infected mice were compared to uninfected controls and are reported as percentages, 100% being the baseline.             
*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001. 
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