21

Table 2.1. Summary of the antiviral activity of six antiviral compounds against the EV-D68 strains Fermon, 2014 KY and MO, and
2018 WA, MN, MD, and NY. Mean ECso values + standard deviation from three replicates is shown. All values shown in pg per mL)

(Mg/mL) CCso Fermon KY-2014  MO-2014  WA-2018  MN-2018  MD-2018  NY-2018

Enviroxime 8.6+0.31 0.076+0.013 0.077 £0.029 0.068 +0.028 0.11+0.059 0.15+0.048 0.15+0.046 0.18 +0.0058

Pirodavir 9.5+0.63 20+0.25 3.1+22 0.44 +£0.16 0.96 +£0.3 1.3+0.27 1.6 £0.62 43+21

Gaunidine >200 8.4+40 49+15 5.3+0.50 5.3+0.52 6.0 +£0.40 5.1+0.32 5.6+0.25
EIDD-1931 51 +10 0.67+021 030+0.18 0.88*0.73 026+024 054+040 036+0.17 0.68+0.20
NITDO008 15+050 0.17+0.015 035+037 021+0.11 0.15+0.032 0.23+0.067 0.17+0.064 0.18+0.046

IVIg >1000 64 +40 41 + 22 23 +6.43 23+95 47 + 32 12+7.0 22+ 12
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Selectivity indexes (SI = CCso/ECso) are a useful measurement for a treatment’s
effectiveness as this measurement takes toxicity into account. Enviroxime, EIDD-1931, and
NITDO008 demonstrated the highest SI values of the therapies evaluated. Enviroxime had average
selectivity indices of 78, 57, 57, and 48 against EV-D68 strains (US/2018-23201 (WA),
US/2018-23263 (MN), US/2018-23209 (MD), and US/2018-23216 (NY) respectively. EIDD-
1931 had average selectivity indices of 200, 94, 140, and 75 against the four 2018 EV-D68
strains, respectively. Finally, NITD008 had average selectivity indices of 100, 65, 88, and 83
against the four EV-D68 2018 strains, respectively. It should be noted that 1VVIg was evaluated at
concentrations up to 1000ug/mL and no toxicity was observed. If evaluated at higher

concentrations 1V1g would likely demonstrate higher Sl values as well.
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Figure 2.1. Dose response curves for the inhibition of EV-D68 yield for strains Fermon,
(US/MO/14-18947), and (US/KY/14-18953). 90% effective concentration values were derived
from averaging three independent assays, determined using supernatant from RD cells three days

post-infection.
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After evaluating the effectiveness of each therapy to reduce CPE, we evaluated the
effectiveness of each therapy for inhibition of virus yield. Each therapy demonstrated antiviral
activity for inhibition of virus yield. A one-logio reduction in viral titer (ECoo) largely correlated
with a 50% inhibition of viral CPE (ECso). Enviroxime was effective at inhibiting virus yield for
all seven of the EV-D68 strains that were evaluated with ECeo values ranging from 0.065 to 0.13
ug/mL. A significant difference in ECoo values between strains was not observed for Enviroxime.
Pirodavir was also effective at inhibiting virus yield for all EV-D68 strains tested with ECgo
values ranging from 1.3 to 5.9 ug/mL. Pirodavir was significantly less effective at inhibiting
virus yield against US/2018-23216 (NY) compared to (US/MO/14-18947). Guanidine HCI also
inhibited virus yield with ECgo values ranging from 3.2 to 11 ug/mL. Guanidine HCI was
significantly less effective at inhibiting virus yield against the Fermon strain compared to
(US/KY/14-18953) and US/2018-23209 (MD). EIDD-1931 demonstrated ECoo values ranging
from 0.15 to 0.36 ug/mL. Finally, NITDOO8 and IV1g were also effective at inhibiting virus yield
with ECoo values ranging from 0.14 and 0.37 ug/mL and 12 to 75 ug/mL, respectively. No
significant differences in inhibition of virus yield were observed for any strains tested against
EIDD-1931 and NITDO008, however, IVIg was significantly less effective at inhibiting virus

yield against the Fermon strain compared to US/2018-23209 (MD).
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Figure 2.2. Dose response curves for the inhibition of EV-D68 yield for strains
(US/2018-23201 (WA), US/2018-23263 (MN), US/2018-23209 (MD), and US/2018-23216
(NY). 90% effective concentration values were derived from averaging three independent assays,
determined using supernatant from RD cells three days post-infection.

After evaluating each therapy in vitro for susceptibilities to a variety of antiviral

therapies, we then compared genetic sequences of each 2018 EV-D68 strain. We compared the

57 UTR of each virus for changes that might affect virus pathogenicity. A summary of these
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changes to the 5” UTR is shown in Table 2.3. US/2018-23201 (WA) had the most similarities
between each 2018 EV-D68 strain and was chosen as a reference strain. Comparisons were made
to EV-D68 strains US/2018-23263 (MN), US/2018-23209 (MD), and US/2018-23216 (NY).

We compared the 5° UTR (Table 2.2) and amino acid sequences (Table 2.3) for each of
our 2018 EV-D68 strains using NCBI’s BLAST tool. We found that each strain had similar
numbers of changes to the 5° UTR when compared to each other. The single-stranded RNA of
the EV-D68 5°UTR forms six RNA stem loops that play an important role in viral replication
and translation. All single nucleotide polymorphisms (SNPs) between the 2018 EV-D68 strains
observed were located between known RNA stem loops or within the variable region of the

5’UTR. We did not observe any SNPs located within known RNA stem loops.
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Table 2.2. Comparisons of 5’UTR genetic sequences for EV-D68 strains US/2018-23201 (WA),
US/2018-23263 (MN), US/2018-23209 (MD), and US/2018-23216 (NY). Changes in base pair,
and where each difference occurs, is listed.

Virus Comparisons | Mutation Position Nucleotide Change | Location in 5’UTR
Between RNA stem
225 TtoC
loops Il and IV
WA vs. MN Between RNA stem
558 TtoC
loops V and VI
682 TtoC Variable Region
Between RNA stem
558 TtoC
WA vs. MD loops V and VI
636 TtoC Variable Region
Between RNA stem
94 TtoC
loops I and 11
Between RNA stem
WA vs. NY 107 CtoT
loops I and 11
Between RNA stem
558 TtoC
loops V and VI

Three SNPs located at base pairs 225, 558, and 682 were observed when comparing EV-
D68 strains US/2018-23201 (WA) and US/2018-23263 (MN). These base pairs correspond to
positions between RNA stem loops 111 and 1V, between RNA stem loops V and VI, and in the

variable region, respectively. Two SNPs located at base pairs 558 and 636 were observed
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between US/2018-23201 (WA) and US/2018-23209 (MD). Base pairs 558 and 636 correspond to
positions between RNA stem loops V and V1 and within the variable region, respectively.
Finally, three SNPs were observed between EV-D68 strains US/2018-23201 (WA) and US/2018-
23216 (NY) located at base pairs 94, 107, and 558, corresponding to positions between RNA
stem loops | and 1, RNA stem loops | and I, and between RNA stem loops V and VI,
respectively.

We then compared predicted amino acid sequences of each 2018 EV-D68 strain. A
summary of predicted amino acid changes can be found in Table 2.3. US/2018-23201 (WA) was
chosen as a reference strain and comparisons were made to EV-D68 strains US/2018-23263
(MN), US/2018-23209 (MD), and US/2018-23216 (NY).

When comparing predicted amino acid sequences of our 2018 EV-D68 strains, we found
the US/2018-23216 (NY) strain to have the most differences from our base strain US/2018-
23201 (WA). US/2018-23201 (WA) and US/2018-23263 (MN) had very similar amino acid
sequences, with one polymorphism A2096L in the 3D region of the polyprotein. (US/2018-
23201 (WA) and US/2018-23209 (MD) had two polymorphisms 11950V and A2096E also
located in the 3D region of the polyprotein. While the A2096L and 11950V mutations reflect
conservative changes of similar hydrophobic amino acids, the A2096E mutation goes from a
hydrophobic amino acid to a polar, negatively charged amino acid.

We found US/2018-23216 (NY) to be the most different from our base strain US/2018-
23201 (WA) with seven polymorphisms 1470V, V593A, S663T, T698A, E946K, D1599N, and
A2096E. Polymorphisms 1470V, V593A, S663T, and T698A are located withing the VVP3 region
of the polyprotein, while polymorphism E946K is located within the VVP1 region of the

polypeptide. Polymorphism D1599N and A2096E are located in the 3C and 3D region of the
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polypeptide, respectively. The T698A, E946K, D1599N, and A2096E mutations reflect
nonconservative amino acid substitutions. T698A goes from a polar, uncharged amino acid to a
hydrophobic amino acid. E946K goes from a negatively charged amino acid to a positively
charged amino acid. D1599N goes from a negatively charged amino acid to a polar, uncharged
amino acid. And finally, A2096E goes from a hydrophobic amino acid to a negatively charged

amino acid.

Table 2.3. Comparisons of predicted amino acid sequences for EV-D68 strains US/2018-23201
(WA), US/2018-23263 (MN), US/2018-23209 (MD), and US/2018-23216 (NY). Amino acid
changes and the location of each mutation is listed.

Virus Comparisons Amino Acid Mutation Polyprotein Location
WA vs. MN A2096L 3D
11950V 3D
WA vs. MD
A2096E 3D
1470V VP3
V593A VP3
S663T VP3
WA vs. NY T698A VP3
E946K VP1
D1599N 3C
A2096E 3D
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Discussion

We completed preliminary evaluations of several potential antiviral treatments through in
vitro testing. We evaluated six different antiviral therapies: Enviroxime, Pirodavir, Guanidine
Hydrochloride, EIDD-1931, NITDO008, and IVVIg. Guanidine Hydrochloride was used as our
positive control (Hurst et al., 2019).

Enviroxime targets the 3A protein in enteroviruses to prevent the formation of the
replication complex (Heinz & Vance, 1995). We found Enviroxime to effectively inhibit viral
CPE and reduce virus yield against historical EV-D68 strains and EV-D68 strains isolated from
the 2014 and 2018 outbreaks. SI values for Enviroxime against the 2018 EV-D68 strains ranged
from 78 to 48, demonstrating high antiviral activity. Despite in vitro efficacy, enviroxime failed
in clinical trials due to gastrointestinal side effects and lack of efficacy (Miller et al., 1985).
Pirodavir is a capsid-binding compound that has been studied for general antipicornavirus
activity. We found Pirodavir effectively inhibited viral CPE and reduced virus yield in vitro.
However, this drug has not made it past phase 11 clinical trials due to lack of efficacy clinically
(Anasir et al., 2021). NITDOO08 is a chain-terminating adenosine analog that has been tested
against a wide range of viruses, including the picornavirus Enterovirus 71 (Deng et al., 2014)
(Shang et al., 2014). We found NITDO008 was effective at reducing viral CPE and inhibiting virus
yield against historical and contemporary EV-D68 strains. Sl values for NITD008 ranged from
100 to 65 against the 2018 EV-D68 strains, demonstrating high antiviral activity. NITD008 has
demonstrated efficacy in vivo against Dengue fever, however, progression of drug development
was halted due to toxicity in dogs with prolonged NITDO008 treatment (Yin et al., 2009).
NITDOO08 is a promising compound due to its wide spectrum activity and efficacy in in vivo

models, but further development of non-toxic derivatives should be done to advance the drug to
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clinical trials (Deng et al., 2014). Treating with NITDO08 at low dosages or for short time
periods may also alleviate toxicity concerns.

Antiviral therapies EIDD-1931 and IVIg have the greatest potential for clinical use.
EIDD-1931 is a metabolite of the antiviral drug Molnupiravir, commercially known as Legevrio.
Molnupiravir is currently approved for emergency use by the United States Food and Drug
Administration (FDA) but has not been fully FDA-approved. The compound EIDD-1931 is a
nucleoside analog that induces lethal mutagenesis in viral RNA. We found EIDD-1931 to be
highly active against EV-D68 with Sl values ranging from 200 to 75 against the four 2018
strains. One concern of using a drug that induces lethal mutagenesis is drug toxicity due to off
target effects on host MRNA. Sheahan et al. evaluated EIDD-1931 effects in vitro and EIDD-
2801 in vivo and reported no significant accumulation of mutations in a host gene upregulated
during MERS-CoV infection (Sheahan et al., 2020). 1VIg consists of antibodies pooled and
purified from approximately 1,000 individuals. Previous studies have shown that commercial
Vg contains neutralizing antibodies against EV-D68 (Zhang et al., 2015). We found 1VIg
effectively reduced viral CPE and inhibited virus yield. No toxicity was observed at any
concentration tested, suggesting likely high antiviral activity. IVIg was significantly less
effective at reducing viral yield against the Fermon EV-D68 strain compared to the US/2018-
23209 (MD) strain. This finding was unsurprising considering the Fermon strain circulated
during the 1960s and individuals today are less likely to have antibodies for this virus. Currently,
Vg is often given to patients showing signs of acute flaccid myelitis (Nelson et al., 2016)
(Hopkins, 2017).

We found that Enviroxime, Pirodavir, Guanidine Hydrochloride, EIDD-1931, NITDOO0S,

and IVIg were able to both inhibit cytopathic effect and reduce virus yield in RD cells. Our study
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gives insights into the antiviral drug profile for 2018 EV-D68 strains (US/2018-23201 (WA),
US/2018-23263 (MN), US/2018-23209 (MD), and US/2018-23216 (NY), 2014 EV-D68 strains
(US/MO/14-18947), and (US/KY/14-18953), and the 1962 Fermon strain (VR-1076). We found
US/2018-23216 (NY) differed the most in antiviral activity compared to other EV-DG68 strains
tested. Antiviral activity for Enviroxime and Pirodavir was significantly lower in US/2018-23216
(NY) compared to older EV-D68 strains. Enviroxime acts on the 3A protein in enteroviruses
while Pirodavir targets the capsid. Differences in antiviral activity could point to viral mutations
in these areas.

These data demonstrate that IVVlg and EIDD-1931 are promising therapeutic candidates.
Enviroxime, Pirodavir, Guanidine Hydrochloride, and NITD008 have failed clinical testing and
will not be pursued as antiviral candidates (Lindquist & Stangel, 2011) (Hayden et al., 1992) (De
Palma et al., 2008) (Yin et al., 2009).

We also compared the nucleotide and predicted amino acid sequences of the 2018 EV-
D68 strains (US/2018-23201 (WA), US/2018-23263 (MN), US/2018-23209 (MD), and
US/2018-23216 (NY). The nucleotide sequences of the 5° UTRs were largely similar in the 2018
EV-D68 strains. The 5° UTR contains the internal ribosomal entry sequence (IRES), and RNA
stem loops within the 5 UTR play important roles in viral RNA synthesis and translation (Li et
al., 2022) (Hixon et al., 2019). The variable region is also a part of the 5’UTR, however
mutations within the variable region are not likely to influence IRES activity (Furuse et al.,
2019). All the mutations we observed occurred in the sequence between RNA stem loops, or
within the variable region. Mutations between RNA stem loops could result in changes to the

structure of the 5” UTR and potentially contribute to differences in viral fitness between strains.
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Amino acid sequences of US/2018-23201 (WA), US/2018-23263 (MN), and US/2018-
23209 (MD) were generally very similar with 1-2 mutations within the 3D portion of the
polypeptide. US/2018-23201 (WA) and US/2018-23209 (MD) had nonconservative mutation
A2096E substituting a hydrophobic amino acid for a negatively charged amino acid. After post-
translational proteolytic processing, nonstructural protein 3D transforms into the RNA-dependent
RNA polymerase. The 3D protein is a common site of variation and plays key roles in
determining viral replication (Elrick et al., 2021).

The 2018 EV-D68 strain US/2018-23216 (NY) was the most different from its
counterparts. The majority of the US/2018-23216 (NY) mutations occurred in the VP3 region of
the polypeptide. Structural EV-D68 proteins VP1 and VVP3 proteins face outward on the virion
and interact with host sialic acid receptors to provide virion attachment to target host cells (Liu et
al., 2015). US/2018-23216 (NY) also had a single amino acid mutation in the 3C and 3D regions
of the polypeptide. The 3C protein becomes the 3C protease and contributes to cleavage of the
EV-D68 polypeptide and plays a role in inhibition of host innate immunity (W. Huang et al.,
2015) (Blom et al., 1996). The 3D protein transforms into the viral polymerase and is a common
site of variation (Elrick et al., 2021). One nonconservative amino acid substitution each was
found in the VP3, VP1, 3C and 3D regions of the viral polypeptide.

Differences in amino acid sequences potentially contributed to differences in antiviral
activity between the 2018 EV-D68 strains (US/2018-23201 (WA), US/2018-23263 (MN),
US/2018-23209 (MD), and US/2018-23216 (NY). Pirodavir is an antiviral compound that targets
the EV-D68 capsid. Pirodavir was found to be significantly less active against US/2018-23216

(NY) compared to (US/2018-23201 (WA). Several differences in amino acid sequences were



observed in these strains’ capsid proteins and likely contributed to differences in antiviral

activity.
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CHAPTER Il

TIME COURSE OF INFECTION OF EV-D68 IN IFNAR MICE

Introduction

Enterovirus D68 (EV-D68) is a single-stranded, positive sense, non-enveloped RNA
virus belonging to the Picornaviridae family (Tapparel et al, 2013). Although the name
enterovirus suggests infection of the enteric system and subsequent gastrointestinal disease, the
pathogenesis and epidemiology of EV-D68 is more closely related to that of rhinoviruses
(Oberste et at, 2004). This resemblance is demonstrated by the tissue tropism of the virus for
upper respiratory tract infection, acid-lability characteristics, and an optimal replication
temperature of 33°C (Oberste et al., 2004).

EV-D68 was first isolated in 1962 from four children presenting with pneumonia and
bronchiolitis, and these strains were named Fermon, Franklin, Robinson, and Rhyne after the
patients. These strains became known as the “Fermon virus” after the first recovered isolate.
(Scheible et al, 1967) Historically, EV-D68 cases have been rarely detected. From the years 1970
to 2005, only 26 cases of Enterovirus D68 were reported to the National Enterovirus
Surveillance System (Khetsuriani et al., 2006). This is likely an underrepresentation of total EV-
D68 cases because surveillance and serotyping methods were not widely available during this
time period (Hixon et al., 2019). Reported cases of EV-D68 began to increase in prevalence in
the late 2000s and early 2010s (Imamura and Oshitani, 2015). Improvements in surveillance and

detection methods likely contributed to the increased detections, however retrospective analysis
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of stored respiratory samples support that a true increase in total EV-D68 cases occurred during
this time period (Meijer et al., 2012) (lkeda et al., 2012).

A widespread outbreak of Enterovirus-D68 occurred throughout the United States in
2014 and infected mostly children with the median age around 4 years old (Schuster et al., 2017).
The CDC and public laboratories confirmed 1,395 EV-D68 cases throughout 49 states and the
District of Columbia during August 2014 to January 2015 (Control). This unprecedented
outbreak of EV-D68 was temporally associated with increases in cases of acute flaccid myelitis
(AFM). AFM causes a similar disease to acute flaccid paralysis caused by poliovirus in that it
results in focal limb weakness. AFM is further defined by the Center for Disease Control as
occurring in patients younger than 21 years old, with one or more limbs demonstrating weakness
or paralysis, along with the observation of spinal cord lesions during magnetic resonance
imaging (MRI) (Nelson et al, 2016). Acute flaccid myelitis has been strongly correlated to EV-
D68 and is believed to be a rare complication of EV-D68 infection (Dyda et al, 2018).

Outbreaks of Enterovirus D68 occurred in 2016 and 2018 which suggests a biennial
epidemiological pattern. Each of these outbreaks were also temporally associated with increases
in AFM cases. Due to the biennial disease pattern of EV-D68, another outbreak of the disease
was expected in the year 2020. However, increases in EV-D68 cases were lower than expected,
likely due to disease mitigation efforts implemented during the SARS-CoV-2 pandemic (Park et
al., 2021). After the easing of lockdown restrictions in 2021, cases of EV-68 rose once again in
2022 (Andres et at., 2022).

Currently, the pathogenesis of EV-D68 is poorly understood. The aim of this project was
to evaluate the time course of infection of EV-D68 in an IFNAR mouse model to characterize

EV-D68 infection in IFNAR mice. ldeally, an animal model for a disease is to best represent
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natural human infection and to make comparisons and draw conclusions about the natural
disease course in human patients. A limitation of animal models is finding species that are
susceptible to infection and show comparable disease signs. Hurst et al. tested a wide variety of
mouse models, AG129, BALB/c, C57BL/6J, FVB/NJ, SJL/J, and Swiss-Webster mice. Out of
these only the AG129 mouse model, deficient in type 1 and type 2 interferon responses,
demonstrated respiratory and neurological disease signs (Hurst et al, 2019). Swiss Webster mice
have also been shown to develop EV-D68 associated neurological disease, but only in 2-day-old
mice (Hixon et al, 2017). IFNAR mice, (or Ifnar -/-) are mice deficient in type 1 (a- and p-)
interferon receptors. These mice are therefore unable to generate a type 1 interferon response
and are more susceptible to infections. (Miller et al., 1994) (Wong & Qiu, 2018).

IFNAR mice are permissive to infection with enterovirus D68 and demonstrate mortality
and neurological disease. IFNAR mice have also been used to model a wide variety of viral
diseases such as West Nile virus (Samuel & Diamond et al, 2005), Dengue virus (Shresta et al.,
2004), Nipah virus (Dhondt et al., 2013), Venezuelan equine encephalitis virus (Schoneboom et
al., 2000), and many others. In humans infected with EV-D68, the virus inhibits the production
of type 1 interferons (Xiang et al., 2016) (Kang et al., 2021). As EV-D68 cannot inhibit type 1
interferons in mice, the use of IFNAR-deficient mice was considered acceptable for EV-D68
disease model development.

The aim of this study was to evaluate the spread of EV-D68 viral infection in the body of
IFNAR mice over time. Mice were observed over the course of EV-D68 infection for survival,
changes in body weight, and severity of paralysis as indicated by neurological scores. We also
determined the amount of virus present in the blood, liver, spleen, kidney, heart, lung, leg

muscle, brain, and spinal cord at days 1, 3, and 5 post-infection. In addition, we measured
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concentrations of pro-inflammatory cytokines at the same days post-infection in the brain, spinal
cord, and leg muscle. Finally, we evaluated histopathological changes in IFNAR mice infected
with EV-DG68 in order to determine how viral replication and tissue damage may lead to
mortality. We observed mouse tissues from tongue to anus in addition to the brain, leg muscle,

and spinal cord for viral-induced lesions and other changes due to EV-D68 infection.

Materials and Methods
Viruses and Cells

Five strains of Enterovirus D68 were used for this study. (US/KY/14-18953) was
obtained from the American Type Culture Collection (ATCC, Manassas, VA). The US/2018-
23201 (WA), US/2018-23263 (MN), US/2018-23209 (MD), and US/2018-23216 (NY) EV-D68
strains were contributed by Division of Viral Diseases, Centers for Disease Control and
Prevention for distribution through BEI Resources, NIAID, NIH. Human rhabdomyosarcoma
(CCL-136) cells (RD) from ATCC were used for virus titer determination. RD cells were
cultured in 5% fetal bovine serum (FBS) and minimum essential medium (MEM) (Cytiva
HyClone, Logan, UT, USA). MEM with 2% FBS, 25mM MgCl2 and 50 pg/mL of gentamicin
was used for EV-D68 cell culture infection. Tissues harvested from mice were homogenized in

MEM with 50 pug/mL of gentamicin.

Animals
All animals in this study were 4-7-day-old IFNAR mice obtained from a specific-

pathogen-free breeding colony at Utah State University. The IFNAR mice were infected without
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being removed from the dam. The sex of the mice was unable to be determined at the time of

infection due to the age of the mice.

Neurological Scoring System for EV-D68-infected mice

Paralysis induced by EV-DG68 infection was quantified using a neurological scoring
system adapted from a mouse model for amyotrophic lateral sclerosis (Hatzipetros et al, 2015).
The scoring system is described in Table 3.1. In our model mice were evaluated for hind limb
function and mobility but not for ability to right themselves.

Table 3.1. Neurological Scoring System for EV-D68 induced paralysis in mice

Neurological Score Hind-limb Function Mobility
NSO No observable paralysis No observable paralysis
NS1 Abnormal splay of hind-limb  |[Normal or slightly slower gait

when suspended

NS2 Hind-limb partially collapsed, |[Hind-limb used for forward
limited extension. Joint moves motion, foot drags

NS3 Flaccid paralysis of hind-limb  [Forward motion, but hind-limb
or minimal joint movement not used

NS4 Flaccid paralysis in both hind- |Neither hind-limb used in

limbs forward motion
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Time Course of Infection of EV-D68 in 4-7-day-old IFNAR mice

The 2014 Kentucky strain US/KY/14-18953 and four 2018 EV-D68 strains US/2018-
23201 (WA), US/2018-23263 (MN), US/2018-23209 (MD), and US/2018-23216 (NY) were
used to infect four-to-seven-day-old IFNAR mice by intraperitoneal injection. Mice were
infected with a 50% lethal dose based upon results from a previous study. 50% mortality was not
observed in the US/2018-23201 (WA), US/2018-23263 (MN) stains so the highest dose of virus
possible using the working stock of virus was used for infection. On days 1, 3, and 5 post-
infection, five mice per group were euthanized for evaluation of viral tissue titers and tissue
cytokine concentrations. Blood was collected via cheek bleed and the liver, spleen, kidney, heart,
lung, leg muscle, brain, and spinal cord were collected and homogenized in MEM. To determine
virus tissue titers, 96-well microplates were seeded with RD cells 24 hours prior to infection and
incubated at 37° Celsius with 5% CO2. Ten-fold serial dilutions of mouse tissue homogenate
were prepared, dilution samples were added to the 96-well microplates, and the plates were
incubated for six days at 33° C with 5% CO.. Plates were read visually for cytopathic effects on
day six post-infection and the 50% cell culture infectious dose was calculated using an endpoint

dilution method (Reed Muench, 1938).

Cytokine Determinations in Tissues of 4-7-day-old IFNAR mice

Cytokine concentrations were determined from samples of leg muscle, brain, and spinal
cord homogenate obtained from necropsied mice. Five mice were necropsied at days 1, 3, and 5
post-infection for each virus strain evaluated. Tissues were evaluated for cytokine concentrations

using a commercial chemiluminescent assay according to manufacturer’s instructions (Quansys
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Biosciences Q-Plex™ ARRAY, Logan, UT). Each sample was tested for concentrations of IL-
lo, IL-1p, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12, IL-17, MCP-1, INF-gamma, TNFao, MIP-

la, GM-CSF, and RANTES. Samples were tested in triplicate.

Histopathology

Four-to-seven-day-old IFNAR mice were infected intraperitoneally with the EV-D68
strains US/2018-23209 (MD) and US/2018-23216 (NY). On days 1, 3, and 5 post-infection, five
mice per group were euthanized and necropsied. All organs from tongue to anus were collected,
along with the head, leg muscle, and spine. Organs were fixed in 10% neutral buffered formalin
and submitted to a board-certified veterinary pathologist at the Utah State Veterinary Diagnostic

Laboratory at Utah State University.

Ethical Treatment of Animals

This study was conducted under the approval of the Institutional Animal Care and Use
Committee of Utah State University. The work was done in the AAALAC accredited Laboratory
Animal Research Center at Utah State University in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals (National Research Council U.S.,

2011)

Statistical Analysis
Statistical analysis was completed using Prism 9.4, GraphPad Software (La Jolla, CA).
Kaplan-Meier survival plots were generated and survival analysis was done using a log-rank

Mantel-Cox test comparing to a placebo-treated group. Comparisons of weight change in treated
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mice were done using a one-way analysis of variance (ANOVA), followed by a Tukey’s multiple
comparison’s test. Comparisons of cytokine concentrations were calculated via a one-way
ANOVA follow by a Dunnett’s multiple comparisons test. Differences in neurological scores
were evaluated using a Kruskal-Wallis test. For all experiments, statistical significance was

determined by a P-value of < 0.05.

Results

Four-to-seven-day old IFNAR mice were infected intraperitoneally with EV-D68 and
monitored over 14 days for mortality, percent initial body weight, and severity of paralysis as
indicated by neurological score. Percent weight loss is often used in in vivo studies, however
since the young mice in this study were constantly increasing in weight, percent initial body
weight was more appropriate. At days 1, 3, and 5 post-infection mice were necropsied to
evaluate viral tissue titers, tissue cytokine concentrations, and histopathological lesions in the

tissues of mice infected with EV-D68.
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Figure 3.1. Kaplan-Meier survival curves for EV-D68 infected mice. (A) 2014 EV-D68
Kentucky strain US/KY/14-18953 compared to 2018 EV-D68 strain (US/2018-23201 (WA) (B)
2014 EV-D68 Kentucky strain US/KY/14-18953 compared to 2018 EV-D68 strain US/2018-
23263 (MN (C) 2014 EV-D68 Kentucky strain US/KY/14-18953 compared to 2018 EVV-D68
strain US/2018-23209 (MD) (D) 2014 EV-D68 Kentucky strain US/KY/14-18953 compared to
US/2018-23216 (NY).

We infected mice with a 50% lethal dose (LDso) as determined in a previous study. In
EV-D68 strains (US/2018-23201 (WA) and US/2018-23263 (MN) the LDso was not determined,
and mice were infected with the highest virus concentration possible based upon the titer of the
virus stock.

Survival of mice is visually represented in Figure 3.1. Although all mice were infected
with a LDso there is still variation in mortality observed between strains, although the variations

observed were not found to be significant. Mice infected with US/2018-23216 (NY) had the

lowest mean day of death after infection, at 7.9 + 2.5. Mice infected with the 2014 EV-D68
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strain US/KY/14-18953 had the second lowest mean day of death at 9.0 + 0.7, along with the
least variability between days of death. Mice infected with US/2018-23209 (MD) had the next
lowest mean day of death after infection at 9.1 + 2.1. Mice infected with the EV-D68 strains
(US/2018-23201 (WA) and US/2018-23263 (MN) had the highest mean day of death at 9.6 + 2.1
and 10.5 * 3.9, respectively. Percent weight change in mice is shown in Figure 3.2. Due to the
age of mice used, weight continued to increase over time, despite EV-D68 infection. Mice
infected with the four 2018 EV-D68 strains (US/2018-23201 (WA), US/2018-23263 (MN),
US/2018-23209 (MD), and US/2018-23216 (NY) did not have significantly different changes in

weight over time when compared to the 2014 US/KY/14-18953 EV-D68 strain.
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Figure 3.2. Percent Initial Body Weight of EV-D68 infected mice. (A) 2014 EV-D68
Kentucky strain US/KY/14-18953 compared to 2018 EV-D68 strain (US/2018-23201 (WA) (B)
2014 EV-D68 Kentucky strain US/KY/14-18953 compared to 2018 EV-D68 strain US/2018-
23263 (MN) (C) 2014 EV-D68 Kentucky strain US/KY/14-18953 compared to 2018 EV-D68
strain US/2018-23209 (MD) (D) 2014 EV-D68 Kentucky strain US/KY/14-18953 compared to
US/2018-23216 (NY).

Neurological scores are an indicator of the severity of paralysis in the mice after
infection with EV-D68. Mice are evaluated on a scale from 0 to 4 with a 0 indicating no signs of
paralysis and a score of 4 indicating complete flaccid paralysis of the hindlimbs requiring
euthanasia. Neurological scores of mice infected with the five different EV-D68 strains is
represented in Figure 3.3. Some significant differences were observed between strains on days 5

and 6, but not on any other day. On day 5 significantly higher neurological scores were observed

in mice infected with (US/2018-23201 (WA) compared to strains US/2018-23216 (NY) and
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US/2018-23209 (MD). On day 6 significantly higher neurological scores were observed in mice
infected with US/KY/14-18953 compared to US/2018-23209 (MD). Mice infected

with US/2018-23201 (WA) also demonstrated significantly higher neurological scores compared
to mice infected with US/2018-23216 (NY) and US/2018-23209 (MD). Significantly higher

neurological scores were also observed in US/2018-23263 (MN) compared to US/2018-23209

(MD).
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Figure 3.3. Neurological Scores of EV-D68 infected mice. (A) 2014 EV-D68 Kentucky strain
US/KY/14-18953 compared to 2018 EV-D68 strain (US/2018-23201 (WA) (B) 2014 EV-D68
Kentucky strain US/KY/14-18953 compared to 2018 EV-D68 strain US/2018-23263 (MN (C)
2014 EV-D68 Kentucky strain US/KY/14-18953 compared to 2018 EV-D68 strain US/2018-
23209 (MD) (D) 2014 EV-D68 Kentucky strain US/KY/14-18953 compared to US/2018-23216
(NY).
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After infection with EV-D68, five mice per group were sacrificed on days 1, 3 and 5
post-infection. The blood, liver, spleen, kidney, heart, lung, leg muscle, brain, and spinal cord
were collected, homogenized, and tissue supernatant serially-diluted onto cells to determine the

amount of virus present in each tissue.
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Figure 3.4. Tissue virus titers of 4-7-day-old IFNAR mice at days 1, 3, and 5 post-infection
with five strains of EV-D68. (A) Spinal cord virus titers increased in mice infected with EV-
D68 strains (US/KY/14-18953), US/2018-23263 (MN), US/2018-23209 (MD), and US/2018-
23216 (NY) from days 1 through 5 post-infection. Mice infected with US/2018-23201 (WA) had
peak spinal cord virus titers on day 3. (B) Lung virus titers increased in mice infected with EV-
D68 strains US/2018-23263 (MN), US/2018-23209 (MD), and US/2018-23216 (NY) from days
1 though 5 post-infection. Mice infected with (US/KY/14-18953) had peak virus titers on day 1.
Lung virus titers in mice infected with US/2018-23201 (WA) never rose above the limit of
detection. (C) Virus titers in the leg muscle were much higher than titers in other organs. Leg
muscle virus titers increased in mice infected with EV-D68 strains US/2018-23201 (WA),
US/2018-23263 (MN), and US/2018-23209 (MD) from days 1 though 5 post-infection. Mice
infected with EV-D68 strains (US/KY/14-18953) and US/2018-23216 (NY) had peak virus titers
on day 3 post-infection.
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Spinal cord, lung, and leg muscle virus titers consistently showed increases in viral titers
over time in mice infected with EV-D68 (Figure 3.4). Other organs had little to no detectable
virus and/or detection of virus was seen only in one or two of the tested virus strains. Virus titers
in the spinal cord increased from days 1 through 5 in mice infected with all virus strains except
the US/2018-23201 (WA) strain, which showed peak spinal cord titers on day three. Mice
infected with the (US/KY/14-18953) strain had the highest spinal cord virus titers overall with an
average titer of 2.1 logio on day 5. The next highest average spinal cord titers were in mice
infected with US/2018-23263 (MN) and US/2018-23216 (NY)with day 5 titers of 1.8 and 1.8
logio respectively. Mice infected with the EV-D68 strains US/2018-23209 (MD) and US/2018-
23201 (WA) strain had the lowest average spinal cord titers of 1.0 and 1.0 logao.

In the lungs, viral titers of mice infected with US/2018-23263 (MN), US/2018-23209
(MD), and US/2018-23216 (NY) increased throughout days 1 though 5 post-infection. On day 5
mice infected with US/2018-23209 (MD) had the highest average lung titer followed by mice
infected with US/2018-23216 (NY) then US/2018-23263 (MN) with titers of 2.14, 1.84, and 1.68
logio respectively. Mice infected with (US/KY/14-18953) had the fourth highest lung viral titer
of 1.4 logio peaking at day 1 post-infection. We did not detect virus in the lungs of mice infected
with US/2018-23201 (WA).

Virus in the leg muscle was present at much higher amounts than the other tested organs.
Virus titers in mice infected with US/2018-23201 (WA), US/2018-23263 (MN), and US/2018-
23209 (MD) increased over days 1 through 5 post-infection whereas lung virus titers from mice
infected with (US/KY/14-18953) and US/2018-23216 (NY) had peak titers on day 3. Mice
infected with US/2018-23263 (MN) had the highest average lung virus titer at 5.4 logio on day 5,

followed by mice infected with US/2018-23216 (NY) and (US/KY/14-18953) with an average
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lung virus titer of 5.3 and 3.9 log1o, respectively, on day 3. Mice infected with US/2018-23209
(MD) and US/2018-23201 (WA) had to lowest leg muscle virus titers of 3.7 and 3.2 log1o

respectively, on day 5.
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Figure 3.5. Mouse cytokine concentrations of IL-1a, MCP-1, MIP-1a, and RANTES in the
leg muscle at days 1, 3, and 5 post-infection. A red asterisk denotes cytokine concentrations
significantly lower than the control group (orange) while a black asterisk denotes cytokine
concentrations significantly higher than the control group.

To better understand the cause of acute flaccid myelitis, we chose to evaluate cytokine
concentrations in tissues that likely contribute to neurologic disease and paralysis. Therefore, we

decided to evaluate pro-inflammatory cytokine concentrations in the leg muscle, brain, and

spinal cord. We used a commercial chemiluminescent assay to evaluate concentrations of IL-1a,
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IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12, IL-17, MCP-1, INF-gamma, TNFa, MIP-1a,
GM-CSF, and RANTES. Of the cytokines tested, we found concentrations of IL-1a, MCP-1,
MIP-1a, and RANTES to consistently increase over time. Cytokine concentrations of infected

mice were compared to cytokine concentrations in uninfected mice.
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Figure 3.6. Mouse cytokine concentrations in the spinal cord at days 1, 3, and 5 post-
infection. A red asterisk denotes cytokine concentrations significantly lower than the control
group (orange) while a black asterisk denotes cytokine concentrations significantly higher than
the control group.
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Due to large variation in cytokine concentrations between mice, many groups did not
have significantly different cytokine concentrations than the control group when evaluated using
a Dunnett’s multiple comparisons test. However, when graphed, increases in cytokine
concentrations are visually evident in many groups deemed not significant (Figures 5, 6, and 7).
Significant differences between more groups would likely occur with the use of larger group
sizes. Large increases in pro-inflammatory cytokine concentrations did occur in some mice,
likely due to viral infection. Cytokines concentrations in the leg muscle had the largest increases
compared to the control group. MCP-1, MIP-1a, and RANTES consistently increased over time
in most strains. In the spinal cord, IL-10, MCP-1, MIP-1a, and RANTES all consistently
increased over time. The brain also had increases in cytokine concentrations in some mice over

time, with the NY strain appearing to have large increases compared to other EV-D68 strains.
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Figure 3.7. Mouse cytokine concentrations in the brain at days 1, 3, and 5 post-infection. A
red asterisk denotes cytokine concentrations significantly lower than the control group (orange)
while a black asterisk denotes cytokine concentrations significantly higher than the control

group.

To better understand the cause of mortality due to viral infection we analyzed the
histopathology of infected mice. A board-certified veterinary pathologist examined tissues
submitted from mice infected with the US/2018-23209 (MD) and US/2018-23216 (NY) EV-D68
strains. These two strains were the most virulent as determined by a pervious study. They
examined all organs from the tongue to anus, the head, leg muscle, and spinal cord from mice

sacrificed at days 1, 3, and 5 post-infection. No significant microscopic lesions were found in
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any tissues except for the leg muscle. Mild interstitial pneumonia and liver inflammation was
seen in some animals, but this was deemed an incidental finding. A full report of the
histopathology results can be found in supplemental information. Of mice infected with
US/2018-23209 (MD), one mouse on day 3 displayed myositis and myonecrosis in the leg
muscle. This was the only significant finding of mice infected with the US/2018-23209 (MD)
EV-D68 strain. Of mice infected with US/2018-23216 (NY), four out of five mice on day 3 and

five out of five mice on day 5 displayed myositis and myonecrosis.

Discussion

Determining the disease course in an animal model can give us insights into how the
virus replicates and disseminates through the body during human infection. Our studies utilized
4-7-day-old IFNAR mice. These mice are deficient in type 1 interferon receptors, and therefore
more susceptible to viral infection. Previous studies have utilized AG129 mice, deficient in type
1 and type 2 interferon receptors and 2-day-old Swiss Webster mice (Hurst et al, 2019) (Hixon et
al, 2017). Since AG129 mice are deficient in both type 1 and type 2 interferon receptors, while
IFNAR mice are deficient in type 1 interferon receptors only, AG129 mice are more severely
immunocompromised compared to IFNAR mice. The 2-day-old Swiss Webster mouse model
poses a more challenging time window for infection, and utilizes intracranial injection to achieve
paralysis. With our IFNAR mouse model, we were able to use mice that were less
immunocompromised than the AG129 model and with less age-restraints than the Swiss Webster
model. We were also able to utilize a less invasive infection route than the 2-day-old Swiss

Webster model.
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We evaluated the 2014 Kentucky EV-D68 strain from the original outbreak, along with
four 2018 EV-D68 strains. In our IFNAR mouse model, we found that all the EV-D68 strains
had the most disease pathology in the leg muscle. We calculated virus titers in multiple organs
and found that the leg muscle had the highest virus titers, while spinal cord and lung tissues
showed some increases. Hixon et al. saw notably higher EV-D68 virus titers in the spinal cords
of mice, however, their model used 2-day-old Swiss Webster mice infected intracranially with
US/MO/14-18947 (Hixon et al., 2017). Our differences in spinal cord titer could be due to the
mouse model used, route of infection, or virus strain used.

One of the challenges of in vivo models is the uncontrolled variations and responses
between mice. Our studies involved five mice per group and a larger sample size would have
likely decreased variation. Cytokine concentrations had large variations mouse to mouse and as a
result there were many groups that did not have significantly different cytokine concentrations
from the controls. However, when graphed, many groups visibly had large increases in cytokine
concentrations. To combat this variation and obtain more robust results a larger sample size is
likely needed. We evaluated pro-inflammatory cytokines in the leg muscle, brain, and spinal cord
to better understand the disease response in mice, especially in the case of acute flaccid myelitis.
We found IL-1a, MCP-1, MIP-1a, and RANTES more consistently increased over time when
compared to other cytokines tested. MCP-1, MIP-1a, and RANTES are all chemokines and
contribute to recruitment of immune cells to the site of infection, while IL-1a plays an important
role in the development of inflammation and fever. Consistent with our viral titer findings, pro-
inflammatory cytokine concentrations appeared to increase most within the leg muscle.

Mice infected with the 2018 Maryland and New York EVV-DG68 strains were submitted to

a certified veterinary pathologist for histopathology analysis. These mice had no significant
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lesions in any tissue except the leg muscle. Due to low viral tissue titers and lack of lesions in the
spinal cord, we conclude that muscle infection likely contributed to the onset of flaccid paralysis
in our mouse model. Muscle virus titers were high and myositis and myonecrosis was observed
in histopathology, supporting our conclusion.

In all our criteria evaluated for the time course of infection in IFNAR mice, we
consistently found EV-D68 infection to have the most pathology in the leg muscle. Virus titers
and cytokine concentrations were highest in the leg muscle, and lesions were only observed in
this tissue. Development of acute flaccid myelitis in humans is characterized by lesions in the
spinal cord observed from MRI scanning, and it is hypothesized that these lesions are a major
contributor to the development of AFM in humans. Our IFNAR mouse model demonstrated
flaccid paralysis, however, deterioration of the leg muscle likely contributed to paralysis
development. As such, it is unknown how comparable the acute flaccid myelitis observed in the

IFNAR mouse model is to true human disease pathology.
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Supplemental Information
Full report of histopathologic findings for 4-7-day-old IFNAR mice infected with
EV-D68 strains US/2018-23209 (MD) and US/2018-23216 (NY). NI-1574 pertains to study
using US/2018-23209 (MD) and NI-1581 pertains to study using US/2018-23216 (NY).
Report by Veterinary Pathologist Dr. Arnaud Van Wettere:

Specimens:
Submitted for histologic examination are tissue samples from 34, 10-day-old, male and female,
IFNAR -/-, AG129 mouse infected with enterovirus EDV68. Study number: NI-1574 and NI-

1581.

Histopathologic Findings: Significant histopathologic findings are provided as disease or
morphologic diagnoses in the section below.

Morphologic Diagnoses:

Animal #1 (slides 1 to 4 and 137) (NI-1574 Day 1):
1. Liver: Periductal neutrophilic inflammation, multifocal, moderate.
2. Liver: Extramedullary hematopoiesis, multifocal, mild to moderate.
3. Spleen: Extramedullary hematopoiesis, diffuse, severe.
4. Lung, heart, kidney, urinary bladder, gallbladder, pancreas, salivary gland, stomach,
small intestine, colon, lymph node, thymus, testis, epididymis, skeletal muscle, skin,
bone, bone marrow, ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #2 (slides 5 to 8 and 138) (NI-1574 Day 1):
1. Liver: Periductal neutrophilic inflammation, multifocal, minimal.
2. Liver: Extramedullary hematopoiesis, multifocal, mild.
3. Spleen: Extramedullary hematopoiesis, diffuse, severe.
4. Lung, heart, kidney, urinary bladder, gallbladder, pancreas, adrenal gland, stomach, small
intestine, colon, lymph node, thymus, skeletal muscle, skin, bone, bone marrow, eye,
ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #3 (slides 9 to 12 and 139) (NI-1574 Day 1):

1. Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, moderate.

2. Liver: Extramedullary hematopoiesis, multifocal, mild.

3. Spleen: Extramedullary hematopoiesis, diffuse, severe.

4. Lung, heart, kidney, urinary bladder, gallbladder, pancreas, adrenal gland, thyroid gland,
esophagus, stomach, small intestine, colon, lymph node, thymus, testis, epididymis,
skeletal muscle, skin, bone, bone marrow, ganglia, spinal cord, and brain: No significant
microscopic lesions.

Animal #4 (slides 13 to 16 and 140) (NI-1574 Day 1):
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Liver: Periductal neutrophilic inflammation, multifocal, minimal.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, moderate.

Lung, heart, kidney, urinary bladder, gallbladder, pancreas, adrenal gland, thyroid gland,
esophagus, stomach, small intestine, colon, lymph node, thymus, skeletal muscle, skin,
bone, bone marrow, ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #5 (slides 17 to 20 and 141) (NI-1574 Day 1):

1.

2
3.
4.
5

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Lung: Interstitial pneumonia, neutrophilic, focal, mild, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Heart, kidney, urinary bladder, pancreas, adrenal gland, salivary gland, stomach, small
intestine, colon, lymph node, uterus, skeletal muscle, skin, bone, bone marrow, eye,
ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #6 (slides 21 to 24 and 142) (NI-1574 Day 3):

1.

2
3.
4.
5

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, moderate.
Lung: Interstitial pneumonia, neutrophilic, focal, mild, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, heart, kidney, urinary bladder, pancreas, adrenal gland, esophagus,
stomach, small intestine, colon, lymph node, ovary, uterus, skeletal muscle, skin, bone,
bone marrow, eye, ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #7 (slides 25 to 28 and 143) (NI-1574 Day 3):

1.

2.
3.
4

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, moderate.

Nasal passages, trachea, lung, heart, kidney, urinary bladder, pancreas, salivary glands,
esophagus, stomach, small intestine, colon, lymph node, ovary, uterus, skeletal muscle,
skin, bone, bone marrow, eye, ganglia, spinal cord, and brain: No significant microscopic
lesions.

Animal #8 (slides 29 to 32 and 144) (NI1-1574 Day 3):

1.

Nogak~wd

Skeletal muscle: Myositis, neutrophilic, histiocytic, focal, moderate, acute, with
MYONECrosis

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, minimal.

Lung: Interstitial pneumonia, neutrophilic, multifocal, mild, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, moderate.

Kidney: Hydronephrosis, severe, chronic.

Heart, urinary bladder, pancreas, adrenal gland, thyroid gland, esophagus, stomach, small
intestine, colon, lymph node, thymus, testis, epididymis, skin, bone, bone marrow,
ganglia, spinal cord, and brain: No significant microscopic lesions.
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Animal #9 (slides 33 to 36 and 145) (NI-1574 Day 3):

1.

2.
3.
4
5

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.
Lung: Interstitial pneumonia, neutrophilic, focal, minimal, acute.
Liver: Extramedullary hematopoiesis, multifocal, mild.

. Spleen: Extramedullary hematopoiesis, diffuse, moderate.

Heart, kidney, urinary bladder, pancreas, thyroid gland, esophagus, stomach, small
intestine, colon, lymph node, thymus, testis, epididymis, skeletal muscle, skin, bone, bone
marrow, eye, ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #10 (slides 37 to 40 and 146) (NI-1574 Day 3):

1.

2
3.
4.
5

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Lung: Interstitial pneumonia, neutrophilic, multifocal, mild, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, moderate.

Nasal passages, heart, kidney, urinary bladder, pancreas, adrenal gland, thyroid gland,
esophagus, stomach, small intestine, colon, lymph node, thymus, uterus, skeletal muscle,
skin, bone, bone marrow, eye, ganglia, spinal cord, and brain: No significant microscopic
lesions.

Animal #11 (slides 41 to 44 and 147) (NI-1574 Day 5):

1.

2
3.
4,
5. heart, kidney, urinary bladder, pancreas, esophagus, stomach, small intestine, colon,

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, minimal.
Lung: Interstitial pneumonia, neutrophilic, focal, minimal, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, moderate.

lymph node, uterus, skeletal muscle, skin, bone, bone marrow, eye, ganglia, spinal cord,
and brain: No significant microscopic lesions.

Animal #12 (slides 45 to 48 and 148) (NI-1574 Day 5):

1.

2.
3.
4

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, moderate.

Lung, heart, kidney, urinary bladder, pancreas, adrenal gland, esophagus, stomach, small
intestine, colon, lymph node, skeletal muscle, skin, bone, bone marrow, eye, ganglia,
spinal cord, and brain: No significant microscopic lesions.

Animal #13 (slides 49 to 52 and 149) (NI-1574 Day 5):

1.

2
3.
4.
5

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Lung: Interstitial pneumonia, neutrophilic, focal, mild, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Heart, kidney, urinary bladder, gallbladder, pancreas, esophagus, stomach, small
intestine, colon, lymph node, ovary, uterus, thymus, adrenal gland, skeletal muscle, skin,
bone, bone marrow, ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #14 (slides 53 to 56 and 150) (NI-1574 Day 5):

1.

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.
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Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Lung, heart, kidney, urinary bladder, gallbladder, pancreas, esophagus, stomach, small
intestine, colon, lymph node, ovary, uterus, thymus, adrenal gland, skeletal muscle, skin,
bone, bone marrow, eye, ganglia, spinal cord, and brain: No significant microscopic
lesions.

Animal #15 (slides 57 to 60 and 151) (NI-1574 Day 5):

1.

2.
3.
4

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.
Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, moderate.

Nasal passage, lung, heart, kidney, urinary bladder, gallbladder, pancreas, esophagus,

. stomach, small intestine, colon, lymph node, testis epididymis, thymus, thyroid gland,

adrenal gland, skeletal muscle, skin, bone, bone marrow, eye, ganglia, spinal cord, and
brain: No significant microscopic lesions.

Animal #16 (slides 61 to 64 and 152) (NI-1574 Control):

1.

2.
3.
4

Liver: Periductal lymphocytic and neutrophilic inflammation, multifocal, minimal.
Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, moderate.

Nasal passages, trachea, lung, heart, kidney, urinary bladder, gallbladder, pancreas,

adrenal gland, thyroid gland, esophagus, stomach, small intestine, colon, lymph node,

thymus, testis, epididymis, skin, bone, bone marrow, eye, ganglia, spinal cord, and brain:
No significant microscopic lesions.

Animal #17 (slides 65 to 68 and 153) (NI-1574 Control):

1.

2.
3.
4

Liver: Periductal lymphocytic and neutrophilic inflammation, multifocal, minimal.
Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, moderate.

Nasal passages, trachea, lung, heart, kidney, urinary bladder, gallbladder, pancreas,

adrenal gland, thyroid gland, esophagus, stomach, small intestine, colon, lymph node,

thymus, testis, epididymis, skin, bone, bone marrow, eye, ganglia, spinal cord, and brain:
No significant microscopic lesions.

Animal #18 (slides 69 to 72 and 154) (NI1-1581 Day 1):

1.

2
3.
4.
5

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.
Lung: Interstitial pneumonia, neutrophilic, multifocal, mild, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, heart, kidney, urinary bladder, pancreas, salivary glands, esophagus,

stomach, small intestine, colon, lymph node, thymus, adrenal gland, skeletal muscle,

skin, bone, bone marrow, eye, ganglia, spinal cord, and brain: No significant microscopic
lesions.
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Animal #19 (slides 73 to 76 and 155) (NI-1581 Day 1):

1.

2
3.
4.
5

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Lung: Interstitial pneumonia, neutrophilic, multifocal, mild, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, trachea, heart, kidney, urinary bladder, gallbladder, pancreas, salivary
glands, esophagus, stomach, small intestine, colon, lymph node, skeletal muscle, skin,
bone, bone marrow, eye, ganglia, spinal cord, and brain: No significant microscopic
lesions.

Animal #20 (slides 77 to 80 and 156) (NI-1581 Day 1):

1.

2
3.
4.
5

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild
Lung: Interstitial pneumonia, neutrophilic, multifocal, mild, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, trachea, heart, kidney, urinary bladder, pancreas, salivary glands,

esophagus, stomach, small intestine, colon, lymph node, adrenal gland, thyroid gland,

thymus, skeletal muscle, skin, bone, bone marrow, eye, ganglia, spinal cord, and brain:
No significant microscopic lesions.

Animal #21 (slides 81 to 84 and 157) (NI1-1581 Day 1):

1.

2
3.
4.
5

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, minimal.
Lung: Interstitial pneumonia, neutrophilic, multifocal, minimal, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, trachea, heart, kidney, urinary bladder, pancreas, salivary glands,

esophagus, stomach, small intestine, colon, lymph node, adrenal gland, thyroid gland,

thymus, uterus, skeletal muscle, skin, bone, bone marrow, eye, ganglia, spinal cord, and
brain: No significant microscopic lesions.

Animal #22 (slides 85 to 88 and 158) (NI-1581 Day 1):

1.

2
3.
4.
5

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.
Lung: Interstitial pneumonia, neutrophilic, multifocal, minimal, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, heart, kidney, urinary bladder, gallbladder, pancreas, salivary glands,

esophagus, stomach, small intestine, colon, lymph node, thyroid gland, thymus, skeletal

muscle, skin, bone, bone marrow, eye, ganglia, spinal cord, and brain: No significant
microscopic lesions.

Animal #23 (slides 89 to 92 and 159) (NI-1581 Day 3):

1.

2.
3.
4

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.
Liver: Extramedullary hematopoiesis, multifocal, mild.
Spleen: Extramedullary hematopoiesis, diffuse, severe.
Nasal passages, lung, heart, kidney, pancreas, salivary glands, esophagus, stomach, small
intestine, colon, lymph node, adrenal gland, thyroid gland, testis, epididymis, skeletal
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muscle, skin, bone, bone marrow, eye, ganglia, spinal cord, and brain: No significant
microscopic lesions.

Animal #24 (slides 93 to 96 and 160) (NI-1581 Day 3):

1.

aokrwm

Skeletal muscle: Myositis and cellulitis, histiocytic, neutrophilic, multifocal, mild, acute,
with minimal myonecrosis. MUSCLE NEAR THE LIP

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, trachea, lung, heart, kidney, urinary bladder, pancreas, salivary glands,
esophagus, stomach, small intestine, colon, lymph node, adrenal gland, thyroid gland,
ovary, skin, bone, bone marrow, eye, ganglia, spinal cord, and brain: No significant
microscopic lesions.

Animal #25 (slides 97 to 100 and 161) (NI-1581 Day 3):

1.

2
3.
4.
5

Skeletal muscle: Myositis, neutrophilic, histiocytic, focal, mild, acute, with myonecrosis
Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, trachea, lung, heart, kidney, urinary bladder, pancreas, salivary glands,

esophagus, stomach, small intestine, colon, lymph node, skin, bone, bone marrow, eye,

ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #26 (slides 101 to 104 and 162) (N1-1581 Day 3):

ok wnE

Skeletal muscle: Myositis, neutrophilic, histiocytic, focal, mild, acute, with myonecrosis
Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, minimal.

Lung: Interstitial pneumonia, neutrophilic, multifocal, mild, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, trachea, heart, kidney, urinary bladder, pancreas, salivary glands,
esophagus, stomach, small intestine, colon, lymph node, uterus, thyroid gland, skin, bone,
bone marrow, eye, ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #27 (slides 105 to 108 and 163) (NI-1581 Day 3):

1.

ok wn

Skeletal muscle: Myositis, mononuclear, neutrophilic, locally extensive, moderate, acute,
with myonecrosis and very early regeneration.

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, minimal.
Lung: Interstitial pneumonia, neutrophilic, multifocal, minimal, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, heart, kidney, urinary bladder, pancreas, salivary glands, esophagus,
stomach, small intestine, colon, lymph node, ovary, uterus, thymus, skin, bone, bone
marrow, eye, ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #28 (slides 109 to 112 and 164) (NI-1581 Day 5):
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Skeletal muscle: Myositis, mononuclear, neutrophilic, focal, mild, acute, with
myonecrosis and early regeneration

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Lung: Interstitial pneumonia, neutrophilic, multifocal, minimal, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, heart, kidney, urinary bladder, pancreas, salivary glands, esophagus,
stomach, small intestine, colon, lymph node, uterus, thymus, skin, bone, bone marrow,
eye, ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #29 (slides 113 to 116 and 165) (NI-1581 Day 5): SLIDE 165 HAS VERY LITTLE
BRAIN ON IT AND HAS CROSS SECTONS OF SPINAL CORD.

1.

ook wn

Skeletal muscle: Myoregeneration, locally extensive, severe, subacute, with mild
histiocytic and neutrophilic inflammation, and myonecrosis.

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, minimal.
Lung: Interstitial pneumonia, neutrophilic, focal, mild, acute.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, heart, kidney, urinary bladder, pancreas, salivary glands, esophagus,
stomach, small intestine, colon, lymph node, thyroid gland, adrenal gland, skin, bone,
bone marrow, eye, ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #30 (slides 117 to 120 and 166) (NI-1581 Day 5): SLIDE 120 and 166 HAVE BRAIN
ON THEM. | SUSPECT THE BRAIN ON SLIDE 120 or 166 IS FROM ANIMAL 29 ABOVE.

1.

2.

ok W

Skeletal muscle (slide 117): Myoregeneration, locally extensive, severe, subacute, with
mild histiocytic and neutrophilic inflammation, and myonecrosis.

Skeletal muscle (Slide 120 -not sure if same animal): Myositis, mononuclear,
neutrophilic, locally extensive, severe, acute, with myonecrosis and very early
regeneration

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Liver: Extramedullary hematopoiesis, multifocal, mild.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, lung, heart, kidney, urinary bladder, pancreas, salivary glands,
esophagus, stomach, small intestine, colon, lymph node, adrenal gland, skin, bone, bone
marrow, eye, ganglia, spinal cord, and brain: No significant microscopic lesions.

Animal #31 (slides 121 to 124 and 167) (NI-1581 Day 5):

1.

agrwn

Skeletal muscle: Myoregeneration, multifocal, severe, subacute, with mild histiocytic and
neutrophilic inflammation, and myonecrosis.

Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.

Liver: Extramedullary hematopoiesis, multifocal, minimal.

Spleen: Extramedullary hematopoiesis, diffuse, severe.

Nasal passages, trachea, lung, heart, kidney, urinary bladder, pancreas, salivary glands,
esophagus, stomach, small intestine, colon, lymph node, uterus, skin, bone, bone marrow,
eye, ganglia, spinal cord, and brain: No significant microscopic lesions.
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Animal #32 (slides 125 to 128 and 168) (NI-1581 Day 5):

1. Skeletal muscle: Myodegeneration and necrosis, and myoregeneration, multifocal,
moderate, acute, with mild histiocytic and neutrophilic inflammation.
Liver: Periductal neutrophilic and lymphocytic inflammation, multifocal, mild.
Liver: Extramedullary hematopoiesis, multifocal, minimal.
Spleen: Extramedullary hematopoiesis, diffuse, severe.
Nasal passages, trachea, lung, heart, kidney, urinary bladder, pancreas, salivary glands,
esophagus, stomach, small intestine, colon, lymph node, testis, skin, bone, bone marrow,
eye, ganglia, spinal cord, and brain: No significant microscopic lesions.

abrwmn

Animal #33 (slides 129 to 132 and 169) (NI-1581 Control):

1. Liver: Periductal lymphocytic and neutrophilic inflammation, multifocal, minimal.

2. Liver: Extramedullary hematopoiesis, multifocal, mild.

3. Nasal passages, trachea, lung, heart, kidney, urinary bladder, gallbladder, pancreas,
thyroid gland, salivary gland, esophagus, stomach, small intestine, colon, lymph node,
thymus, testis, epididymis, skin, bone, bone marrow, eye, ganglia, spinal cord, and brain:
No significant microscopic lesions.

Animal #34 (slides 133 to 136 and 170) (NI-1581 Control):

1. Liver: Periductal lymphocytic and neutrophilic inflammation, multifocal, minimal.

2. Liver: Extramedullary hematopoiesis, multifocal, mild.

3. Spleen: Extramedullary hematopoiesis, diffuse, mild.

4. Nasal passages, trachea, lung, heart, kidney, urinary bladder, gallbladder, pancreas,
thyroid gland, salivary gland, esophagus, stomach, small intestine, colon, lymph node,
thymus, testis, epididymis, skin, bone, bone marrow, eye, ganglia, spinal cord, and brain:
No significant microscopic lesions.

Comment:

In NI-1574, only one animal at day 3 has evidence of myositis. In NI-1581, 4 out of 5 animals
have evidence of myositis at day 3. At day 5, 5 out of 5 animals have evidence of myositis but
the inflammation is already resolving, and clear regeneration of myocytes is present.

Mild multifocal inflammation is in the pulmonary interstitium in some animals. These
inflammatory foci are likely incidental findings. Presumptive mild inflammation is around bile
ducts in the liver. The cause is uncertain, and inflammation may be related to infection with
enterovirus or represent a nonspecific inflammatory reaction to antigens reaching the liver
through the portal vein or biliary tree. I favor an incidental finding but don’t have experience
evaluating the liver of EDV68 infected mice. | also consider the possibility that the inflammatory
cells around the ducts are part of the extramedullary hematopoietic tissue present in the liver and
not inflammation. The marked extramedullary hematopoiesis in the spleen and mild
extramedullary hematopoiesis in the liver are common in very young mice.
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CHAPTER IV

TREATMENT OF ENTEROVIRUS D68 NEUROLOGICAL DISEASE IN IFNAR MICE

WITH EIDD-1931 AND HUMAN INTRAVENOUS IMMUNOGLOBULIN

Introduction

Enterovirus D68 (EV-D68) is a lesser-known respiratory pathogen that is quickly
becoming a greater public health concern. Historically, cases of EV-D68 have been rarely
detected largely due to lack of routine surveillance. Between the years 1970 and 2005 the US
National Enterovirus Surveillance System only detected 26 cases of EV-D68 via passive
surveillance (Khetsuriani et al., 2006). In the early 2010s, detection of EV-D68 cases increased
considerably with 79 cases reported by the National Enterovirus Surveillance System between
2009 and 2013 (Abedi et al., 2015). Improvement in detection methods, such as PCR technology,
likely contributed to increased detection.

During the fall of 2014, the United States experience an unprecedented outbreak of EV-
D68. A total of 1,395 EV-D68 infections were reported by the Center for Disease Control and
Prevention, but the actual case count is likely much higher (Control). Most concerningly, this
EV-D68 outbreak was associated with outbreaks of acute flaccid myelitis (AFM). AFM is a
paralysis that is similar to the acute flaccid paralysis caused by the polio virus, although AFM is
more likely to affect the upper limbs (Knoester et al., 2019). Zhang et al., observed EV-D68
isolates associated with AFM development contained genetic mutations at equivalent positions in

paralysis-causing enteroviruses, including poliovirus, EV-70, and EV-A71 (Zhang et al., 2016).
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Subsequent EV-D68 outbreaks occurred in 2016, 2018, and 2022, suggesting a biennial
epidemiological pattern (Park et al., 2021) (Andres et al., 2022).

At present, there are no recommended antiviral therapies or vaccines to treat EV-D68
infection, and current intervention methods rely mainly on supportive care. Common treatments
for EV-DG68 respiratory disease are albuterol and corticosteroids which work to open constricted
airways and reduce inflammation. (Orvedahl et al., 2016) (Johnson et al, 2022) (Hayward et al.,
2015). Severe respiratory infection may require supplemental oxygen and mechanical ventilation
(Andres et al., 2022) (Schuster et al., 2017). The reoccurring outbreak pattern of EV-D68
infections appears consistent so EV-D68 remains a threat to public health. Previous in vitro
studies identified several small molecules and one biological product which were active against
EV-D68. Of the original compounds tested in vitro, EIDD-1931 and human intravenous
immunoglobulin (IV1g) were identified as the most promising candidates for potential use in
human infections with EV-D68. 1VIg is a biologic therapy already approved for clinical use and
is often given to patients with antibody deficiencies (Lunemann et al., 2015) (Moradimajd et al.,
2021). EIDD-1931 is metabolite of Molnupiravir, commercially known as Lagevrio™, and has
emergency use authorization from the FDA. Other compounds evaluated during in vitro testing
were deemed less likely to advance to clinical use due to lack of efficacy and toxicity issue in

clinical trials.

Materials and Methods
Virus and Cells
The US/2018-23209 (MD) EV-D68 strain was used for infection of all animals in these

studies. This EV-D68 strain was found to be the most virulent of the 7 EV-DG68 strains tested in
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our previous studies. The US/2018-23209 (MD) EV-D68 strain was contributed by Division of
Viral Diseases, Centers for Disease Control and Prevention for distribution through BEI

Resources, NIAID, NIH.

Animals
All animal studies were completed with 4-7-day-old IFNAR mice obtained from a
pathogen-free breeding colony at Utah State University. The IFNAR mice were infected without

being removed from the dam.

Antiviral Compounds
EIDD-1931 was obtained from MedChemExpress (Monmouth Junction, NJ). Intravenous

Immunoglobulin (IVIg) was obtained from Grifol’s Therapeutics (Los Angeles, CA).

Neurological Scoring System for EV-D68-infected mice

Paralysis induced by EV-D68 infection was quantified using a neurological scoring
system adapted from a mouse model for amyotrophic lateral sclerosis (Hatzipetros et al, 2015).
In this model of EV-D68 infection, mice were evaluated only for hind limb function and mobility

and not for the ability to right themselves. The scoring system is shown in Table 3.1.

Antiviral Efficacy of EIDD-1931 and 1VIg in 4-7-day-old IFNAR mice infected with EV-D68
Five groups of 4-7-day-old IFNAR mice (n=10) were infected intraperitoneally with
MEM containing a dose of 1 x 10° CCIDso of the EV-D68 strain US/2018-23209 (MD) ina 0.1

mL volume. 1VIg was prepared by reconstituting the lyophilized product using physiologically
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sterile saline. EIDD-1931 was prepared for dosing by solubilization in a vehicle containing 10%
DMSO and 90% corn oil. One group of mice was treated intraperitoneally with a single 100
mg/kg dose of intravenous immunoglobulin 4 hours post infection. Three groups of mice were
treated intraperitoneally twice daily with EIDD-1931, at concentrations 100, 30, and 10 mg/kg/d.
Treatments of EIDD-1931 began 4 hours post infection, and then were given every twelve hours
for 5 days. The placebo group received intraperitoneal treatments with the vehicle used to
solubilize EIDD-1931 (DMSO and corn oil). Placebo treatments were given on the same
schedule as EIDD-1931 treatments. A control group of uninfected 4-7-day-old mice (n=5) was
examined in parallel for normal weight gain. The ability of each treatment to reduce mortality,
weight change, and neurological scores as an indicator of paralysis were evaluated for 14 days

post-infection.

Ethical Treatment of Animals

This study was conducted under the approval of the Institutional Animal Care and Use
Committee of Utah State University. The work was done in the AAALAC accredited Laboratory
Animal Research Center at Utah State University in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals (National Research Council U.S.,

2011)

Statistical Analysis
Statistical analysis was completed using Prism 9.4, GraphPad Software (La Jolla, CA).
Kaplan-Meier survival plots were generated and survival analysis was done using a log-rank

Mantel-Cox test comparing each treatment group to the placebo-treated control group.
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Comparisons of percent initial body weight in treated mice were done using a one-way analysis
of variance (ANOVA). A Dunnett’s post-test was used to compare treated mice to the placebo-
treated group. Differences in neurological scores were evaluated using a Kruskal-Wallis test
followed by a Dunn’s post-test comparing to a placebo-treated group. For all experiments,

statistical significance was determined using a P value of <0.05

Results

Data from prior studies were used to identify several antiviral compounds which
demonstrated in vitro activity for treating EV-D68 infection. A time course of infection for EV-
D68 in IFNAR mice was also completed to evaluate mortality and additional parameters for
evaluation of antiviral therapies. Based upon the in vitro antiviral assays and the prior clinical
data available, we chose to evaluate EIDD-1931 and IVIg using the IFNAR mouse model.

Toxicity studies was completed where EIDD-1931 was tested at doses of 10, 30, 100, and
300 mg/kg/d to evaluate tolerance of each dose. No mortality was observed at any concentration

of EIDD-1931 tested. Percent weight change data can be found in Figure 4.1.

# Confrol # Control
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Figure 4.1. Percent weight change in mice treated with EIDD-1931 at 10, 30, 100, and 300
mg/kg/d. Percent weight change was not significantly different than control mice at any day
post-treatment.
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We tested these therapies against the US/2018-23209 (MD) EV-D68 virus strain, which
was shown to be the most virulent in previous studies. After infection the mice were monitored
daily for mortality, weight change, and neurological scores. Interestingly, we did not see
significant differences in weight change in any group, including in the normal controls and the
placebo group. One challenge of using weight change as a marker of disease in very young mice
is that they are constantly increasing in weight. Graphs demonstrating weight change can be

found in Figure 4.2.

- Placebo
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Figure 4.2. Percent weight change of 4-7-day-old IFNAR mice infected with EV-D68 and
controls. Mice were treated with EIDD-1931, IVIg, and a placebo. No group had significantly
different percent weight changes when compared to the controls.

Kaplan-Meier mortality curves of 4-7-day-old IFNAR mice infected with EV-D68 and

treated with EIDD-1931 and IVIg are shown in Figure 4.3. Every test group consisted of 10 mice
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per group except for EIDD-1931 at 100 mg/kg/d where one mouse died due to causes unrelated
to EV-D68 infection. In the placebo treated mice group, 2/10 mice survived infection. A dose of
100 mg/kg/d of EIDD-1931 protected 6/9 mice from mortality. Doses of EIDD-1931 at 30 and
10 mg/kg/d of EIDD-1931 did not reduce mortality, with only 1/10 mice surviving infection. A
single treatment of 1VIg at a dose of 100 mg/kg completely protected mice from mortality caused

by EV-D68, with 10/10 mice surviving infection.

- Placebo
100 IL-l Ak Fkk EIDD-1931
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&
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204 ®
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0 2 4 6 8 10 12 14

Day Post-Infection

Figure 4.3. Kaplan-Meier survival curves for 4-7-day-old mice infected with EV-D68 and
treated with EIDD-1931 and 1VIg. Treatment with EIDD-1931 at 100mg/kg/d and IVIg
significantly reduced mortality compared to infected mice treated with a placebo. Six out of nine
mice survived EV-D68 infection in the 100mg/kg/d of EIDD-1931 treatment group. All mice
treated with 1VIg survived infection. EIDD-1931 at 30mg/kg/d and 10mg/kg/d did not
significantly reduce mortality due to EV-D68. One out of ten mice treated with EIDD-1931 at 30
and 10 mg/kg/d survived infection. Two mice out of ten treated with a placebo survived
infection. *P > 0.5, ***P > (0.001

The severity of paralysis in mice was evaluated using a previously described neurological

scoring method (Hatzipetros et al., 2015) which has been previously adapted for use in EV-D68-
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infected mice. Mice with a neurological score of four were humanely euthanized and the
neurological score was retained for each day afterwards to reduce the appearance that
neurological disease was improving as the mice with severe paralysis had succumbed to
infection. Neurological scores of mice treated with EIDD-1931 at a dose of 100 mg/kg/d were
significantly lower than placebo-treated mice on day 5 post-infection, but not on any other day.
Despite a lack of statistical significance, the average neurological scores for mice treated with
EIDD-1931 at a dose of 100 mg/kg/d were consistently lower than the placebo mice on each day
post-infection. Neurological scores of mice treated with EIDD-1931 at 30 or 10 mg/kg/d were
not reduced when compared to the placebo-treated mice on any day post-infection. Treatment
with IVIg at a dose of 100 mg/kg provided mice significant protection from paralysis as shown
by reduced neurological scores compared to placebo-treated mice on days 5 through 13 post-

infection.
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Figure 4.4. Mean neurological scores for 4-7-day old mice infected with EV-D68 and treated
with EIDD-1931 and IVIg. Mice (n=10/group) treated with EIDD-1931 at 100mg/kg/d had
significantly lower neurological scores only on day 5 post-infection, and not on any other days.
Mice treated with EIDD-1931 at 30mg/kg/d and 10mg/kg/d did not have significantly different
neurological scores from the placebo group on any day. Mice treated with 1VVIg had significantly
lower neurological scores than the placebo group on days 5 through 13 post infection.
Discussion

Recent outbreaks of EV-D68 have led to the virus to be classified as an emerging
pathogen. The most concerning aspects of contemporary EV-D68 infection is the potential to
cause severe respiratory disease and occasionally AFM. Limb paralysis caused by EV-D68
infection is often permanent, and greatly reduces the standard of living for those affected

(Christy et al., 2019). Currently, there are no approved antiviral treatments to combat EV-D68

infection. In the case of severe respiratory disease, supportive care and the management of
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asthma exacerbation are the main clinical interventions (Elrick et al., 2021). Treatment for AFM
includes supportive care and rehabilitation (Melicosta et al., 2019).

EIDD-1931 is the active form of Molnupiravir and is commercially known as Legevrio.
EIDD-1931 protected mice infected with EV-D68 from both mortality and paralysis when
treated at a dose of 100 mg/kg/d. Molnupiravir is an antiviral drug currently approved for
emergency use for treatment of COVID-19. This antiviral drug works by inducing lethal
mutations in viral RNA (Kabinger et al., 2021). Molnupiravir and EIDD-1931 have also been
shown to protect 1-day-old ICR mice from a lethal challenge dose of EV-A71 (Li et al., 2022).
We found that EIDD-1931 significantly reduced mortality in four-to-seven-day old IFNAR mice
but did not protect all mice from mortality. We found that EIDD-1931 at 100 mg/kg/d was able
to reduce neurological scores on day five, but not for any other day. Higher concentrations may
have the ability to better protect mice from mortality and neurologic disease but are concerning
for potential toxicity. Further research should be done to evaluate EIDD-1931 at higher doses.
Toxicity studies have shown that 4-7-day old mice can tolerate EIDD-doses of 300 mg/kd/d
without mortality or significant reduction in percent weight change.

IVIg is a potential biologic therapy often given to patients suffering from AFM (Hopkins,
2017) (Hopkins et al., 2019). Commercial 1VVIg preparations have been observed to contain high
titers of EV-D68 neutralizing antibodies (Zhang et al., 2015). In previous studies, IV1g has been
shown to reduce paralysis and spinal cord viral load in two-day-old Swiss Webster mice infected
with EV-D68 (Hixon et al., 2017), although efficacy has not been proven in clinical trials. This
study supports the conclusion that IV1g is an effective EV-D68 treatment in mice. We found that

IV1g completely protected IFNAR pups against mortality and greatly reduced paralysis from EV-
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D68 infection. Our study supports the continued research of 1VIg as a potential treatment for EV-

D68.
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CHAPTER V

CONCLUSIONS AND FUTURE STUDIES

Conclusions

EV-D68 was first isolated in 1962, and cases were detected sporadically in the following
decades. Detections on EV-D68 began to increase in the late 2000s and early 2010s. In the year
2014, the United States experienced an unprecedented outbreak of EV-D68, with detections in
49 states and the District of Columbia. Since the initial EV-D68 outbreak in 2014, we have
witnessed subsequent biennial outbreaks in 2016, 2018. The predicted 2020 outbreak was likely
mitigated due to COVID-19 policies such as wearing masks and social distancing. After the
ending of lockdown procedures due to COVID-19, EV-D68 cases rose again in 2022. We will
likely continue to experience EV-D68 outbreaks as years progress. Currently, there are no
antiviral therapies or vaccines to treat EV-DG68 infection, and intervention relies on supportive
care. Therefore, there is a need to identify potential antiviral therapies to combat EV-D68
infection.

Animal models for EV-D68 infection are needed to better understand the disease and to
evaluate potential antiviral therapies. Previously developed animal models have used 2-day-old
Swiss Webster mice, AG129 mice, and ferrets. Our model is cheaper than a ferret model and has
less age restraints than the Swiss Webster mouse model. The IFNAR mice are also less
immunocompromised than AG129 mice and may provide more insights to EV-D68 infection.

In these studies, we worked to identify potential antiviral therapies to combat EV-D68

infection and developed a mouse model to evaluate these therapeutics. We screened several
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antiviral compounds in cell culture against historical and recent EV-D68 strains. Enviroxime,
EIDD-1931, and NITDO008 had the greatest antiviral activity at inhibiting cytopathic effect and
reducing virus yield against all strains. Antiviral activity against the 2018 New York strain was
significantly different than older EV-DG68 strains for compounds enviroxime and pirodavir. We
also found the amino acid sequence of the 2018 New York strain was most different from our
comparison strain. We then characterized EV-D68 infection in an IFNAR mouse model. EV-D68
has been shown to suppress human type 1 interferon response. Since the virus is not able to alter
the mouse type 1 interferon response, IFNAR mice lacking type 1 interferon receptors were used
for these studies. The decreased innate immune response in these animals makes them
susceptible to infection with EV-D68.

EV-D68 strains isolated from 2018 and 2014 induced mortality and paralysis in 4-7-day
old IFNAR mice. We found the 2018 Maryland strain was the most virulent and was able to
induce 50% lethality with the lowest virus challenge. We were not able to achieve 50% lethality
in the 2018 Minnesota and Washington strains for the highest virus challenge evaluated. Also,
onset of paralysis occurred later in the 2018 Maryland strain compared to the 2014 Kentucky
strain. Following intraperitoneal infection of 4-7-day-old IFNAR mice, high viral tissue titers
were observed in the leg muscle. Histopathological lesions in the leg muscle were consistently
identified in mice suffering from paralysis following infection of the 2018 New York strain.
Based upon the virus titers and histological lesions in the leg tissue, we conclude that myositis
and myonecrosis likely contributed to the development of flaccid paralysis in our mouse model.
Finally, we evaluated EIDD-1931 and IVIg in our mouse model for EV-D68 infection. EIDD-
1931 treated at 100mg/kg/d significantly reduced mortality but did not significantly reduce

paralysis. EIDD-1931 treated at 30 and 10 mg/kg/d did not significantly reduce mortality or
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paralysis. 1VIg at 100mg/kg/d completely protected mice from mortality and almost completely

protected mice from paralysis.

Future Studies

The next step in this research would be a more rigorous characterization of EV-D68 in
IFNAR mice. When evaluating the time course of infection, we sacrificed mice at days 1, 3, and
5 post-infection to assess tissue virus titers, tissue cytokine concentrations, and histopathological
lesions. We chose these time points because mortality typically began around or after day 5, and
we did not want to artificially select for mice that will survive infection. However, it would be
interesting to evaluate a full natural history of disease over the entire course of EV-D68 infection
by evaluating later time points or moribund mice. Similar methodology would be used, but
additional samples collected later in the infection would provide insights to the full course of
EV-D68 infection.

A second aspect of this research that needs further consideration is the impact of EV-D68
infection on the histological lesions that were observed in the infected mice. When we evaluated
mice for histopathology, mice were randomly chosen at each time point. No significant lesions
were observed in any tissue except for the leg muscle. Even these lesions in leg muscle were not
present in all the infected mice. To improve our understanding of EV-D68 infection in mice, it
would be valuable to evaluate histological lesions in mice that are severely paralyzed or
moribund. Evaluating mice with severe EV-D68 induced disease would likely produce more
useful data on EV-D68 infection and on the factors that contribute to the paralysis caused by EV-

D68 infection.
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Another future study would be further evaluation of IVIg as a potential treatment for EV-
D68 infection. Mice treated with 1VIg four hours post-infection were completely protected from
mortality and almost completely protected from neurological disease. However, treatment 4
hours after virus infection is not feasible clinically. The next step in testing IVIg as a potential
EV-D68 treatment would be to evaluate efficacy at longer time points post-infection.

Continued assessment of EIDD-1931 would be another avenue for future studies. We
found that EIDD-1931 significantly protected mice from mortality but did not significantly
reduce paralysis. However, testing EIDD-1931 at higher doses would possibly yield increased
antiviral efficacy. It would also be useful to evaluate the impact of EIDD-1931 on tissue virus
titers, cytokine concentrations, and histological lesions after EV-D68 infection.

We should also continue to evaluate other potential EV-D68 antivirals. In our in vitro
drug screening, we found NITDO0O08 to have high antiviral activity. This drug effectively
inhibited EV-D68 cytopathic effect and reduced viral yield. It would be interesting to evaluate
NITDO008 in our animal model during acute infection. In the past, NITD0O8 failed clinical trials
due to toxicity issues. In previous studies, toxicity was observed after the second week of
treatment with NITDOO8. It may be possible to effectively treat EV-D68 infection in a short
enough time period to mitigate toxicity concerns.

These studies would give us further insights into EV-D68 infection and provide important
information on potential EV-D68 antiviral therapies. Although EV-D68 is a lesser-known
pathogen, recent outbreaks and severe disease complications make this virus a public health
concern. Development of antiviral therapies to treat EV-D68 infection is important to improve

patient outcomes.
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