
Contemporary Circulating Enterovirus D68 Strains Infect and
Undergo Retrograde Axonal Transport in Spinal Motor
Neurons Independent of Sialic Acid

Alison M. Hixon,a,b Penny Clarke,c Kenneth L. Tylerc,d,e

aMedical Scientist Training Program, University of Colorado, Aurora, Colorado, USA
bNeuroscience Program, University of Colorado, Aurora, Colorado, USA
cDepartment of Neurology, University of Colorado, Aurora, Colorado, USA
dDepartment of Immunology and Microbiology, University of Colorado, Aurora, Colorado, USA
eDivision of Infectious Disease, Department of Medicine, University of Colorado, Aurora, Colorado, USA

ABSTRACT Enterovirus D68 (EV-D68) is an emerging virus that has been identified
as a cause of recent outbreaks of acute flaccid myelitis (AFM), a poliomyelitis-like
spinal cord syndrome that can result in permanent paralysis and disability. In experi-
mental mouse models, EV-D68 spreads to, infects, and kills spinal motor neurons fol-
lowing infection by various routes of inoculation. The topography of virus-induced
motor neuron loss correlates with the pattern of paralysis. The mechanism(s) by
which EV-D68 spreads to target motor neurons remains unclear. We sought to de-
termine the capacity of EV-D68 to spread by the neuronal route and to determine
the role of known EV-D68 receptors, sialic acid and intracellular adhesion molecule 5
(ICAM-5), in neuronal infection. To do this, we utilized a microfluidic chamber culture
system in which human induced pluripotent stem cell (iPSC) motor neuron cell bod-
ies and axons can be compartmentalized for independent experimental manipula-
tion. We found that EV-D68 can infect motor neurons via their distal axons and
spread by retrograde axonal transport to the neuronal cell bodies. Virus was not re-
leased from the axons via anterograde axonal transport after infection of the cell
bodies. Prototypic strains of EV-D68 depended on sialic acid for axonal infection and
transport, while contemporary circulating strains isolated during the 2014 EV-D68
outbreak did not. The pattern of infection did not correspond with the ICAM-5 dis-
tribution and expression in either human tissue, the mouse model, or the iPSC mo-
tor neurons.

IMPORTANCE Enterovirus D68 (EV-D68) infections are on the rise worldwide. Since
2014, the United States has experienced biennial spikes in EV-D68-associated acute
flaccid myelitis (AFM) that have left hundreds of children paralyzed. Much remains
to be learned about the pathogenesis of EV-D68 in the central nervous system
(CNS). Herein we investigated the mechanisms of EV-D68 CNS invasion through neu-
ronal pathways. A better understanding of EV-D68 infection in experimental models
may allow for better prevention and treatment strategies of EV-D68 CNS disease.
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Enteroviruses (EVs) are among the most prevalent human pathogens. They exhibit a
broad range of tissue tropism and cause a wide spectrum of disease (1). While

central nervous system (CNS) infection is a relatively rare complication of enterovirus
infection, it results in a high degree of morbidity and mortality (2). The most well-
known neuropathogenic EVs are the polioviruses (3). However, many nonpoliovirus EVs
also cause CNS disease, including enterovirus A71 (EV-A71), enterovirus D70, coxsacki-
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eviruses, and echoviruses, among others (2, 4). The most recent neuropathogenic EV to
emerge as a public health concern is enterovirus D68 (EV-D68) (5).

Since 2014, recently evolved lineages of EV-D68, particularly those from subclade B1,
have been implicated as a cause of acute flaccid myelitis (AFM), a polio-like paralytic
condition that results due to viral infection and injury to the lower motor neurons of the
spinal cord (6, 7). Patients present with a viral prodrome typically consisting of fever
and upper respiratory symptoms, followed days later by the development of progres-
sive motor weakness with evidence for damage and loss of motor innervation on
magnetic resonance imaging (MRI) and electromyography (EMG) (7–10). EV-D68 is
predominantly a respiratory pathogen, and the mechanism by which it travels from its
initial site of replication in the upper respiratory tract to the spinal cord remains unclear.

Several lines of evidence suggest that viral spread into the CNS via peripheral nerves
is an important and conserved mechanism of neuroinvasive enteroviral disease. In
1955, children mistakenly administered an inadequately inactivated batch of poliovirus
vaccine developed limb paralysis corresponding to the site of vaccine inoculation (11).
Subsequent investigations in transgenic animal models later showed that polioviruses
spread into the spinal cord by retrograde axonal transport along motor neuron axons
innervating the injected muscle (12, 13). Nerve transection prior to muscle infection
prevented poliovirus from spreading to the spinal cord (13). In addition, the highly
stereotyped distribution of CNS lesions in cases of fatal EV-A71 brain stem encephalitis
suggests that EV-A71 enters the brain stem by infection and retrograde transport along
the cranial nerves (14, 15). Experiments in EV-A71 animal models have further sup-
ported neuronal spread as a significant mechanism of EV-A71 CNS pathology (16).

We previously developed a neonatal mouse model of EV-D68 infection that reca-
pitulates features of AFM (17, 18). In these mice, infection with contemporary circulat-
ing strains of EV-D68 by several routes of inoculation (intracerebral [i.c.], intramuscular
[i.m.], or intranasal) induces progressive paralysis due to infection and death of the
motor neurons in the spinal cord. Historic strains of EV-D68 do not cause paralysis in
this model (17, 19). Examination of strain-specific infection in neuron-like SH-SY5Y cells
has suggested that differential receptor utilization patterns may explain the differences
in the capacity of circulating and historic EV-D68 strains to infect neurons and cause
paralysis (19). Two receptors have recently been identified for EV-D68, sialic acid and
intracellular adhesion molecule 5 (ICAM-5) (20, 21). However, the receptor utilization of
different EV-D68 strains in motor neurons has not been characterized.

Microfluidic chambers offer a method for analyzing mechanisms of peripheral neuro-
invasion (22–24). Neurons can be grown within microfluidic chambers in a way that
compartmentalizes the soma and the distal axons, allowing for selective observation or
manipulation of either compartment (22, 23). Microfluidic chambers have successfully
been used to study axonal transport and the kinetics of alphaherpesviruses (24). In this
study, we used human induced pluripotent stem cell (iPSC) motor neurons grown in
microfluidic chambers, in addition to the in vivo mouse model, to investigate EV-D68
infection and transport at the level of the motor neuron axon. Using a strain of EV-D68
that causes paralytic disease in mice, we show that EV-D68 has the capacity for
retrograde, but not anterograde, axonal transport in iPSC motor neurons. Finally,
examination of receptor binding showed that contemporary circulating EV-D68 strains
do not require the known EV-D68 receptor sialic acid for infection of iPSC motor neuron
axons, while historical strains depend on the presence of sialic acid. Furthermore,
examination of the distribution and expression of ICAM-5 in the mouse and neuron
models suggests that it is not required for motor neuron infection.

RESULTS
Retrograde axonal transport of EV-D68 in the mouse spinal cord. If EV-D68 is

neuronally transported from the injected muscle to the motor neurons of the spinal
cord, we hypothesized that the motor neurons innervating the injected muscle would
be the first cells to show signs of EV-D68 infection. To trace the initial site of spinal cord
infection by EV-D68 following i.m. injection, neonatal C57BL/6 mice were infected with
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paralytogenic EV-D68 (IL/14-18952 [IL/52]) mixed with tetramethylrhodamine-conjugated
dextran (fluoro-ruby), a nontoxic, fluorescent tracer dye (Fig. 1A to D). Littermates were
injected in either the right triceps muscle (Fig. 1A), the left triceps muscle (Fig. 1B), the
right hamstring muscle (Fig. 1C), or the left hamstring muscle (Fig. 1D). Sectioning and
staining of the entire cervical (triceps injected) or lumbar (hamstrings injected) spinal
cord segments revealed that fluoro-ruby could be found in the spinal cord correspond-
ing to the injected limb at the spinal cord level associated with the injected muscle as
early as day postinfection (dpi) 1, although no viral antigen was detected in any mouse
examined at this time point (data not shown). Previous mouse studies have shown that
paralysis onset typically occurs on dpi 3 or 4 (17, 18). Examination of the mice at 2 to 3
dpi, prior to the onset of paralysis, revealed that EV-D68 antigen could first be detected
in neurons within regions of the cervical and lumbar spinal cord anterior horn regions
also containing fluoro-ruby (Fig. 1A to D). These data suggest that the initial site of
infection is the motor neurons following retrograde transport of virus by these neurons
into the spinal cord from the injected muscle. Examination of a mouse on the day of
paralysis onset (dpi 3) revealed significant cell death and loss of the fluoro-ruby-
containing cervical spinal cord anterior horn neurons, and EV-D68 antigen could be
detected in numerous surrounding cells (Fig. 1E). These results suggest that EV-D68
rapidly spread from the initial site of infection within the anterior horn.

We followed the development of paralysis in an additional litter (n � 6) of C57BL/6
mice following i.m. injection of EV-D68 (IL/14-18952). The C56BL/6 mice had the rapid
onset of limb paralysis that was identical to the paralysis onset and progression
previously seen in Swiss Webster mice (data not shown) (17, 18).

Retrograde axonal transport of EV-D68 in human iPSC motor neurons. We
utilized an in vitro culture system using fully differentiated human iPSC motor neurons
cultured within microfluidic chambers to further investigate the mechanisms of EV-D68
neural spread. These are a highly pure population of iPSCs expressing neuron markers,
such as the neuronal cytoskeletal protein neurofilament (NF) and the dendritic marker
microtubule-associated protein 2 (MAP2), as well as motor neuron markers, such as
choline acetyltransferase (ChAT) (Fig. 2A).

The silicon microfluidic device (Fig. 2B) used in these experiments has two loading
wells on each side, which are connected by main channels (Fig. 2C). The main channels
are approximately 2,000 �m wide and are connected by �100 microgrooves that are
450 �m long and 10 �m wide. Due to the considerable hydrostatic pressure within the
narrow microgrooves, varying the fluid volume on each side of the device allows for
fluidic isolation of one side of the device (e.g., 180 �l somal compared to 130 �l axonal)
(22, 23). When cultured in these microfluidic devices coated with Matrigel, which allows
neurites to better grip the chamber, these iPSC motor neurons grew in interconnected
clusters and extended neurites across the microgrooves (Fig. 2D). Only axonal processes
containing the axonal marker NF extended across the microgrooves, while MAP2-
positive (MAP2�) dendritic processes could be found only around the motor neuron
nuclei (Fig. 2E).

To determine whether EV-D68 could be trafficked by retrograde axonal transport in
these iPSC motor neurons, the somal side was isolated by use of a hydrostatic gradient
(somal greater than axonal). The axonal side was infected with EV-D68 (IL/14-18952). At
1 h postinfection (hpi), 24 hpi, 48 hpi, and 72 hpi, the neurons and supernatant were
collected on the somal side only (Fig. 3A). As expected, the viral titer on the somal side
was below the limit of detection at 1 hpi. However, at 24 hpi significant viral growth
was detected, and the viral growth further increased by 48 and 72 hpi. Additional
axonal infected chambers were collected for viral antigen staining. At 1 hpi, no EV-D68
antigen staining was observed in neurons of the somal side (Fig. 3B). As expected, at
24, EV-D68 antigen was seen in neuron clusters closest to the microgrooves (Fig. 3B).
Over 48 and 72 hpi, the number of EV-D68-positive cells increased (Fig. 3B). In addition,
the location of EV-D68-infected motor neurons appeared significantly further from the
microgrooves over time, which could indicate viral spread between neurons in the
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FIG 1 Retrograde axonal transport of EV-D68 in the mouse spinal cord. Mice were coinjected with 10%
fluoro-ruby and 1,000 TCID50 of EV-D68 IL/14-18952 on postnatal day 2 (P2) of life into either the right triceps
(A), left triceps (B), right hamstring (C), or left hamstring (D) muscle and examined for staining of EV-D68 capsid
protein VP2 (arrows) before the onset of paralysis on day postinfection (dpi) 2 or 3. The first detectable EV-D68
antigen appeared in motor neurons in the spinal cord (SC) anterior horns corresponding to the injected muscle,
as indicated by the presence of fluoro-ruby tracer dye in the right cervical spinal cord anterior horn (A), left cervical
spinal cord anterior horn (B), right lumbar spinal cord anterior horn (C), and left lumbar spinal cord anterior horn (D).
(E) A mouse injected with 1,000 TCID50 EV-D68 IL/14-18952 and 10% fluoro-ruby into the right triceps muscle on P2
began showing signs of moderate paralysis on dpi 3. Images from the cervical spinal cord anterior horn show the
death and loss of the fluoro-ruby-expressing neurons and spread of EV-D68 to the surrounding neurons.
Bars � 100 �m for the �200-magnification image and 50 �m for the �400-magnification images.
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FIG 2 Human iPSC motor neurons cultured in microfluidic chambers. (A) Human induced pluripotent
stem cell (iPSC)-derived motor neurons expressed the neuron axon marker neurofilament (NF), the motor
neuron protein choline acetyltransferase (ChAT), and neuron dendrite microtubule marker microtubule-
associated protein 2 (MAP2). (B) A microfluidic chamber, with a penny used for scale. (C) Schematic of a
microfluidic chamber showing each component of the chamber. iPSC motor neurons, drawn as magenta
cells with blue nuclei, are shown growing within the main channel of the somal side and extending their
axons through 450-�m-long microgrooves to the axonal side main channel. A hydrostatic gradient can
be applied to one side of the channel to prevent the flow of fluid from one side to the other. Here the
gradient is depicted as 180 �l on the somal side and 130 �l on the axonal side. (D) An extended focal
imaging (EFI) scan of the somal side of a microfluidic chamber containing iPSC motor neurons stained
for NF and nuclei. The location of the microgrooves is indicated by the dashed line. The location of the
back of the main channel is indicated by the solid line. The width of the somal main channel is
�2,000 �m. Neurons clustered at regular intervals from the microgrooves. Neurons in clusters closest to
the microgrooves extended their axons across the microgrooves (examples are shown with white
arrows). (E) Zooming in on the iPSC motor neurons growing across the microgrooves from the somal side
to the axonal side shows that only NF-positive axons cross the microgrooves, while MAP2� dendrites
surround the nuclei. Bars � 200 �m for �100-magnification images and 20 �m for �600-magnification
images.
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FIG 3 Retrograde axonal transport of EV-D68 in human iPSC motor neurons. (A) iPSC motor neuron axons
on the axonal side of the microfluidic chambers were infected with 1 � 105 TCID50 of EV-D68 IL/14-18952
for 1 h and then thoroughly rinsed. Chambers (n � 3 per time point) were collected a 1, 24, 48, and 72 h
postinfection (hpi) and evaluated for viral growth by TCID50 assay. (B) Additional chambers (n � 1 per
time point) were infected on the axonal side as described in the legend to panel A and evaluated for the
number of infected neurons and their distance from the microgrooves at 1, 24, 48, and 72 hpi by
immunohistochemistry (IHC). No infected neurons were detected at 1 hpi. The number of EV-D68-
infected neurons per chamber increased from 24 hpi to 48 hpi and from 48 hpi to 72 hpi, with infected
neurons appearing further from the microgrooves over time. (C) Example images of iPSC motor neurons
at 48 hpi showing EV-D68 VP2 antigen within their cell bodies and dendrites following axonal infection.
(D) Chambers with iPSC motor neuron axons intact (n � 3), axons severed by axotomy (n � 3), and
chambers in which motor neurons were grown in such a way to prevent axons from crossing the
microgrooves (n � 3) were infected on the axonal side described for panel A and then evaluated for viral
growth at 72 hpi. A significant reduction in viral growth was seen in severed axons and under no-axon
conditions compared to that for the control with axons, as evaluated by one-way ANOVA followed by
Tukey’s multiple-comparison test. hiPSC, human iPSC. (E) Phase-contrast images of iPSC motor neurons
from chambers pre- and postaxotomy (right images) demonstrate that axotomy did not affect the somal
side of the chamber (left images). Black arrows indicate that a few small strands of axon did remain close
to the microgrooves after axotomy. (F) Chambers with iPSC motor neurons were treated with the

(Continued on next page)
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chamber over time or asynchronous rates of transport to neurons at various distances
from the microgrooves (Fig. 3B). An example of a motor neuron cluster with EV-D68-
positive motor neurons at 48 hpi is shown in Fig. 3C. EV-D68 antigen staining was
localized to the soma and dendrites (Fig. 3C). A cytopathic effect (CPE) was not
observed in any chambers over this time period.

Next, we tested whether axons were necessary for the development of infection in
the somal compartment. An axotomy was performed on the axonal side of the chamber
prior to infection, resulting in the severing of the majority of axons in the axonal
compartment (Fig. 3D and E) (22, 23). The axonal side was then infected with virus, and
at 72 hpi the somal side was collected for determination of the viral titer (Fig. 3D).
Chambers with severed axons had significantly reduced viral titer compared to the
controls, with the viral titer being at or below the limit of detection (Fig. 3D). Additional
chambers were cultured without Matrigel, and a steep hydrostatic gradient was applied
to the chambers during the maturation process (axonal greater than somal). Culturing
in this manner prevented axon extension into the axonal side. Virus was applied to the
empty axonal side and rinsed after 1 h. After 72 hpi, the somal side was collected for
determination of the viral titer. The viral titer was below the limit of detection in all of
these chambers (Fig. 3D). Axotomy successfully disrupted the axons of the axonal side
but did not affect those on the somal side (Fig. 3E).

Disrupting microtubules has been shown to reduce the axonal transport of other
neuroinvasive enteroviruses (16, 25). To test the hypothesis that microtubules are
necessary for the retrograde transport of EV-D68, motor neuron axons were exposed to
33 �M nocodazole, a reversible microtubule-depolymerizing drug, for 6 h, starting at
1 h prior to EV-D68 infection (26–28). Nocodazole treatment significantly reduced viral
transport in the somal side at 24 hpi compared to that for the controls, as indicated by
reduced viral growth (Fig. 3F). These results indicate that microtubules are necessary for
axonal transport to the somal side.

Previous studies have shown that 33 �M nocodazole does not affect enterovirus
binding, uptake, or RNA release in nonneuronal cells (28). In our experimental system,
delaying 33 �M nocodazole treatment until 30 min after the start of EV-D68 infection,
by which time EV-D68 should have bound cells and have been taken up by endocytosis,
also significantly reduced viral transport to the somal side, as indicated by viral growth,
compared to that for the controls by 24 hpi (Fig. 3F). These results indicate that
nocodazole treatment did not affect viral binding and entry in neurons (28). While
nocodazole treatment caused varicosities and axonal thinning, it did not result in
elimination of the axons on the axonal side, and it had no apparent effect on axons or
motor neurons in the somal side through the end of the experimental time course at
24 hpi (Fig. 3G).

Absence of anterograde transport of EV-D68 in iPSC motor neurons. To deter-
mine if EV-D68 could be trafficked by anterograde transport in iPSC motor neurons,
rhabdomyosarcoma (RD) detector cells were seeded in the axonal side of the chamber
on the day before infection (24). RD cells are highly susceptible to EV-D68 infection and
would be able to replicate virus transported and released in the anterograde direction
from the neuron axons, as has been similarly demonstrated in anterograde transport
studies with alphaherpesviruses using PK15 detector cells (24). The hydrostatic gradient
was established on the axonal side (axonal �� somal), and the somal side was infected

FIG 3 Legend (Continued)
reversible microtubule toxin nocodazole (noco) (n � 3) or the DMSO control (n � 4) on the axonal side
for 1 h prior to infection, during axonal infection, and for 4 h after infection (6 h total). For one group,
nocodazole treatment was delayed until 30 min after the start of viral infection (n � 3). A significant
reduction in viral titer was seen in the somal side at 24 hpi, as evaluated by one-way ANOVA followed
by Tukey’s multiple-comparison test. (G) Phase-contrast images of iPSC motor neuron chambers at the
end of the 6-h nocodazole treatment and at 24 hpi demonstrate that axons remained in the axonal side
(right images) after treatment but showed some thinning and varicosities. Nocodazole did not affect the
somal side of the chambers (left images). Bars � 50 �m for the �400-magnification images and 20 �m
for the �600-magnification images. LoD, limit of detection.
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with EV-D68 (IL/14-18952). After 1 h, virus was rinsed from the somal side and replaced
with normal medium. At 1, 24, 48, and 72 hpi, chambers were collected for viral antigen
staining in the somal and axonal sides (Fig. 4A). EV-D68 could be detected in neurons
on the somal side at 24 hpi (Fig. 4A). By 48 and 72 hpi, EV-D68 antigen could be found
in the majority of neurons within the somal side, including the neurons adjacent to the
microgrooves (Fig. 4A). By 72 hpi, neurons on the somal side appeared ragged and had
reduced adherence to the chambers during immunostaining compared to that at
earlier time points, indicating the start of cell death processes. However, the axonal side
RD cells remained healthy and failed to show any signs of a CPE or EV-D68 antigen at
any time point (Fig. 4A).

To determine the minimum threshold of sensitivity of the detector cells under the
conditions of the chamber, RD cells were cultured in Matrigel and iPSC motor neuron
medium with 1% fetal bovine serum (FBS) and were continuously exposed to a multiplicity

FIG 4 Absence of anterograde transport of EV-D68 in motor neurons. (A) Microfluidic chambers containing
iPSC motor neurons were infected on the somal side with 1 � 105 TCID50 of EV-D68 IL/14-18952 for 1 h and
then thoroughly rinsed. They were then examined for EV-D68 VP2 antigen (green), neurofilament (NF;
magenta), and nuclei (blue) in the somal (left) and axonal (right) sides at 1, 24, 48, and 72 h postinfection (hpi).
Examples of iPSC motor neuron clusters adjacent to the microfluidic chamber microgrooves (dashed lines)
that stained positive for EV-D68 are indicated by white arrows. No EV-D68 antigen was seen in any part of the
axonal side at any time point postinfection. (B) Representative images of RD cells infected with EV-D68
IL/14-18952 at an MOI of 0.01 and then examined for EV-D68 VP2 (green, white arrows) and nuclei (blue) at
48 hpi. Images represent the results from three experimental replicates. Note that the neurofilament antibody
also produced some staining of the RD cell intermediate filaments. Bars � 100 �m.
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of infection (MOI) of 0.01 or an MOI of 0.001 for 48 h. EV-D68 antigen could be readily
found in cells infected with an MOI of 0.01 (Fig. 4B) but not those infected with an MOI
of 0.001 (data not shown). Given the evidence of robust viral growth by 24 hpi in the
motor neurons (Fig. 3A) and the presence of EV-D68 antigen in motor neuron soma by
24 hpi (Fig. 4A), these data indicate that this experimental system should be able to
detect RD cell infection following anterograde transport if neurons had released virus
at or above a level equivalent to an MOI of 0.01 (50% tissue culture infective dose
[TCID50], �100) by 72 hpi. These data indicate that EV-D68 is either not trafficked by
anterograde transport in these iPSC motor neurons or trafficked at levels below the
limit of detection of this experimental setup.

Contemporary EV-D68 strains do not require sialic acid for infection and
axonal transport in iPSC motor neurons. The motor neuron receptor for EV-D68 has
yet to be identified. Several previous studies have shown that EV-D68 can bind
sialyated glycans, which assist in EV-D68 receptor binding and uncoating (20, 29).
However, these studies have also identified sialic acid-independent EV-D68 strains
which are capable of binding to sialic acid but do not require it for infection (20, 21).
To determine whether EV-D68 requires sialic acid for infection at the level of the iPSC
motor neuron axons, we treated axons with neuraminidase (NA), which enzymatically
cleaves sialic acid, prior to infection with several different strains of EV-D68, including
three contemporary clade B strains from the 2014 EV-D68 outbreak, IL/14-18952 (IL/52),
MO/14-18947 (MO/47), and CA/14-4231 (4231). We also tested one clade A strain,
USA/N0051U5/2012 (US/TN), which was isolated before the 2014 outbreak, and historic
EV-D68 strains Fermon and Rhyne (19). All of the EV-D68 strains tested appeared to be
capable of infection and retrograde transport in the human iPSC motor neurons under
control conditions (Fig. 5A to F). We found that retrograde axonal transport and
infection by IL/52 (Fig. 5A), MO/47 (Fig. 5B), or 4231 (Fig. 5C) were not reduced by NA
treatment. In contrast, NA treatment significantly reduced infection by Fermon (Fig. 5D)
and Rhyne (Fig. 5E). Even under control conditions, US/TN had a limited ability to infect
iPSC motor neurons compared to the other strains, with viral growth in the somal side
being near or below the limit of detection (Fig. 5F). After NA treatment, all data points
for US/TN were below the limit of detection, although the results for these NA
treatment groups were not statistically significantly different from those for the con-
trols. These data support differential receptor utilization between the historic and
contemporary EV-D68 strains (19). Contemporary clade B strains (IL/52, MO/47, 4231)
can infect and bind to neurons independently of sialic acid, while the clade A strain
(US/TN) and prototype strains (Fermon, Rhyne) are sialic acid dependent.

ICAM-5 distribution and expression do not localize to sites of EV-D68 infection.
So far, intracellular adhesion molecule 5 (ICAM-5)/telencephalin is the only CNS protein
receptor candidate that has been identified for EV-D68 (21). In vivo ICAM-5 expression
is strictly localized to the neuronal dendrites and cell bodies within the cerebral cortex
and olfactory bulbs or telencephalon (30–33). To confirm this pattern of in vivo expression,
we obtained human brain and spinal cord samples for Western blot analysis. Both adult
and pediatric cortical tissue showed strong protein expression for ICAM-5 at a size of
approximately 130 kDa (Fig. 6A). In contrast, pediatric cervical spinal cord tissue showed
a complete absence of ICAM-5 protein expression (Fig. 6A). These data fail to support
a pattern of ICAM-5 expression that would suggest it to be an important receptor for
EV-D68 within the human spinal cord.

We next investigated ICAM-5 RNA and protein expression in the in vivo mouse
model of EV-D68 infection (Fig. 6B and C). In postnatal day 2 (P2; the typical day of i.m.
and i.c. infection) mice, we detected very low levels of ICAM-5 RNA in the brain and
spinal cord compared to the levels seen in the adult mouse cortex (the positive control)
(Fig. 6B). Previous studies have shown that ICAM-5 may be an important signaling
molecule for immune cell regulation during viral CNS infection; therefore, we also
examined ICAM-5 expression at 6 days postinfection (dpi) i.m. with EV-D68 strain
IL/14-18952 or mock-infected controls (34, 35). ICAM-5 RNA expression was slightly
higher in both infected and mock-infected mouse brains than in the P2 mouse brains;
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however, ICAM-5 RNA expression was still �5-fold lower than that in the adult mouse
cortex (Fig. 6B). ICAM-5 expression did not differ significantly between infected mice
and uninfected controls in either the brain or the spinal cord, indicating that the increase
of ICAM-5 in these animals was due to normal developmental expression. The ICAM-5
protein was not expressed in the P2 mouse brain and was expressed at low levels in
both uninfected and EV-D68-infected mice by dpi 6 compared to the level in the cortex
of the adult controls at a size of approximately 130 kDa (Fig. 6C). The ICAM-5 protein
was not detected in the spinal cord of any mouse examined (Fig. 6C). ICAM-5 was also
not detected in mouse muscle by PCR or Western blotting at P2 or in dpi 6 controls and
infected mice (data not shown). These data suggest that ICAM-5 is unlikely to play a role
in EV-D68 infection of mouse motor neurons in vivo following i.m. or i.c. infection at P2,
as its developmental distribution and expression do not correlate with the known local-
ization of viral growth and cellular injury.

To investigate whether ICAM5 plays a role in EV-D68 infection of motor neurons in
vitro, we next performed Western blot assays for ICAM-5 on whole iPSC motor neuron
lysates. HeLa and RD cell positive-control lysates had strong protein expression of a

FIG 5 Characterization of sialic acid-mediated infection in iPSC motor neurons. Microfluidic chambers
(n � 2 to 3 per experimental condition) containing iPSC motor neurons were treated with 100 mU/ml of
neuraminidase on the axonal side for 1 h, followed by infection for 1 h with 1 � 105 TCID50 of EV-D68
IL/14-18952 (IL/52) (A), MO/14-18947 (MO/47) (B), CA/14-4231 (4231) (C), Fermon (D), Rhyne (E), or
USA/N0051U5/2012 (US/TN) (F). Differences between the controls and the neuraminidase-treated groups
were evaluated by Welch’s t test. ns, not significant.
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160-kDa isoform of ICAM-5, while low levels of two ICAM-5 isoforms (sizes of approx-
imately 160 kDa and 130 kDa) were seen in motor neuron lysates (Fig. 6D). RD cells
stained for ICAM-5 showed expression of ICAM5 throughout their cell surfaces and
nuclei (Fig. 6E). In contrast, immunohistochemistry (IHC) demonstrated that ICAM-5 was
limited to faint punctate staining around the iPSC motor neuron soma and dendrites
(Fig. 6F) but was not expressed on the iPSC motor neuron axons (Fig. 6G). These data
correlate with the known expression of ICAM-5 as a somatodendritic, but not axonal,
adhesion molecule (30, 33). Due to a lack of expression on the axon, ICAM-5 is unlikely

FIG 6 Characterization of ICAM-5 expression in humans, mice, and motor neurons. (A) ICAM-5 expression
by Western blotting (WB) in the human adult temporal cortex (adult brain) compared to expression in
the pediatric (Ped) frontal cortex (Ped brain) and cervical spinal cord (Ped SC) from a 3-year-old human
child. ICAM-5 was not detected in the pediatric cervical spinal cord. All samples contained 10 �g of total
protein. (B) Neonatal mice were evaluated for ICAM-5 RNA expression normalized to �-actin expression
by RT-qPCR on P2 (the standard age of injection; n � 3) as well as on dpi 6 following i.m. injection of
1,000 TCID50 of EV-D68 IL/14-18952 (n � 3) or the control used for mock injection (n � 3). Cortical tissue
from 8-week-old mice (n � 4) was used as a positive control. There was no significant difference between
ICAM-5 RNA expression on day postinfection 6 for the control and EV-D68-injected mouse brains
(P � 0.5386), as evaluated by one-way ANOVA between all groups followed by Tukey’s multiple-
comparison test. (C) ICAM-5 expression by Western blotting mirrored the findings of RT-qPCR in the adult
mouse cortex (n � 4) as well as P2 (n � 3), dpi 6 infected (n � 3), and dpi 6 control (cont; n � 3) brains
and spinal cords. All samples contained 20 �g of total protein. (D) ICAM-5 protein expression in RD and
HeLa cells and iPSC motor neurons (MN) by Western blotting. All samples contained 20 �g of total
protein. (E) The strong ICAM-5 protein expression seen in RD cells was confirmed by immunohistochem-
istry (IHC). (F and G) Faint, punctate ICAM-5 staining was observed in the iPSC motor neuron soma and
dendrites (F) by IHC but not in the axons (G). Images represent results from three experimental replicates.
Bars � 20 �m.
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to play a role in axonal infection and retrograde transport for sialic acid-independent
EV-D68 strains, as only axons cross the microgrooves, as previously shown in Fig. 2E.

DISCUSSION

Here we used in vivo and in vitro models to investigate neuroinvasion by EV-D68. We
found that retrograde axonal transport is a major mechanism of EV-D68 CNS infection.
In vivo and in vitro, paralytic EV-D68 strain IL/14-18952 is taken up by motor neuron
axons and then travels along the axon microtubules to the soma. In mice, viral antigen
appears in the anterior horn of the spinal cord within 48 h of i.m. infection. To do this,
virus must first replicate in the muscle, be taken up by the motor neuron, be trans-
ported within the innervating axon, and replicate within the neuron. The speed of this
process is more consistent with fast retrograde axonal transport (200 to 400 mm/day)
than slow axonal transport (0.1 to 8 mm/day) (36). In the microfluidic chambers, virus
must travel at least 450 �m through the microgrooves to get to the neuron soma. The
detection of �104 TCID50/ml of viral growth within 24 h of axonal infection and
transport is, again, more consistent with high rather than low rates of axonal transport.
Drug treatment with the microtubule toxin nocodazole significantly reduced the
amount of virus transported to the soma, further supporting the utilization of a known
mechanism of retrograde transport along microtubules by EV-D68 virions.

We found no evidence for the anterograde transport and release of EV-D68 from
axons following infection and replication in the soma of iPSC motor neurons. To
examine this, we used an experimental setup similar to that utilized to study antero-
grade transport of pseudorabies virus strains from neurons to detector cells within 24 h
postinfection (24). Fast retrograde transport requires the molecular motor dynein,
which always moves cargo toward the nucleus of the cell (37). Fast anterograde transport
utilizes the motor protein kinesin, which always transports cargo away from the nucleus
(37). These data suggest that EV-D68 may preferentially bind to retrograde motor
proteins, as has been described with poliovirus and the dynein light chain protein
Tctex-1 (38). However, as we investigated only one type of neuron in these studies, we
cannot rule out the possibility of multidirectional transport of EV-D68 in other types of
neurons.

The preference for retrograde rather than anterograde transport fits with previous
observations in our mouse model. During development of the mouse model, we found
that paralytogenic EV-D68 strains MO/14-18947 and IL/14-18952 produce disease in
mice at a higher frequency following i.m. infection than following i.c. infection, depen-
dent on the viral strain and the titer of the injected inoculum (17, 18). These observa-
tions are in contrast to those with other neurotropic viruses, such as reovirus and West
Nile virus, in which disease is more easily produced by direct CNS infection rather than
peripheral infection (39, 40). These differences between viruses may be explained by a
combination of tissue tropism and neuroanatomy. EV-D68 appears to have strong in
vivo tropism for motor neurons, as opposed to neurons in general. Human AFM patients
present with inflammation and the loss of motor neurons in the brain stem and spinal cord
but do not show signs of generalized encephalitis (7, 10). Consistent with this obser-
vation, studies with mouse models developed by several independent research groups
have shown that infection by contemporary EV-D68 strains results in minimal replica-
tion within the brains of infected animals but robust replication in spinal cord and
muscle tissue (17, 41, 42). In addition, motor pathways from the upper motor neurons
of the brain to the lower motor neurons are anterograde connections. The nature of
these neuroanatomical pathways suggests that EV-D68 injected within the brain would
spread less efficiently due to its preference for retrograde transport. Other possible
indirect pathways to the spinal cord motor neurons include transport via anterograde
sensory and cerebellar connections or retrograde transport into the spinal cord from
muscle infection following viremia.

We have previously shown that the pattern of limb paralysis following i.m. injection
into the left hind limb is highly stereotyped, beginning in the injected limb followed by
the contralateral hind limb and then the ipsilateral forelimb (17, 18). The spinal cord
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contains complex, hierarchical networks of neurons and interneurons that participate in
the production of patterned limb movement (43). The observations in the mouse
model could be consistent with rapid neural spread between these networks of spinal
cord neurons through either the release of virions by cell lysis or active transport
between neurons. In the microfluidic chambers, viruses also appear to spread to
increasing numbers of iPSC motor neurons further distances from the microgrooves
following axonal infection. Further studies need to be performed to determine the
exact pathways and mechanisms of EV-D68 spread between neurons in vivo and in
vitro. Of note, while neurons undergo rapid death in vivo within 3 days following i.m.
inoculation, a cytopathic effect was not observed in the iPSC motor neuron cultures
following retrograde axonal transport. It is unclear why the iPSC cultures exhibited less
cell death, but resistance to virus-induced cell death has been noted in other studies
using neuron cultures (44–46). It is possible that the iPSCs expressed more inhibitors of
apoptosis (45) or that the iPSCs expressed lower levels of an EV-D68 receptor(s) than in
vivo motor neurons (46). Another possibility is that components of the innate immune
response, such as microglia, which are not present in vitro, contribute to neuron cell
death in vivo.

The microfluidic chamber model also allowed us to investigate putative motor
neuron receptor candidates involved in neuronal infection and spread. Clade B strains
were the most widely circulating strains detected during the 2014 EV-D68 outbreak
(47). Clade B lineage strains, particularly clade B1, have been the EV-D68 strains most
frequently isolated from AFM patients (48, 49). Recent work has shown that neuron-like
SH-SY5Y cells are susceptible to infection by contemporary circulating EV-D68 strains
from the 2014 outbreak, including those from clade B (IL/14-18952, MO/14-18947,
CA/14-4231), but not older stains (Fermon, Rhyne) or the 2012 clade A strain US/TN (19).
The susceptibility of SH-SY5Y cells to these contemporary circulating strains but not to
the other strains correlated with receptor binding efficiency, as examined by virus
binding assays (19).

Two uncoating receptors have been identified for EV-D68, sialic acid and ICAM-5 (20,
21, 29). These studies have shown that some strains of EV-D68 require the cell surface
expression of specific forms of sialic acid for infection, while other strains infect in a
sialic acid-independent manner (20, 21, 29). ICAM-5 expression is limited to dendrites
of the telencephalon, a location in which EV-D68 infection is never seen in humans or
in animal models, yet transfection of this protein in unsusceptible cell lines confers
susceptibility to EV-D68 infection (21). Even when ICAM-5 is expressed, older EV-D68
strains (Fermon) still require the presence of sialic acid on ICAM-5 for infection (21). We
first explored the role of sialic acid in axonal infection. In contrast to SH-SY5Y cells,
human motor neurons were universally susceptible to infection, retrograde axonal
transport, and viral growth by all of the EV-D68 strains tested. However, cleavage of
sialic acid completely inhibited axonal infection and viral growth by the older EV-D68
strains (Fermon, Rhyne) and US/TN, whereas it had no effect on infection by the
contemporary circulating strains. These groupings corresponded to the susceptibility to
infection and receptor binding described in the previous experiments with SH-SY5Y
cells (19). Examination of the SH-SY5Y transcriptome by RNA sequencing (RNA-seq)
showed that the SH-SY5Y cells used in these experiments had no detectable transcrip-
tion of sialic acid linkage enzymes ST3GAL4 and ST6GAL1 (D. M. Brown, personal
communication) (19). It has been found that double knockout of these enzymes
significantly reduces sialic acid-dependent EV-D68 infection (20). These data indicate
that the differences in receptor binding and infection found between contemporary
and older EV-D68 strains in the SH-SY5Y cell experiments could be explained by a lack
of these specific linkages of sialic acid on the surface of these cells. These findings
further support a model of altered tropism in contemporary EV-D68 strains compared
to older strains. In neurons and neuron-like cells, infection by contemporary EV-D68
strains from the 2014 outbreak appears to be sialic acid independent.

Our ICAM-5 studies suggest that ICAM-5 cannot be the receptor utilized by EV-D68
in human children, mice, or motor neuron axons. Furthermore, ICAM-5 transcription
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was not detected in SH-SY5Y cells, as indicated by RNA-seq (D. M. Brown, personal
communication) (19). One limitation to these studies is that they were only observa-
tional, as tools to specifically block the binding site of EV-D68 on ICAM-5, such as a
monoclonal antibody, are not currently available, to our knowledge. Nevertheless, the
identification of ICAM-5 may prove to be an important step in the discovery of additional
EV-D68 neuronal receptors. Recent attempts to cocrystallize EV-D68 bound to ICAM-5 have
been unsuccessful, consistent with a very low binding affinity of EV-D68 to ICAM-5 (50).
ICAM-5 is a member of the immunoglobulin superfamily of proteins, and the majority
of enteroviruses utilize this family of protein receptors for infection in various tissues
(51). EV-D68-targeted tissues may contain immunoglobulin family proteins with moi-
eties similar to ICAM-5 that serve as binding partners to EV-D68, and identification of
these moieties could be used to screen for additional receptor candidates.

MATERIALS AND METHODS
Cell lines. Rhabdomyosarcoma (RD) and HeLa cells were obtained from ATCC and maintained in

vapor-phase liquid nitrogen until use. RD and HeLa cells were cultured in high-glucose Dulbecco’s
modified Eagle medium (DMEM) with L-glutamine and sodium pyruvate (catalog number 6429; Sigma-
Aldrich) with 10% FBS. iCell motor neurons (catalog number R1051), a line of fully differentiated human-
induced pluripotent spinal motor neurons, were obtained from Fujifilm Cellular Dynamics (Madison, WI) and
stored and cultured according to the manufacturer’s protocols.

Viral stocks and titers. EV-D68 strains IL/14-18952 (clade B2, GenBank accession no. KM851230) and
MO/14-18947 (clade B1, GenBank accession no. KM851225) were obtained from ATCC; strains Fermon
(prototype strain, GenBank accession no. KU844179), Rhyne (prototype strain, GenBank accession no.
KU844178), and CA/14-4231 (clade B2, GenBank accession no. KU844181) were obtained from Shigeo
Yagi at the California Department of Public Health; and strain USA/N0051U5/2012 (clade A, GenBank
accession no. KT347280) was obtained from Tina Hartert at Vanderbilt University (19). Viral stocks were
inoculated onto flasks containing �80% confluent RD cells and grown at 33°C until the cells were dead
or dying. The cells were then lysed by three freeze-thaw cycles. Cell lysates were spun at 141,000 � g in
an ultracentrifuge using a Beckman Coulter SW41 Ti rotor for 30 min at room temperature to remove cell
debris. Virus was then pelleted from the supernatant through a 20% sucrose cushion at 141,000 � g in
the ultracentrifuge using a Beckman Coulter SW28 rotor overnight (14 to 16 h) at room temperature. Viral
pellets were resuspended in sterile phosphate-buffered saline (PBS) and stored at �80°C.

Viral titers were determined using a standard 50% tissue culture infective dose (TCID50) assay in RD
cells in 96-well plates. Tenfold dilutions were made using standard DMEM with 100 U/ml penicillin-
streptomycin. Assay plates were incubated at 33°C for 2 weeks, and then the viral titer (in numbers of
TCID50 per milliliter) was determined by the Kärber method.

Human tissue. Deidentified, postmortem human pediatric frontal cortex and cervical spinal cord
tissues were obtained with permission from the Children’s Hospital Colorado Pathology Department. The
tissue was acquired from the autopsy of a 3-year-old male child who died due to a brain tumor.
Deidentified human adult temporal cortical tissue was obtained with permission from the University of
Colorado Denver Central Nervous System Biorepository under a study use agreement (COMIRB 13-3007).
This tissue was collected from an adult patient undergoing surgical resection for temporal lobe epilepsy.
All tissue was stored at �80°C.

Mouse experiments. All mice were maintained in an Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC)-accredited animal facility at the University of Colorado. Untimed
pregnant C57BL/6 females were ordered from Envigo and maintained in a standard animal facility prior
to the birth of the pups. Additional C57BL/6 pups were produced by pair breeding within the animal
facility. All experiments were approved by the Institutional Animal Care and Use Committee (IACUC)
under protocol number B-34716 (03) 1E. Animals were anaesthetized with inhaled isoflurane until they
were areflexic prior to endpoint tissue collection.

Mouse injections. Pups were injected on postnatal day 2 (P2) of life. Pups received 1,000 TCID50 of
viral stock in PBS or PBS alone as a control by intramuscular (i.m.) injection via tuberculin syringe (10-�l
total volume). For viral retrograde tracer experiments, pups (n � 6 to 8 per litter) received 1,000 TCID50

virus plus 10% 10,000-molecular-weight (MW) tetramethylrhodamine-dextran fluoro-ruby (catalog num-
ber D1817; Thermo Fisher) in 10 �l of PBS. The pups were monitored daily for signs of paralysis. Paralysis
was scored using a motor impairment score as previously described (18). Briefly, pups were placed on a
flat surface and observed for limb movements. Each limb was then scored, with a score of 0 indicating
no impairment, a score of 1 indicating slight impairment, a score of 2 indicating moderate impairment,
and a score of 3 indicating severe impairment. The final score was calculated by summing the score for
each limb. Pups that failed to gain weight or appeared lethargic were euthanized.

Microfluidic chambers. Sterilized Xona microfluidic chambers (catalog number RD450) were ad-
hered to poly-D-lysine (PDL)-treated 50-mm Ibidi �-dishes (catalog number 81136) according to the
manufacturer’s instructions. A 2% Matrigel (catalog number 356234; Corning) solution was added to one
side of the microfluidic chamber and allowed to completely coat the microgrooves at 37°C overnight. On
the next day, the other side of the chamber was coated with 2% Matrigel at 37°C for 1 h. The Matrigel
was removed, and motor neuron medium was added to the chambers. The motor neurons were thawed
and reconstituted in motor neuron medium according to the manufacturer’s protocol. In order to achieve
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a density suitable for plating within the microfluidic chambers, the motor neurons were pelleted by
centrifugation at 300 � g for 20 min and resuspended in approximately 0.5 ml of medium. The motor
neurons were added to the somal side at a density of 50,000 cells per chamber. The motor neurons were
allowed to settle within the main channel for 30 min at room temperature, and then up to 130 �l motor
neuron medium was added to the somal side. The axonal side was kept at a higher volume than the
somal side for 72 h to prevent the motor neurons from flowing into the microgrooves prior to adherence,
after which the volumes between the somal and axonal sides of the chamber were kept equal. The
medium was changed at 24 h after plating and then changed every 48 to 72 h. Neurons were allowed
to mature and extend their axons across the microgrooves for 2 weeks (days in vitro [DIV] 13 to 15) prior
to experimental use.

For all axonal infection experiments, the somal side of the chamber was hydrostatically isolated with
180 �l of medium (somal greater than axonal). Virus was added to the axonal side at 1 � 105 TCID50 in
130 �l of medium. Virus was incubated on the axons for 1 h at 37°C. Virus was then aspirated from the
loading wells, and the main channel was rinsed with 65 �l of PBS through each loading well three times,
for a total of six rinses of the axon main channel. After rinsing, 130 �l of normal motor neuron medium
was replaced on the axonal side.

For axotomy, medium was aspirated from the loading wells until a bubble of air was passed through
the axon main channel (22). The procedure was repeated three times or until the majority of axons were
severed.

For nocodazole treatment, the somal side was hydrostatically isolated and 33 �M nocodazole (or the
dimethyl sulfoxide [DMSO] control) in 130 �l motor neuron medium was added to the axonal side for 1 h
at 37°C. The pretreatment was aspirated, and 1 � 105 TCID50 virus with 33 �M nocodazole in 130 �l was
added to the axonal side for 1 h. Virus was then rinsed six times with PBS containing 33 �M nocodazole,
and 130 �l of medium containing 33 �M nocodazole was added for 4 h at 37°C, for a total of 6 h of
nocodazole treatment. Nocodazole was aspirated, and the axonal side was rinsed six times with PBS and
allowed to recover in motor neuron medium for the duration of the experiment. For delayed nocodazole
treatment, 1 � 105 TCID50 of virus was added to the axonal side for 30 min and then replaced with
1 � 105 TCID50 of virus and 33 �l nocodazole for 30 min. Virus was then rinsed six times with PBS
containing 33 �M nocodazole, and 130 �l of medium containing 33 �M nocodazole was added for 5.5 h
at 37°C, for a total of 6 h of nocodazole treatment. Nocodazole was aspirated, and the axonal side was
rinsed six times with PBS and allowed to recover in motor neuron medium for the duration of the
experiment.

For anterograde transport, RD cells in motor neuron medium supplemented with 1% FBS were added
to the axonal side on the day before infection at a density of 5,000 cells per chamber (24). The axonal
side was hydrostatically isolated with 180 �l of motor neuron medium with 1% FBS (axonal greater than
somal). Virus was added to the somal side at 1 � 105 TCID50 in 130 �l for 1 h at 37°C. Virus was removed
from the loading wells, and the main channel was gently rinsed with 65 �l of PBS through each loading
well three times, for a total of six rinses. After rinsing, 130 �l of normal motor neuron medium was
replaced on the somal side.

For neuraminidase (catalog number 2876; Sigma-Aldrich) treatment, the somal side was hydrostat-
ically isolated and 100 mU/ml neuraminidase in motor neuron medium was added to the axonal side for
1 h at 37°C (29). The neuraminidase was then aspirated from the axonal side, and the main channel was
rinsed once with PBS, prior to virus infection as described above (29).

Fluorescent IHC. Neonatal mouse spinal cords were fixed in periodate-lysine-paraformaldehyde
(PLP) fixative overnight at 4°C (17). The spinal cords were dehydrated in 30% sucrose–PBS until they were
saturated. The tissue was then conditioned to the freezing medium by incubating it in 1:1 20%
sucrose–PBS and OCT overnight at 4°C. The spinal cords were sectioned into cervical, thoracic, and
lumbar regions, positioned within an embedding mold containing OCT, and flash frozen in liquid
nitrogen. Spinal cord sections were cut on a �20°C Leica cryostat at 20 �m per slice in a continuous
series. The slides were dried overnight and then stored at �20°C until staining. For staining, slides were
warmed to room temperature and rehydrated in PBS. Tissue sections were permeabilized in 0.3% Triton
X-100 in PBS (PBSX) for 30 min and then blocked in 5% normal serum in PBSX for 1 h. Tissue was
incubated in primary antibodies overnight at 4°C. After three rinses in PBS, the slides were then
incubated in secondary antibody in blocking solution (PBSX and 5% normal serum) for 1 h at room
temperature. The slides were washed in PBS three times and rinsed with water, and then a coverslip was
placed with Prolong Diamond antifade mountant (catalog number P36965; Invitrogen).

For microfluidic chambers, all immunohistochemistry (IHC) steps were performed within the cham-
bers. RD cells were cultured for staining in either 35-mm Ibidi culture dishes (catalog number 80136).
Cultures were rinsed once in ice-cold phosphate-buffered saline containing calcium and magnesium
(PBS�/�). The cells were fixed in PLP for 30 min on ice. The cells were rinsed three times in PBS�/� and
permeabilized for 5 min in 0.03% Triton-X in PBS�/�. The cells were rinsed three times in PBS�/� and
blocked in 5% normal serum in PBS�/� for 1 h at room temperature. The cells were then incubated in
primary antibodies in the blocking solution overnight at 4°C. Following primary incubation, the cells were
rinsed three times in PBS�/� and incubated with secondary antibodies in blocking solution for 1 h at
room temperature. Secondary antibodies were removed by rinsing three times in PBS�/�. Nuclei were
then stained by adding 10 ng/ml Hoechst 33342 stain (catalog number H3570; Invitrogen) in distilled
H2O. The Hoechst stain was removed by rinsing three times with PBS�/� and once with water. Stained
cultures were covered in mounting medium, and a coverslip was placed on top. Chambers were
maintained in sterile H2O following staining, and the culture dishes were wrapped in Parafilm to prevent
drying.
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The following primary antibodies were used: rabbit anti-EV-D68 VP2 (catalog number GTX132314;
GeneTex), rabbit anti-ChAT (catalog number ab178850; Abcam), chicken anti-NF (1:500; catalog number
CH22104; Neuromics), mouse anti-MAP2 (catalog number ab11267; Abcam), and rabbit anti-ICAM-5
(catalog number ab192415; Abcam). All of the following Alexa Fluor (Invitrogen) secondary antibodies
were used at a 1:1,000 concentration: goat anti-rabbit immunoglobulin-Alexa Fluor 488 (catalog number
A11034), goat anti-rabbit immunoglobulin-Alexa Fluor 647 (catalog number 27040), goat anti-mouse
immunoglobulin-Alexa Fluor 488 (catalog number 28175), goat anti-mouse immunoglobulin-Alexa Fluor
633 (catalog number 21052), and goat anti-chicken immunoglobulin-Alexa Fluor 568 (catalog number
11041).

All samples were imaged on an Olympus IX83 light microscope with cellSens imaging software.
Chambers stained, evaluated for the number of infected neurons, and the distance of the infected
neurons from the microgroove were imaged across the entire somal main channel as a single plane at
a magnification of �200. Neuron distance was measured linearly from the closest edge of the micro-
grooves to the center of the neuron nucleus using Olympus cellSens software. Immunofluorescent
images taken for publication were imaged as a z-series and processed using advanced maximum
likelihood constrained iterative deconvolution (52). In-focus planes were extracted and combined in a
maximum z-stack projection for the final image. Images were brightened linearly and equally in the Fiji
platform (53).

Western blotting. For neonatal mice, whole brains with olfactory bulbs, whole spinal cords, and
muscle tissue from the injected limb were dissected into Benchmark Bead Bug collection tubes (catalog
number 1032-30) and flash frozen in liquid nitrogen. For adult cortex samples, brains were removed from
8-week-old male C57BL/6 mice and bisected sagitally. The anterior frontal cortex and olfactory bulb were
dissected from each hemisphere and processed in the same manner as the neonatal samples.

Ice-cold radioimmunoprecipitation assay (RIPA) buffer (catalog number 89900; Thermo Fisher) con-
taining 1% Halt protease inhibitor cocktail (catalog number 78430; Thermo Fisher) was added into the
tissue collection tube at a ratio of 1:10 to the weight of the tissue sample. Samples were then
mechanically lysed using the Benchmark Bead Bug tissue homogenizer (catalog number 1030) for 45 s
at 2,800 vibrations per minute and then rocked on a tissue culture shaker for 30 min at 4°C.

Motor neurons were cultured for 2 weeks on 2% Matrigel in PDL-treated tissue culture dishes. Motor
neurons and RD and HeLa cell cultures were lysed with ice-cold RIPA buffer containing 1% Halt protease
inhibitor cocktail. The cells were scraped, and then the cell lysate was collected into centrifuge tubes and
rocked on a tissue culture shaker for 30 min at 4°C.

For all samples, the cell debris was pelleted by centrifugation at 20,800 � g at 4°C for 20 min. The
supernatant was collected, and the final protein concentration was determined using a bicinchoninic
acid (BCA) assay (catalog number 23225; Thermo Fisher). Samples were mixed with 4� Laemmli buffer
with �-mercaptoethanol (catalog number 1610747; Bio-Rad) and heated for 15 min at 65°C. Samples
were loaded into a 7.5% mini-Protean precast gel (catalog number 4561023; Bio-Rad) and run at 150 V
for 55 min in 1� Tris-glycine-SDS buffer (catalog number 1610732; Bio-Rad). The proteins were trans-
ferred onto polyvinylidene difluoride (PVDF) blots and blocked with 5% dry milk powder in 1%
Tris-buffered saline–Tween 20 (TBST) for 2 h. After blocking, the blots were incubated in primary antibody
in 5% dry milk in TBST overnight at 4°C. Following five washes in TBST, the blots were incubated in
secondary antibody in 5% dry milk in TBST for 1 h. After five washes in TBST, the blots were developed
using SuperSignal West Pico chemiluminescent substrate (catalog number 34580; Thermo Fisher) and
imaged using a FluorochemQ MultiImage III workstation. Images were brightened linearly and equally
using FluorochemQ image software. Primary antibodies and working concentrations were as follows: for
human tissues and human cell lines, rabbit anti-ICAM-5 (1:1,000; catalog number 192415; Abcam); for
mouse tissue, goat anti-ICAM-5 1:500 �g/ml (catalog number AF1173; R&D Systems); and for all tissue,
rabbit anti-�-actin (1:1,000; catalog number 4970; Cell Signaling). The secondary antibodies used were as
follows: horseradish peroxidase (HRP)-donkey anti-goat immunoglobulin (1:3,000; catalog number 705-
035-003; Jackson Laboratories) and HRP-goat anti-rabbit immunoglobulin (1:3,000; catalog number
111-035-003; Jackson Laboratories).

RT-quantitative PCR (qPCR). Neonatal and adult mouse samples were collected as described above
(see “Western blotting” above). Tissues were placed in Bead Bug tubes containing ice-cold RLT buffer
(catalog number 79216; Qiagen) and 1% �-mercaptoethanol. The tissue was mechanically lysed in the
collection tubes on a Bead Bug tissue homogenizer for 45 s at 2,800 vibrations per minute. RNA was
purified from the lysate using a Qiagen RNeasy minikit (catalog number 74106) according to the
manufacturer’s instructions. Purified RNA was quantified using an AlphaSpec �L spectrophotometer.
cDNA was prepared using a Bio-Rad iScript reverse transcription (RT) kit (catalog number 1708840) with
1 �g of purified RNA. cDNA was diluted in 400 �l of double-distilled H2O, and then 2 �l was mixed with
primers and amplified using a Bio-Rad 2� SYBR green kit (catalog number 1708880) in a 96-well plate
in a Bio-Rad CFX96 thermocycler. Relative gene expression was normalized to that of �-actin. The
following primers were obtained from Bio-Rad: mouse ICAM-5 (unique assay identifier, qMmuCED0004082),
mouse �-actin (unique assay identifier, qMmuCED0027505).

Statistical analysis. Viral titers were log10 transformed, and statistical analysis was performed in
GraphPad Prism (version 7) software. Titer values that fell below the limit of detection were set to the
limit of detection. Axonal infection groups were compared using a one-way analysis of variance (ANOVA),
followed by Tukey’s multiple-comparison test. Mouse ICAM-5 CNS expression was compared using a
one-way ANOVA, followed by Tukey’s multiple-comparison tests. Neuraminidase treatment groups were
compared to the controls using a Welch’s t test.
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