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Abstract

A hallmark property of the neurotropic alpha-herpesvirinae is the dissemination of infection
to sensory and autonomic ganglia of the peripheral nervous system following an initial expo-
sure at mucosal surfaces. The peripheral ganglia serve as the latent virus reservoir and the
source of recurrent infections such as cold sores (herpes simplex virus type I) and shingles
(varicella zoster virus). However, the means by which these viruses routinely invade the ner-
vous system is not fully understood. We report that an internal virion component, the pUL37
tegument protein, has a surface region that is an essential neuroinvasion effector. Mutation
of this region rendered herpes simplex virus type 1 (HSV-1) and pseudorabies virus (PRV)
incapable of spreading by retrograde axonal transport to peripheral ganglia both in culture
and animals. By monitoring the axonal transport of individual viral particles by time-lapse
fluorescence microscopy, the mutant viruses were determined to lack the characteristic sus-
tained intracellular capsid motion along microtubules that normally traffics capsids to the
neural soma. Consistent with the axonal transport deficit, the mutant viruses did not reach
sites of latency in peripheral ganglia, and were avirulent. Despite this, viral propagation in
peripheral tissues and in cultured epithelial cell lines remained robust. Selective elimination
of retrograde delivery to the nervous system has long been sought after as a means to
develop vaccines against these ubiquitous, and sometimes devastating viruses. In support
of this potential, we find that HSV-1 and PRV mutated in the effector region of pUL37 evoked
effective vaccination against subsequent nervous system challenges and encephalitic dis-
ease. These findings demonstrate that retrograde axonal transport of the herpesviruses
occurs by a virus-directed mechanism that operates by coordinating opposing microtubule
motors to favor sustained retrograde delivery of the virus to the peripheral ganglia. The abil-
ity to selectively eliminate the retrograde axonal transport mechanism from these viruses
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will be useful in trans-synaptic mapping studies of the mammalian nervous system, and
affords a new vaccination paradigm for human and veterinary neurotropic herpesviruses.

Author summary

Neuroinvasive members of the alpha-herpesvirinae include human (i.e. herpes simplex
virus type I; HSV-1) and veterinary (i.e. pseudorabies virus; PRV) pathogens that rou-
tinely invade the peripheral nervous system of an immunocompetent host in the absence
of overt tissue damage. We have identified an essential, and conserved, component of
these viruses that directs incoming viral particles into the neural ganglia. Viruses carrying
mutations in this protein effector region propagate normally at peripheral sites of inocula-
tion but fail to invade the nervous system by retrograde axonal transport, cannot establish
life-long latent infections, and are avirulent. These properties define a promising new
class of live-attenuated vaccines that protect from subsequent nervous system invasion
and encephalitic disease.

Introduction

Neuroinvasive members of the alpha-herpesvirinae include human (i.e. herpes simplex virus
type I; HSV-1] and veterinary (i.e. pseudorabies virus; PRV) pathogens that establish life-long
latent infections in neurons of the peripheral nervous system (PNS) [1]. Infections by these
viruses can be subtle or manifest in severe disease, the latter ranging from herpes simplex
encephalitis in humans to Aujeszky’s disease in swine [2,3]. Unlike other neurotropic viruses,
the neuroinvasive alpha-herpesvirinae routinely access the nervous system, and do so in the
absence of obvious tissue trauma. The robust nature of the invasive process is evidenced by the
presence of herpesvirus DNA in the nuclei of peripheral neurons in most adults [4]. Decipher-
ing the mechanisms underlying virus delivery from the mucosa to neuronal cell bodies of sen-
sory and autonomic ganglia is of interest not only for its remarkable biology, but also to
exploit it as a gene delivery vehicle and to produce a new generation of live-attenuated vaccines
[5,6].

The alpha-herpesvirinae are unusual among neurotropic viruses in that upon entering
nerve endings they do not rely on endosomes for axonal trafficking to neuronal cell bodies [7].
Instead, these viruses fuse their envelopes with a cellular membrane to deposit the 125 nm
diameter icosahedral capsid into the cytosol. An internal protein matrix surrounding the cap-
sid in the virion, referred to as the tegument, is deposited in the cytosol with the capsid [8-12].
Although the majority of the tegument disassociates from the capsid at this stage, three tegu-
ment proteins remain capsid bound: pUL36, pUL37, and pUS3 [13-17]. Deciphering the con-
tributions of pUL36 and pUL37 during initial infection is made complicated by their
subsequent roles during virus assembly and egress; eliminating either tegument protein
severely compromises production of HSV-1 and PRV virions [18-28].

The pUL36 tegument protein is directly anchored to the capsid surface [29] where it pro-
motes trafficking to the nucleus by tethering the capsid to the dynein/dynactin microtubule
motor complex [30], and by docking the capsid at a nuclear pore and triggering genome
release [31-39]. pUL36 is also a neuroinvasive factor, which uses ubiquitination as a molecular
switch to promote virus spread into the nervous system [40-42]. Less is known about pUL37
and its contribution to neuroinvasion. Like pUL36, pUL37 promotes translocation of

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006741

December 7,2017 2/32


https://doi.org/10.1371/journal.ppat.1006741

@'PLOS | PATHOGENS

pUL37 guides neuroinvasion

incoming capsids to the nucleus [43]. The HSV-1 version of the protein is a deamidase and
may increase cell permissivity to infection through interactions with TNF receptor associated
factor 6 (TRAF6), melanoma differentiation-associated protein 5 (MDAS5), and retinoic acid-
inducible gene I (RIG-I); although residues associated with deamidation and TRAF6 binding
are not conserved across the neuroinvasive herpesviridae [44,45]. Only a null mutant has been
extensively examined in vivo, and although the mutant was impaired for invasion of the ner-
vous system, this defect was more generally associated with a broad inability to propagate in all
tissues examined [46]. We recently determined the crystal structure of the N-terminal half of
pUL37 and identified three evolutionarily conserved surface-exposed regions: R1, R2 and R3
[47]. The three regions are distal to the portion of pUL37 that is associated with deamidase
activity, TRAF6 binding, and interactions with other virion structural proteins [44,45,48,49].
Although these N-terminal regions were dispensable for replication in an epithelial cell line
[47], in this report we demonstrate that one of these regions, R2, is critical for invasion of the
nervous system.

Mutation of R2 in representative members of the two neuroinvasive genera of the alpha-
herpesvirinae, PRV (varicellovirus genus) and HSV-1 (simplexvirus genus) in both instances
eliminated viral invasion of the PNS in vivo. Time-lapse imaging of cultured primary sensory
neurons following infection with fluorescent reporter viruses revealed that mutations in R2
profoundly impaired retrograde axonal transport. This defect was not due to a loss of capsid
intracellular transport but rather stemmed from a loss of targeted transport. Capsids of the
mutant viruses engaged in aberrant bidirectional motion that did not support long-distance
axonal trafficking to neural soma. In contrast, R2 was dispensable for axonal transport during
the egress phase of neuronal infection, with virions delivered to distal axons at the same effi-
ciency as wild-type infections, and indicating that axonal transport at these two stages of infec-
tion occurs by independent mechanisms. These results define a critical component of the viral
apparatus that mediates the neuroinvasion of the alpha-herpesviruses and indicate that the R2
region enables sustained retrograde transport to neural soma.

The ability to selectively eliminate the neuroinvasive property of these viruses, without oth-
erwise impairing their replication, has potential as a new class of live-attenuated vaccines. In
principle, the selective attenuation afforded by the R2 mutants should prevent vaccine-associ-
ated neuroinvasive disease and life-long latent infections, which would otherwise become
problematic if the individual’s immune system were to later become compromised, while
simultaneously preserving robust replication and spread in peripheral tissues required to elicit
a pronounced immune response. To this end, we include an initial demonstration that
R2-mutant viruses efficiently protect from wild-type HSV-1 and PRV challenges and offer
robust protection from ocular disease, nervous system invasion, and encephalitis.

Results
R2 is an essential virulence determinant

We previously mutated three evolutionary conserved surface regions of the pUL37 tegument
protein (R1, R2, R3) in PRV [47]. Each mutated region consisted of five alanine substitutions
(S1 Table). Although plaques produced by the R2 mutant were smaller than wild type, all three
mutants propagated to wild-type titers [47]. To extend this characterization, each mutant virus
was examined in vivo following intranasal instillation into mice. Whereas wild-type PRV
caused rapid lethality, the derivatives of PRV mutated for R1 and R3 were attenuated. Remark-
ably, the R2 mutant was avirulent despite propagating to wild-type titers in culture (Fig 1A)
[47]. To determine if the stark R2 mutant phenotype resulted from misfolding of the mutant
pUL37 protein, the crystal structure of the pUL37 N-terminus was solved and overlaid with
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Fig 1. The PRV pUL37 R2 region is essential for virulence and can be mutated without causing misfolding of the surrounding protein
structure. (A) Kaplan—Meier presentation of mouse survival following intranasal instillation of wild-type PRV (WT) or PRV carrying mutations in the R1,
R2, or R3 regions of the pUL37 tegument protein (n = 5 animals for each virus). All viruses encode a mCherry tag fused to the pUL25 capsid protein as
previously described [30,47]. (B) The crystal structure of the N-terminal half of the PRV pUL37 R2 mutant (R2; lilac), determined in this work, was
overlaid onto the previously determined wild-type structure (WT; beige) [47] with rmsd 0.5538 A over 479 aligned residues as determined in Coot [93].
A close-up view of R2 is shown to the right with the side chains of the five targeted amino acids indicated for wild type and the mutant.

https://doi.org/10.1371/journal.ppat.1006741.9001

the previous WT structure [47]. The five point mutations did not affect the overall fold of the
N-terminal half of pUL37 as judged by the alignment of the wild-type and R2 mutant crystal
structures (rmsd = 0.55 A) (Fig 1B). These findings demonstrated that introduction of the
mutations did not contort the pUL37 backbone, and encouraged us to further examine the R2
mutant in cell culture infection models to identify the specific source of its avirulence.

R2 promotes establishment of infection

Because the ability of the pUL37 R2 mutant to propagate to wild-type titers was inconsistent
with an assembly or egress defect, we examined whether R2 contributed to the initiation of
infection. Although PRV entry into epithelial cells was not significantly delayed by R2 muta-
tion (Fig 2A), immediate-early viral gene expression was reduced (Fig 2B). The R2 mutant
delay in viral expression was equivalent to the delay imposed on wild-type infections treated
with nocodazole (a microtubule depolymerization drug), yet nocodazole treatment did not
further reduce gene expression from the R2 mutant (Fig 2B). These results provided an initial
indication that R2 functions at a post-entry microtubule-dependent step early in infection.

R2 is a conserved effector of microtubule-based retrograde axonal
transport

Our results suggested that the PRV R2 mutant was impaired for microtubule-based transport,
which is absolutely required for neuronal infection via long-distance axonal transport [50].
Therefore, studies in primary cultured neurons were next pursued. To expand the scope of
these studies to additional alpha-herpesviruses, equivalent mutations were introduced into
HSV-1 (Fig 3A). As was observed with PRV, the resultant HSV-1 UL37 R2 mutant propagated
to wild-type titers but had a reduction in plaque diameter (Fig 3B and 3C) [47]. To determine
if retrograde transport was impaired in primary sensory neurons, live-cell microscopy was
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Fig 2. Mutation of PRV R2 results in a post-entry microtubule-dependent delay in gene expression. (A) Percent of PRV
internalized into PK15 epithelial cells prior to extracellular virion inactivation with citrate at indicated times post-infection. Five
experimental replicates are shown for each virus, with each representing average values from duplicate infections. (B) Expression of the
PRV immediate early gene IE180 was quantified by gqRT-PCR and normalized to expression of the host S28 rRNA at 4 hpi with the wild-
type (WT) and R2 mutant (R2). Where indicated, 9 uM of nocodazole was added 1 hr prior to infection and maintained throughout the
infection. All values were plotted relative to levels observed during the untreated wild-type (WT) infection. Three independent
experiments were performed with each experimental replicate performed in triplicate. Values are expressed as mean £ s.e.m. (¥***,

p <0.0001; ns, not significant based on two-tailed unpaired ttest).

https://doi.org/10.1371/journal.ppat.1006741.9002

used to examine capsid dynamics in axons during initial infection. Whereas wild-type HSV-1
and PRV capsids preferentially moved in the retrograde direction in axons (towards the neural
soma), capsids of the R2 mutants moved in an aberrant bidirectional manner best described as
“ping-ponging” (S1 Movie). Ping-pong motion was associated with near-zero net displace-
ment of the capsids (Fig 4A-4C).

To test whether the loss of sustained retrograde transport prevented capsid trafficking to
neuronal nuclei from axon terminals, dorsal root ganglia (DRG) were cultured ex vivo as intact
explants and co-infected with equal amounts of wild-type and R2 mutant viruses encoding
eGFP- and mCherry-capsids, respectively. Under these conditions, the sensory neurons were
maintained in their surrounding tissue but had extended axons that were exposed to the inoc-
ulum, which permitted a comparative assessment of the ability of the two viruses to deliver
capsids to nuclear rims following retrograde axonal transport [30]. Only capsids from the
wild-type HSV-1 or PRV arrived at nuclear rims of neurons within the explants (Fig 4D). This
result reinforced the inability of the R2-mutant viruses to traffic retrogradely in axons.

Although R2 mutation did not impair entry of PRV into transformed epithelial cells (Fig
2A), we could not rule out that the aberrant motion observed with R2 mutants during neuro-
nal infection represented virions that failed to undergo fusion-based entry into axons, and
instead were either residing on the axon surface or within endosomes. To specifically monitor
fusion-based virus entry into axons, an enzyme-based assay was developed based on an
approach that was used to monitor HIV fusion with T lymphocytes [51]. Primary sensory neu-
rons were loaded with the B-lactamase substrate CCF2, which contains a 7-hydroxycoumarin
ring linked to fluorescein via a beta-lactam ring. Excitation of the coumarin group produces
Forster resonance energy transfer (FRET) to the fluorescein group and emission of green flo-
rescence at 518 nm. B-lactamase prevents FRET by cleaving the beta-lactam ring and liberating
coumarin fluorescence at 447 nm [52]. To trigger CCF2 cleavage, recombinants of PRV were
produced encoding B-lactamase fused to the pUL35 capsid protein (B-lac-capsid). Fusion-
based entry of the recombinant viruses was monitored in CCF2-loaded primary sensory
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Fig 3. Mutation of the HSV-1 pUL37 R2 cluster phenocopies the PRV pUL37 R2 mutant. (A) Amino acid mutations resulting from five codon
changes introduced into the UL37 gene of HSV-1 are indicated at top, along with the corresponding mutations of the previously described PRV R2
mutant and the respective positions of the mutations within a sequence alignment of nine alpha-herpesviruses (mutated positions highlighted in red).
(B) Wild-type (WT) and R2-mutant (R2) HSV-1 single-step propagation kinetics were determined by counting plaque-forming units harvested from
media and Vero epithelial cells (cells) at the times indicated. Viruses used in this study were not modified to encode a fluorescent tag. (C) Fluorescent
plaque diameters of WT and R2-mutant HSV-1 encoding mCherry fused to the pUL25 capsid protein were compiled from three independent
experiments and plotted as a percentage of the average WT plaque diameter. Error bars are s.d. (**** p <0.0001 based on a two-tailed unpaired ¢
test).

https://doi.org/10.1371/journal.ppat.1006741.g003

neurons. Deposition of the B-lac-capsid into the cytosol exposes the B-lactamase to the cyto-
solic CCF2 substrate resulting in reduced FRET. As controls, neurons were infected either
with PRV that did not encode for beta-lactamase or with beta-lactamase-expressing PRV that
was first treated with Accutase (Thermo Fisher) to remove the ectodomains of viral glycopro-
teins that are essential for entry. The two controls provided a combined baseline for the ratio-
metric FRET measurements over the experimental time course. The findings supported that
wild-type and R2-mutant PRV induced CCF2 cleavage at an equivalent rate, and indicated
that mutation of R2 did not impair the kinetics of entry into neuronal cells (Fig 5A).
Herpesvirus entry into cells is coupled with a selective disassembly of tegument proteins
from the capsid. To confirm that mutation of R2 did not impair virion disassembly, a collec-
tion of dual-florescent viruses that encode mCherry-capsids and eGFP fused to protein con-
stituents of the envelope and tegument was produced. These viruses permitted monitoring of
loss of the eGFP marker as an indirect indication of fusion-based entry of individual virus
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Fig 4. pUL37 R2 is essential for sustained retrograde motion during ingress. Dorsal root ganglion (DRG) sensory neuron explants were infected
in 2 ml of media with 3.5 x 107 PFU/ml of PRV (WT and R2 mutant) or 1.3 x 10”7 PFU/ml of HSV-1 (WT and R2 mutant). Viruses encoded a pUL25/
mCherry or pUL25/GFP fusion to provide imaging of individual capsids in living cells. Capsid axonal transport was recorded by time-lapse fluorescence
imaging between 3—4 hpi. More than 90 capsids were analyzed per experiment across three biological replicates. (A) Fraction of time that individual
wild-type (WT) and R2-mutant (R2) capsids moved retrogradely (white), anterogradely (gray), or were motionless (black). Error bars are s.d. (B) Net
displacement of capsids over a period of 10 seconds. Positive values indicate movement towards neuronal soma (retrograde displacement). Error bars
are s.d. (**** p <0.0001 based on two-tailed unpaired ttest). (C) Representative kymographs of axonal transport in neurons. Distance and time are
represented on the x and y axis respectively. (D) Delivery of capsids to nuclear rims at 3—4 hpi following co-infection of DRGs with a pUL25/GFP
tagged wild-type (WT) virus and either WT or R2 mutant virus encoding a pUL25/mCherry capsid tag.

https://doi.org/10.1371/journal.ppat.1006741.9004

particles in axons [15,53]. Similar to wild-type viruses, R2 mutant capsids moving in axons
lacked the gD envelope protein and outer tegument proteins that dissociate from capsids upon
entry. Furthermore, mutation of R2 did not compromise the normal retention of pUL36 and
pUL37 on capsids following entry (Fig 5B; S2 Movie). Taken together, these findings demon-
strated that virus entry and disassembly in neurons was unimpaired by R2 mutation, and
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https://doi.org/10.1371/journal.ppat.1006741.9005

further indicated that the capsids displaying aberrant ping-pong motion resided within the
axon cytosol.

The origin of capsids mid-axon in the absence of R2

Paradoxically, R2 mutant capsids displaying ping-pong motion accumulated throughout the
length of axons in the ex vivo DRG cultures. This was unexpected given that virus entry typi-
cally occurs at axon terminals, and the R2 mutant phenotype should prevent the capsids from
migrating beyond the point of entry [54]. Therefore, the origin of these capsids was scruti-
nized using neurons cultured in microfluidic chambers, such that exposure to the virus was
restricted to the distal regions of the axons near the terminals. Under these conditions no cap-
sids of the R2 mutant were observed mid-axon, away from the site of inoculation, confirming
that R2 mutant capsids were incapable of net retrograde displacement (S3 Movie). We infer
that the presence of R2 capsids initially observed throughout the length of axons was due to
unrestricted entry of virus particles mid-axon.

Anterograde axonal transport during egress occurs by a R2-independent
mechanism

Alpha-herpesvirus rely on bi-directional microtubule-based axonal transport during initial
and late infection, with preferential dynein-based retrograde transport during ingress switch-
ing to biased kinesin-based anterograde motion during egress [55]. To determine if R2 was a
global regulator of microtubule transport, DRG were dissociated and cultured as isolated neu-
rons, exposing the neuronal soma to the virus inoculum and removing the requirement for
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retrograde axonal transport to reach the nucleus. Under these conditions, the neurons were
productively infected with the PRV R2 mutant and subsequent progeny viral particles were
found to transport in the anterograde direction to distal axon terminals equivalently to the
wild-type virus (Fig 6). These findings demonstrate that, as in transformed epithelial cells, R2
was not required for the delivery of capsids to nuclei over short distances and was also dispens-
able for long-distance anterograde transport in axons during egress.

Alpha-herpesvirus neuroinvasion requires R2

Our results with cultured primary sensory neurons predict that the R2 region may serve as an
effector of neuroinvasion in vivo. To test this hypothesis, we examined the ability of HSV-1 to
infect the mouse nervous system following inoculation of peripheral tissues. For HSV-1, mice
were infected at the corneal surface and transmission of infection to the trigeminal ganglia
(TG) and subsequently to second order neurons in the brain stem was assessed (Fig 7A). In
contrast to wild-type HSV-1, the HSV-1 R2 mutant was not detected in either site despite pro-
ducing equivalent focal infections on the cornea (Fig 7B). To exclude the possibility that the
fluorescently-tagged capsid interfered with HSV-1 R2 neuroinvasion, similar experiments
were performed using untagged HSV-1 and viral load was examined in tear film (eye swabs),
TG, and brain by previously established methods [56,57]. The near wild-type levels of R2
mutant detected in the tears, coupled with the inability to recover R2 mutant virus from the
peripheral (TG) and central (brain) nervous system, added support for an essential role for R2
during neuroinvasion (Fig 7C). Alternatively, the R2 mutant virus may be prone to entering a
latent state upon reaching the nervous system, and thereby becoming undetectable by the
above approaches. To exclude this possibility, TGs were examined for latent virus by harvest-
ing from mice at 14 dpi and co-culturing the tissue with Vero cells. Cells were monitored con-
tinuously for signs of cytopathic effect (CPE) for 10 days post explantation as an indication of
the emergence of reactivated virus. Whereas Vero cells co-cultured with 80% of the TGs (8 of
10) from mice infected with wild-type HSV-1 became positive, no reactivation was observed
from TGs (0 of 8) harvested from mice infected with the HSV-1 R2 mutant. The presence of
HSV-1 DNA in the nervous system was also assessed by qPCR. Consistent with the reactiva-
tion assay, viral DNA was detected in tissues from mice infected with wild-type HSV-1, but
not in tissues from mice infected with the R2 mutant (Fig 7D).

The link between R2 and neuroinvasion was examined in greater detail in an established rat
encephalitic model of PRV infection [42,58]. Firstly, the PRV R2 mutant failed to spread to the
TG following inoculation into the anterior chamber of the eye, which was consistent with the
HSV-1 R2 mutant defect in vivo, and pinpointed R2 as a conserved effector of alpha-herpesvi-
rus neuroinvasion. Furthermore, R2 was essential for retrograde spread of PRV to the para-
sympathetic ciliary ganglion (CG), sympathetic superior cervical ganglion (SCG), and
oculomotor nucleus (OMN) of the midbrain, indicating a loss of neuroinvasive properties in
PNS sensory and autonomic neurons, and CNS motor neurons (Fig 8). Combined, these data
indicate that R2 is essential for retrograde spread from peripheral tissues to both the PNS and
the CNS in vivo. To confirm that the failure of the PRV R2 mutant to spread in retrograde cir-
cuits was due to a loss of long-distance retrograde axonal transport, as opposed to a block in
transmission from mucosal surfaces to innervating axon terminals, PRV was injected directly
into the retinorecipient superior colliculus (SC) of the midbrain (S1 Fig). In this paradigm, the
injected virus is directly exposed to axons projecting from the retina as well as local neurons.
Whereas wild-type PRV had spread retrogradely to the retina by two days post-infection, the
PRV R2 mutant failed to spread to the retina (S1 Fig), and remained absent from the retina at
five days post-infection.
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Fig 6. The pUL37 R2 region is dispensable for PRV anterograde axonal transport in culture.

Dissociated DRG neurons were infected in 2 ml of media with 2.5 x 10° PFU/ml of either wild-type PRV (WT)
or R2-mutant PRV (R2) encoding a pUL25/mCherry capsid fusion. (A) Egressing capsids were imaged by

time-lapse fluorescent microscopy from 10—13 hpi. Capsids were tracked in isolated axons that were

unambiguously contiguous with an identifiable neuronal soma, thereby ensuring that all transport included in

the analysis was anterograde directed. More than 30 capsids were tracked per virus per experimental

replicate. Three independent experimental replicates were completed and capsid velocities and run lengths
for each replicate determined. Gaussian (velocity) or decaying exponential (run length) curves were fit by
nonlinear regression (r? > 0.97 for all four curve fits). The net displacement represents the total distance away
from the soma that individual capsids moved over a 10 sec recording (bottom panel). Values are mean * s.d.
(**, p <0.01; n.s., not significant based on two-tailed unpaired ttest). (B) The number of capsids in axon

terminals at 17—18 hpi was quantified across three independent experiments with at least 10 terminals

examined per virus per experiment. Inset graph indicates average capsid number per axon terminal. Values
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are mean = s.e.m. (n.s., not significant based on two-tailed unpaired ttest). Representative images of capsid
accumulation at axon terminals are shown at right.

https://doi.org/10.1371/journal.ppat.1006741.9g006
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Fig 7. pUL37 R2 is essential for HSV-1 neuroinvasion. (A) Diagram of the neuroinvasive route examined in mice following inoculation of a scarified
cornea with HSV-1. (B) Representative images of the cornea (2 dpi), trigeminal ganglia (6 dpi), and principal sensory trigeminal nuclei (Pr5; 6 dpi),
following corneal inoculation with wild-type or R2-mutant HSV-1. Infected cells were visualized by virtue of a pUL25/mCherry fluorescent capsid
reporter encoded by the viruses (scale bars for trigeminal ganglia and Pr5 are 500 pm; cornea scale bar is 1000 pm). (C) Mice were infected on both
eyes with untagged wild-type (WT) or R2-mutant (R2) HSV-1 following corneal scarification. Viral titers in the tear films were independently determined
from each eye by swabbing at the indicated day post-infection (dpi). At 4 days post corneal inoculation, the combined titer of the left and right trigeminal
ganglia and of the whole brain were determined. The mean titer of each data set is indicated by a red bar (5 mice per virus; *, p < 0.05 based on a two-
tailed unpaired ttest). (D) gPCR was preformed using primers directed against the HSV-1 UL35 gene. Trigeminal ganglia and brain samples were
collected at 4 days post infection and scored as positive for viral DNA if the threshold cycle (Ct) value was below the average Ct value of the water
controls by more than two standard deviations (inset). Amplification curves for both HSV-1 WT and R2-mutant infected samples are shown.

https://doi.org/10.1371/journal.ppat.1006741.9007

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006741 December 7,2017 11/32


https://doi.org/10.1371/journal.ppat.1006741.g006
https://doi.org/10.1371/journal.ppat.1006741.g007
https://doi.org/10.1371/journal.ppat.1006741

..@.' P Los | PATHOGENS pUL37 guides neuroinvasion

(A) parasympathetic Ciliary ganglion
Trigeminal ganglion
st Edinger-Westphal nucleus
e Oculomotor nucleus
_ = <«——Pr5
Anterior chamber ———
< Spinal cord (T1-T3)
o’
Superior cervical ganglion
sympathetic
(B) :
PRV wild type PRV R2 mutant
Superior cervical Edinger-Westphal _ Superior cervical ~ Edinger-Westphal
nucleus Iris ganglion nucleus

Iris ganglion

(C)
| I —— posrli?#;ztion Iris Suptaraigrg ﬁg;vical Edin?‘%ré\llgﬁgtphal T;iag:gm"iggl Oﬂ:llglrgfl);or
WT | pUL25/mCherry 44-46 i >5000 50£12 | 1105%9 55+7
R2 | pUL25/mCherry 48 * =5 0 n=8 0 n=5 0 - 0 s
R2 | puL25/mCherry 120 o 0 3 0 0 s
R2 | pUL25/mCherry 144 0 - 0 3 0
R2 | Us4:CMV>GFP % o, o 0
R2 | Us4:CMV>GFP 144 o, o 0 1o

Fig 8. The R2 region of pUL37 is essential for invasion of all retrograde circuitry. (A) Diagram of four neuronal circuits exploited by PRV as
retrograde transport routes into the rat nervous system. These circuits were each examined following injection of PRV strains encoding a fluorescent
capsid reporter into the anterior chamber of the eye. Sensory (trigeminal ganglion), sympathetic (superior cervical ganglion), and parasympathetic
(Edinger-Westphal nucleus) circuitry is susceptible to infections following exposure of the cornea, iris, and ciliary body to virus. In addition, motor
neurons (oculomotor nucleus) are susceptible to infections resulting from exposure of the extraocular muscles to virus leaked on to the surface of the
eye. The parasympathetic circuit includes the ciliary ganglion, which was not examined directly as part of this study but is a mandatory intermediate to
observe virus in the Edinger-Westphal nucleus. (B) Representative images of indicated tissues at 48 hpi (scale bars = 250 ym). (C) Summary of wild-
type (WT) and R2-mutant (R2) PRV infection data. Fluorescent cells were counted in each indicated neural tissue (n, number of animals examined; n.
d. not determined; values are expressed as mean + s.e.m.). Cells in the iris were not counted, but infection with the WT (+++) consistently exceeded
that of R2 (+).

https://doi.org/10.1371/journal.ppat.1006741.9g008
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To confirm that R2 was dispensable for anterograde transport in vivo, retinal ganglion cells
(RGCs) of rats were directly exposed to the PRV R2 mutant by intravitreal injection. RGCs
project axons via the optic nerve to visual centers of the brain, which allows for monitoring of
anterograde spread within the CNS (S1 Fig). The PRV R2 mutant spread anterogradely from
RGCs to retinorecipient regions of the brain, and furthermore continued to spread via antero-
grade transneuronal transport to second order nuclei of the visual system (S1 Fig). We con-
clude that the R2 mutant remained both neurotropic and competent to spread through
anterograde circuits within the CNS when the initial requirement for retrograde transport
from the periphery was bypassed. Anterograde spread of the R2 mutant through the visual sys-
tem was delayed but was more comprehensive than that of the wild-type virus, the latter caus-
ing a more rapid onset of death that limited its spread. The cause of the slower anterograde
spread in vivo was not predicted from our studies in cultured neurons, and we suspect that the
delay may have manifested from inefficient retrograde transport over short distances in den-
drites or the neuronal soma following spread across sites of synaptic contact. This hypothesis
is supported by our data in non-neuronal cells, which demonstrated that over short distances
R2 promoted efficient gene expression in a microtubule dependent manner (Fig 2B). Taken
together, the in vivo studies recapitulated the results obtained with primary cultured sensory
neurons: R2 is required for retrograde axonal transport but is dispensable for anterograde axo-
nal transport. This phenotype is noteworthy both for its novelty and its utility. For example, an
alpha-herpesvirus specifically lacking the ability to transmit through retrograde circuits is a
resource for mapping anterograde circuits of the mammalian nervous system.

Mutation of R2 represents a novel strategy for the development of live-
attenuated alpha-herpesvirus vaccines

The ability of R2 mutant viruses to replicate and spread in peripheral tissues while being
unable to engage in long distance retrograde transport to reach sites of latency offers a new
approach to vaccine design [5,6]. As a proof of concept, mice were exposed intranasally with a
single dose of the PRV R2 mutant and challenged at varying days post vaccination with 10,000
times the 50% lethal dose of wild-type PRV (S2 Fig). Whereas PRV normally evokes a lethal
encephalitis terminating at ~ 2 days, 75% of mice challenged with wild-type PRV at 14 and 28
days post vaccination showed no signs of disease and survived until the end of the experiment
at 21 days post challenge (Fig 9). We believe this is the first success at protecting rodents from
the unusually high virulence exhibited by PRV that normally causes rapid lethality, and this
protection was noteworthy given the extreme circumstances of this high dose challenge and
single dose vaccination.

To determine if the efficacy of the R2 mutant as a live-attenuated vaccine extended to HSV-
1, mice were infected ocularly with a single dose of the HSV-1 R2 mutant and challenged with
wild-type HSV-1. Unlike PRV, the strain of HSV-1 used for these studies (strain F) is not
highly virulent in mice [59], but nevertheless invades the PNS and CNS following corneal
inoculation via TG sensory neurons (Fig 7A) [60]. Mice vaccinated with the HSV-1 R2 mutant
and challenged with wild-type HSV-1 strain F had no detectible virus in either the PNS or the
CNS, demonstrating effective protection of the nervous system from HSV-1 invasion (Fig
10A). Furthermore, the protection offered by R2 vaccination prevented lethal disease associ-
ated with infections by the more virulent McKrae strain of HSV-1 [61] (Fig 10B). We also note
that mice vaccinated with the HSV-1 R2 mutant were protected from the development of
periocular disease following wild-type challenge (Fig 10C) [62]. Importantly, the R2 vaccine
itself did not cause periocular disease, which is consistent with previous studies that have sug-
gested periocular skin infection requires zosteriform spread from the cornea to periocular skin
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Fig 9. Immunization with the PRV pUL37 R2 mutant protects against lethal encephalitic infection. Mice were
vaccinated intranasally with 5 ul of the PRV R2 mutant (6.4 x 10% PFU/ml). Subsequent wild-type challenge was
performed by intranasal inoculation with 5 pl of wild-type PRV (8.8 x 10° PFU/ml) at the indicated day post vaccination.
Mice showing no signs of disease were euthanized at 672 hours (28 days) post challenge and are indicated in red.

* Mouse was euthanized at 504 hours post challenge due to presentation of tremors and an unusual head lesion,
although subsequent histology found no indication of viral encephalitis. ** Mouse was euthanized at 168 hours post
challenge due to weight loss.

https://doi.org/10.1371/journal.ppat.1006741.9009

via sensory ganglia [63]. While further studies are required to assess the immune response that
results from R2 vaccination, we hypothesize that the ability of R2 mutant viruses to replicate
effectively in peripheral tissues produces an adaptive immune response that effectively blocks
the ability of wild-type viruses from invading the nervous system. Achieving this degree of pro-
tection reinforces a prior expectation that effective vaccination against HSV would require an
attenuated strain that remains fully competent for propagation while having a selective loss of
neuroinvasive potential [5].

Discussion

Few viruses routinely enter the mammalian nervous system, which generally requires crossing
the blood-brain barrier or transmission of virions from peripheral tissues to axonal endings
and subsequent long-distance retrograde transport in axons [7]. Most neuroinvasive viruses,
including rabies virus and poliovirus, reach the neuronal soma by traveling retrogradely in
axons within endosomes [64-66]. In contrast, the ability of alpha-herpesviruses to sustain ret-
rograde motion in the axon cytosol suggests that these viruses engage cellular transport
motors directly and selectively [30,67]. Upon fusion-based entry into an axon terminal, alpha-
herpesvirus transport is bi-directional but is heavily biased for retrograde transport to pro-
mote long-distance delivery to the neuronal soma [53,54,68]. The bi-directionality likely
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Fig 10. Mice immunized with the HSV-1 R2 mutant are protected from HSV-1 neuroinvasion and periocular skin disease.
(A) Mice were vaccinated by inoculating the left cornea with 7 ul of the HSV-1 R2 mutant stock (R2; 9 x 107 PFU/ml). Sham
vaccinated animals received an equivalent volume of conditioned media. At 14 days post vaccination mice were challenged with

7 wl of wild-type HSV-1 strain F (1.0 x 10® PFU/ml) in the right eye. Mice were euthanized at 4 days post infection and the viral load
in the whole ipsilateral trigeminal ganglia and brain were determined. The mean titer of each data set is indicated by a red bar (n.d.,
not detected). (B) Mice were vaccinated as described in (A), at 14 days post vaccination mice were challenged with 5 pl of wild-type
HSV-1 McKrae (6.0 x 108 PFU/m) in the right eye and monitored for survival. (C) Mice were vaccinated as described in (A), and at
14 days post vaccination mice were challenged in the right eye with wild-type HSV-1 (either strain F or McKrae as indicated). The
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right eye of vaccinated animals was scored for periocular skin disease at the indicated day post challenge. Scoring was based on
previous published criteria [56]: 0, no lesions; 1, minimal eyelid swelling; 2, moderate eye lid swelling; 3, severe eye lid swelling with
no periocular hair loss; 4, eyes swollen shut with minimal ocular discharge and periocular hair loss; 5 eyes swollen shut with severe
periocular hair loss and skin lesions. Values are mean disease scores * s.d. * Mice were euthanized at 5 days post challenge due to
pronounced neurological symptoms.

https://doi.org/10.1371/journal.ppat.1006741.9010

results from the ability of capsid/tegument complexes to recruit the dynein/dynactin motor
and an opposing kinesin motor [67,69-71]. Our results indicate that the conserved R2 region
in the pUL37 inner tegument protein rectifies this motion to produce sustained retrograde
bias. Adenoviridae, which are rarely neuroinvasive, also bind opposing microtubule motors
but unlike herpesviruses do not coordinate motor activity. The stochastic motion produces
zero net displacement on average but is sufficient to deliver adenovirus particles to nuclei
over short distances [72-74]. The aberrant motion displayed by HSV-1 and PRV R2 mutant
viruses is similar to the zero-net displacement natively exhibited by adenovirus, and show-
cases the added level of control that the alpha-herpesviruses impose on microtubule-based
transport: a property that can now be attributed to R2 effector function.

The reliance on R2 for retrograde capsid trafficking in axons, the latter of which can be
upwards of a meter in length, is underscored by estimates that in the absence of directed trans-
port it would take a herpesvirus capsid over a century to diffuse 1 cm in the cytoplasm [75].
The requirement for R2 during neuroinvasion was consistent across several paradigms used in
this study, which included two related viruses, two rodent infection models, and an avian neu-
ronal culture model. The latter finding deserves some additional commentary due to its utility.
Studies of virus delivery from axon endings to the neural soma in culture are often performed
in chambers, because the chamber provides a physical barrier that allows for selective virus
exposure at the distal axons (S3 Movie). In these systems, extracellular virus cannot diffuse to
the neural soma; only virus capable of trafficking retrogradely in axons can reach the soma and
productively infect the neuron. The application of the R2 mutant viruses described here estab-
lishes that neurons in intact DRG explants are also shielded from extracellular virus inoculum
by virtue of the intact tissue architecture, and demonstrate that retrograde delivery examined
in explants offers an expedient alternative to traditional chambered systems. R2 mutant viruses
can also be considered as controls for traditional cell chamber models, as they can serve to help
rule out unintended extracellular diffusion of inoculum due to a leaky chamber.

Because R2 was discovered in part by its conservation, and because we show here that R2
function is conserved across two neuroinvasive herpesviruses of different genera, we expect
that all neuroinvasive members of the herpesvirinae are likely dependent on this activity to
reach the nervous system of their respective hosts, and therefore to establish life-long latent
infections [47]. Although these studies indicate that the mechanism of R2-mediated neuroin-
vasion is to regulate microtubule transport in axons and guide incoming capsids to neural
soma, more work will be needed to elucidate the molecular mechanism of this action. We can
infer that R2 is a trafficking factor that coordinates the activities of microtubule motors already
bound at the capsid surface, as R2 mutants retain motion that is indicative of microtubule
transport by opposing motors. This interpretation is consistent with the finding that the
pUL36 tegument protein, which tethers pUL37 to the capsid surface, is the effector that
recruits the dynein motor following entry into cells [30]. The requirement for capsids to coor-
dinate opposing motors during initial infection was not necessarily expected, and indicates
that either a kinesin motor is effectively performing an antiviral function, which pUL37 over-
comes, or a kinesin motor contributes to the guidance of capsids to their target nuclei in the
neural ganglia. Deciphering this will require the identification of the kinesin recruitment pro-
teins on the capsid surface.
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Whereas several activities were previously mapped to the C-terminal half of pUL37 [44-
46,76], R2, along with R1 and R3, are located in the N-terminal half of pUL37. Mutants of all
three were attenuated in vivo, despite being dispensable for propagation to wild-type titers in
cultured epithelial cells (Fig 1) [47]. These findings are suggestive that the N-terminus of
pUL37 may be a multifunctional effector of neuronal infection. It is noteworthy that mutation
of R2 did not impair the anterograde transport of newly assembled viral particles to distal axon
terminals. This result reinforces previous findings indicating that retrograde and anterograde
axonal transport occurs by distinct mechanisms [53]. Potential contributions of R1 and R3
include modulating the C-terminal half of pUL37 and its interactions with cellular transport
effectors including dystonin/BPAG1, and the intracellular targeting of capsids during ingress
and egress phases of neuronal infection [20,77,78]. Understanding the precise contributions of
R1 and R3 to infection will require follow up studies of the R1 and R3 mutants in cultured neu-
rons and in vivo.

Beyond increasing our understanding of how alpha-herpesviruses invade the nervous sys-
tem, the production of mutant viruses specifically lacking the capacity to transport retro-
gradely in axons has several practical applications. First, R2 mutant viruses can be used to
specifically trace anterograde circuits within the mammalian nervous system. This new tool, in
combination with preexisting mutant viruses that possess retrograde specificity, can now be
used to precisely map multi-synaptic circuits within the CNS [79]. The low virulence of R2
mutants has the added benefit of allowing for high-order mapping of neurons. We are cur-
rently examining this potential in more detail. Second, R2 mutation may improve the safety of
oncolytic herpesvirus vectors by impeding their transport away from the site of injection in
brain tumors, thereby restricting lytic activity to the intended malignant tissue. Third, as dem-
onstrated here, R2 mutants have the potential to serve as effective live-attenuated vaccines.

Recent attempts to develop a live-attenuated HSV vaccine have been based on broadly
compromising viral propagation [80], or by attempting to abrogate the ability of the virus to
invade the nervous system while retaining replication in non-neuronal cells. The latter
approach includes mutant viruses that lack expression of specific envelope proteins that play
auxiliary roles in HSV entry. Encouragingly, HSV lacking the gE envelope protein fails to
spread to mouse dorsal root ganglia following inoculation of abraded skin, and protects from
subsequent wild-type challenges [81]. However, gE-null HSV-1 retains baseline neuroinvasive
properties and is competent to spread from epithelia to neurons in culture models, albeit at a
reduced frequency [82]. In a related approach, HSV-1 encoding a truncated gK envelope pro-
tein inefficiently enters cells, including neurons, and when combined with a truncated pUL20
membrane protein renders the virus incapable of causing disease in mice [83]. The decreased
capacity of the gE and gK/pUL20 mutant viruses to infect the nervous system is not fully
understood and does not appear to be a conserved property of these proteins in related herpes-
viruses, but nevertheless show exciting potential [84,85].

Our motivation for performing an initial exploration of the pUL37 R2 mutant as a vaccine
candidate was based on: (1) its inability to invade the nervous system both in animals and cul-
ture despite robust propagation in peripheral tissues and epithelial cell culture, (2) its clearly
defined defect that accounts for the ablated neuroinvasive phenotype, and (3) the conservation
of the phenotype across the two neuroinvasive herpesvirinae genera. The application of this
approach to PRV showcases the unique potential of these recombinant viruses as vaccines.
Current live-attenuated PRV vaccines for use in pigs retain sufficient virulence to be lethal in
mice [86]. In contrast, the PRV R2 mutant is avirulent in mice, yet offers protection against
lethal wild-type PRV challenges. Wild-type PRV is particularly virulent in mice, more so than
HSV-1 or HSV-2, and provides a stringent test case of vaccine efficacy. For this reason, R2
mutation may offer a platform for the development of vaccines against many neuroinvasive
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herpesviruses. The inability of the R2 mutants to infect the peripheral nervous system makes
them unable to establish latent infections, while replication in peripheral tissues is benefited
from maintaining the integrity of genes required for normal propagation outside of the ner-
vous system. We hypothesize that the robust propagation at the periphery allows for an adap-
tive immune response of sufficient magnitude to protect mice from a challenge of highly
neuroinvasive wild-type HSV-1 or PRV following a single exposure to the R2 mutant strain.
The potential to prevent the establishment of life-long alpha-herpesvirus infections follow-
ing vaccination may offer a way forward to developing prophylactic vaccines against several
noteworthy clinical and veterinary alpha-herpesvirus pathogens. HSV-1 and PRV are repre-
sentatives of the two principle branches of neuroinvasive herpesviruses, and we expect that
this level of protection should extrapolate well to other alpha-herpesviruses. In particular, we
anticipate that live-attenuated vaccines based on R2-deficient viruses may offer long sought-
after protection against HSV-1 and HSV-2, thereby reducing the incidence of herpes simplex
keratitis, herpes simplex encephalitis, and life-threatening neonatal infections [87-89].

Materials and methods
Production of the UL37 R2 mutant construct for structural analysis

The plasmid pJP55 encodes the PRV UL37N-R2 mutant gene in frame with a cleavable N-ter-
minal His6-SUMO tag. This plasmid was constructed using 2 rounds of splicing by overlap
extension (SOE) PCR using the plasmid pJP23 (WT PRV UL37N) as template in the first
round [47], and the intermediate plasmid (pJP56) as the template in the second round. For the
first round of SOE-PCR, creating the Q324A, D362A, and R365A mutations, the 5’ region was
amplified using the outer forward primer 5-GCAACCGGTGTTTGGGAAGCAGTTGCAGC
AAGCGCA-3’ and reverse primer 5-GCAACCAACTGCTGCCTGTGCTGCGGTCAGACG
AGG-3’, while the 3’ region was amplified using the forward primer 5-CCTCGTCTGACCG
CAGCACAGGCAGCAGTTGGTTGC-3’ and the outer reverse primer 5-CGCAAGCTTCTA
GGCTGCGCTGGTCGGTGC-3’ (restriction sites are underlined and mutated nucleotides are
in bold). Next, the PCR fragments generated above were mixed and used as template for the
next step of SOE-PCR using the forward primer of the 5’ reaction and the reverse primer of
the 3’ reaction. The PCR product from the last step of SOE PCR was then sub-cloned into
pJP23 using the Agel and HindIII restriction sites generating the intermediate plasmid pJP56.
To introduce the H421A and H425A mutations, a second round of SOE PCR was carried out
using pJP56 as template. The overlapping primers used for the first step of the second round of
SOE-PCR were the reverse primer for the 5’ region 5-CGGTGCCATACATGCACGAACAA
CTGCTTCAACACCTTT-3 and the forward primer for the 3’ region 5~-AAAGGTGTTCAA
GCAGTTGTTCGTGCATGTATGGCACCG-3’. The outside primers (forward for 5’ region
and reverse for 3’ region) remained the same as in the first round of SOE-PCR. These same
outside primers were used to complete the second step of SOE-PCR yielding the UL37N-R2
mutant gene containing all mutations. Similar to the first round of mutagenesis, the resulting
PCR fragment from the second step of SOE-PCR was sub-cloned into the pJP23 plasmid using
the restriction sites Agel and HindIII and sequence verified yielding the plasmid pJP55.

Protein expression and purification

UL37N-R2 protein was expressed in T7 Express E. coli (New England BioLabs) and purified
according to the protocol previously used to produce WT UL37N [47]. Purified UL37N-R2
was concentrated to 3.8-4.0 mg/ml using an Ultra-15 30-kDa cutoff concentrator (Millipore)
and stored at 4°C in 20 mM PIPES [pH 7.0], 50 mM NaCl, and 0.1 mM TCEP.
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Crystallization, data collection, and structure determination

Crystals of UL37N-R2 were grown by vapor diffusion at room temperature in hanging drops
containing 2 ul protein at ~ 4 mg/ml and 2 pl crystallization solution (30-32% PEG1000, 0.3 M
Ca(CH;3C00), and 0.1 M imidazole [pH 8.0]). Unlike WT UL37N, the UL37N-R2 mutant
required a higher concentration of PEG1000 for crystallization. Large plate-like crystals
appeared between 2 and 7 days and were harvested 1-4 weeks later. During harvesting, crystals
were soaked in well solution containing 10% glycerol for 1-2 minutes prior to flash freezing in
liquid nitrogen. Diffraction data were collected at 100 K on beamline 24-ID-C at the Advanced
Photon Source at Argonne National Labs and processed in HKL2000 [90]. Whereas the WT
UL37N (PDB ID 4K70) crystallized in space group P21 with 2 molecules per asymmetric unit
[47], crystals of the UL37N-R2 mutant took space group P2221 with 1 molecule per asymmet-
ric unit (53 Table). The non-crystallographic 2-fold symmetry axis in the WT UL37N crystals
became the crystallographic 2-fold symmetry axis in the UL37N-R2 crystals. Phases were
obtained by molecular replacement using a single copy of WT UL37N structure (PDB ID
4K70) [47] as a search template, as implemented in Phaser [91]. The molecular replacement
solution was used as a starting model for refinement in phenix.refine [92] using data to 2.48 A
resolution. Prior to refinement, 9% of the data were set aside for cross-validation, and residues
Q324, D362, R365, H421, and H425 were substituted with alanines. The model was refined in
phenix.refine [92] with iterative rounds of rebuilding in Coot [93]. A composite omit simulated
annealing map was used to check the model. Refinement included rigid-body refinement, gra-
dient minimization refinement of XYZ coordinates, individual atomic displacement parame-
ter refinement, and refinement of TLS parameters, all as implemented in phenix.refine. The
final Ryyork is 17.81% and Ry is 23.66%. All relevant crystallographic statistics are listed in
atomic coordinates (S3 Table), and structure factors for UL37N-R2 were deposited to the
RCSB Protein Data Bank under accession number 5J27.

Mutagenesis of herpesvirus infectious clones

All recombinant PRV (strain Becker) were derived from the pBecker3 infectious clone and are
listed in S2 Table [94]. The PRV R1, R2, and R3 mutant viruses were previously described [47].
Variants of the pBecker3 infectious clones encoding a translational fusion of eGFP to envelope
or tegument proteins were produced by an additional round of En Passant mutagenesis using
the pEP-EGFP-in template (a kind gift from Nikolaus Osterrieder) with previously described
primers [16,95]. New EP primers were designed for translational fusion of eGFP to PRV
pUL37: 5- CGTGGATCGGCTCCTGGCCGAGGTCGACGCCGTGTCCAAAGTGAGCAA
GGGCGAGGAG and 5- GGCTGAAATAACACACGCGCGTGGGGGAAAAATCTTTTTA
CTTGTACAGCTCGTCCATGC. For translational fusion of beta-lactamase to PRV pUL35, a
new En Passant template plasmid was first constructed: pEP-Bla-in. This was accomplished by
first producing a pUC-based plasmid encoding resistance to kanamycin and chloramphenicol
(pGS3670). The kanamycin cassette was then removed by Avrll digestion and self-ligation,
resulting in a pUC plasmid only encoding resistance to chloramphenicol (pGS3672). This lat-
ter plasmid served as the vector for cloning a partial duplication of the beta-lactamase coding
sequence containing an aphAI gene (kanamycin resistance) and an I-Scel cleavage site between
the duplicated sequences. This was achieved by digesting pBR322 with HindIII and PstI to
remove a portion of the beta-lactamase coding sequence, and ligating in a PCR product of an
oversized copy of the removed fragment. The PCR was performed with primers 5 CC-AAAG
CTTATCGATGATAAGCTGTC (reproduction of the vector HindIII site is underlined) and
5" GCGATGCAT-AGATCTTTATCAGCAATAAACCAGCCAG (Nsil and BglII sites under-
lined). The Niil site derived from the second primer was used to clone the PCR product into
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the vector Pstl site, producing the desired duplication within the beta-lactamase coding
sequence along with a BglII restriction site at its center (pGS3552). The duplicated beta-lacta-
mase with I-Scel + kanamycin insertion was then PCR amplified in its entirety using primers
5 GGAAGCTTGCTCACCCAGAAACGCTG (HindIII site underlined) and 5> CGGGATCC
CCAATGCTTAATCAGTGAGGC (BamHI site underlined), which was then cloned into
pGS3672 cut with HindIII + BamHI, resulting in pGS3681. Finally, the aphAI gene and I-Scel
cleavage site cassette from pEP-EGFP-in was subcloned into the unique BglII site by PCR
amplification using primers carrying 5" BglII sites, resulting in pEP-Bla-in. En Passant muta-
genesis was performed with primers 5- GGGCGCGCACAGACGCGCGCTCCCCGCCGAG
CCATCATGGCTCACCCAGAAACGCTG and 5- CTGCGCGGTGATCGTCCGGGGATT
GTTCGGGTCGAAGGACCAATGCTTAATCAGTGAGGC off of pEP-Bla-in to insert beta-
lactamase into PRV UL35.

The HSV-1 R2 mutant was derived from a variant of the HSV-1 strain F infectious clone,
pGS5923 [96,97]. For the latter, codon changes were introduced through three rounds of En
Passant mutagenesis. The first set of primers, 5’-
CTGCGAGGCGGTCGGCCTGTCGGGGGGCGTTCTGAGCGCGACGCTGGCGGCTAT
CATGGGTCCGGCCAGGATGACGACGATAAGTAGGG and 5- CCGCAGGCTCGCCAG
ATGTTCCGTCGGCACGGCCGGACCCATGATAGCCGCCAGCGTCGCGCTCAGAAC
GCCCCAACCAATTAACCAATTCTGATTAG, were used to introduce the Q511A/R515A
mutations and produced pGS6151. The second set of primers 5-GCGGCGGGCGTCCCCGC
GCGGACGCCCGCCGGCCACGGACTCGGCGCAGTCCAGGCGCTCTTTGGGTGCATT
AGGATGACGACGATAAGTAGGG and 5-CAGACCAAACACGTTCGACCCCGCGAGG
GCAATGCACCCAAAGAGCGCCTGGACTGCGCCGAGTCCGTGGCCCAACCAATTAA
CCAATTCTGATTAG, were used to introduce the E452A/Q55A mutations into pGS6151 to
produce pGS6207. The third set of primers 5’- CAGCAGCGGCTGCTGGCTCTGCTGCAG
CAGACGTGGACGTTGATCGCGAATACCAATTCGCCCAGGATGACGACGATAAGTA
GGG and 5- AGCGTCGATCAGGGTGTTGATCACCACGGAGGGCGAATTGGTATTCG
CGATCAACGTCCACGTCAACCAATTAACCAATTCTGATTAG, were used to introduce
the Q403 A mutation into pGS6207 to produce the completed R2 mutant: pGS6264. A variant
of pGS6264 encoding a translational fusion of the mCherry tag with the pUL25 capsid protein
was produced by an additional round of En Passant mutagenesis as previously described,
resulting in pGS6298 [98]. Variants of pGS4553 and pGS6298 infectious clones encoding a
translational fusion of eGFP to pUL47 were produced by En Passant mutagenesis using prim-
ers 5-GGTAGCGGACATCCGATAACCCGCGTCTATCGCCACCATGGTGAGCAAGGG
CGAG and 5-TGGATGCGCGCCTCCTGCGCCCCGCGGGTTCGCGAGCCGACTTGTA
CAGCTCGTC.

Cell lines and virus propagation

Vero (African green monkey kidney epithelial, ATCC), and PK15 (pig kidney epithelial,
ATCC) cells were grown in DMEM (Dulbecco’s Modified Eagle Medium, Invitrogen) supple-
mented with 10% BGS (bovine growth supplement, HyClone), and were confirmed mycobac-
terium free and authenticated by the source. BGS levels were reduced to 2% during infection.
All PRV strains were produced by electroporation of pBecker3 derivatives into PK15 cells as
previously described [13]. The harvested virus was passaged once more on PK15 cells at low
multiplicity to create a working stock. Titers of working stocks were obtained by plaque assay
on PK15 cells as previously described [26]. HSV-1 strains were produced by electroporation of
infectious clones into Vero cells. Using an ECM 630 electroporation system (BTX Instrument
Division, Harvard Apparatus) cells were pulsed once with the following settings: 220V, 950uF,
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0Q. Serum levels were reduced to 2% BGS approximately 12 h after electroporation. Virus was
harvested at a time at which 100% of the cells displayed pronounced cytopathic effect (CPE)
(typically 3-5 days post electroporation).

For single-step growth curves, HSV-1 was harvested from Vero cells and supernatants at
2,5, 8, 12, and 24 hours post infection [99]. Titers were determined by plaque assay on Vero
cells overlaid with 2 ml methocel media (DMEM supplemented with 2% BGS and 10 mg/ml
methyl cellulose) and allowed to expand for four days. Plaque diameters were measured
using Vero cells plated in 6-well trays infected with approximately 100 plaque forming units
(PFU) per well. Images of at least 30 isolated plaques from each infection were acquired with
a Nikon Eclipse TE2000-U inverted microscope fitted with a 0.30 numerical aperture (NA)
10 x objective and RFP filter set. To determine the plaque diameter, the average of two
orthogonal diameter measurements was calculated for each plaque using Image]J software
[100]. Plaque diameters were expressed as a percentage of the diameter of wild-type HSV-1,
which was always measured in parallel. Data sets were plotted using GraphPad Prism 6
(GraphPad Software Inc.).

Primary neuronal culture and microfluidic chambers

Dorsal root ganglia (DRG) from embryonic chicken (E8-E9) were cultured for 2 to 3 days on
poly-DL-ornithine- and laminin-treated coverslips in 2 ml of F12 media (Invitrogen) contain-
ing nutrient mix: 0.08 g/ml bovine serum albumin fraction V powder (VWR), 0.4 mg/ml crys-
talline bovine pancreas insulin (Sigma-Aldrich), 0.4 pug/ml sodium selenite (VWR), 4 pg/ml
transferrin (Intercell Technology) and 5 ng/ml nerve growth factor (NGF; Sigma-Aldrich). In
a subset of experiments, DRG were cultured in polydimethylsiloxane (PMDS) chambers pre-
pared using an epoxy mold (kindly provided by Eran Perlson, Tel Aviv University) [64].
Chambers were placed on plasma-cleaned coverslips treated overnight with poly-DL-ornithine
and subsequently overnight with laminin. Laminin solution was replaced with F12 media
prior to the plating of a single DRG explant in the proximal well adjacent to the chamber
microgrooves (see illustration within S2 Movie). The explant was cultured in the chamber for
3 days to allow axons to grow to the distal channel. Infection was performed by replacing the
F12 media in the distal wells and channel with 7.0 x 10 PEU PRV. Time-lapse imaging of
mCherry and eGFP emissions was achieved by automated sequential capture using 100 ms
exposures for each channel between 0.5-1.0 hpi.

Virus penetration kinetics

PK15 cells were grown to confluence in 12-well plates. At the time of the assay, cells were
placed on ice and washed once with PBS prior to infection with PFU/well of PRV diluted in
serum free media. Cells remained on ice for 1 hour and were then moved to 37°C until pro-
cessing at the indicated times post infection. During processing the viral inoculum was
removed and replaced with either 2 ml of PBS or 2 ml of a citrate solution (40 mM citrate, 10
mM KCl, 0.135 M NaCl [pH 3]). Cells were incubated at room temperature for 1 minute at
which time the PBS was removed and replaced with 2 ml methocel media. For citrate-treated
wells the citrate was removed and cells washed twice with PBS prior to addition of methocel
media. Cells were then incubated at 37°C for an additional 3 days and the number of plaques
that formed were counted. For each time point the percent internalization was calculated
using the equation: (No. of plaques on citrate-treated well/No. of plaques on PBS-treated well)
x 100. Three independent experimental replicates were performed and the results were plotted
using GraphPad Prism 6.
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To measure penetration kinetics into primary sensory neurons, an adaptation of a beta-lac-
tamase assay was developed. Chick dorsal root ganglia explants were cultured for 2-3 days as
described above. Media was removed and replaced with CCF2/AM Live-Blazer dye solution
(Invitrogen): 0.6 ul CCF2/AM, 5.4 ul Solution B, 79 pl Solution C, 15 pul 0.1 M Probenecid, and
500 pl F12 media supplemented with nutrient mix (see above) and NGF. Explants were loaded
with the CCF2/AM dye solution for 45 minutes at 37°C then washed three times with F12
media. The CCF2-loaded explants were infected with 8.0 x 10” pfu/ml of the indicated recom-
binant PRV strains. Axons were imaged from 10-75 minutes post infection using an inverted
wide-field Nikon Eclipse TE2000-U microscope fitted with a 60x/1.4 NA objective, a Photo-
metrics CoolSnap HQ2 camera, and a Beta-lactamase Ratiometric filter set (Chroma). Sequen-
tial images were captured using DIC, followed by excitation with a HQ405/20x filter and
capture with HQ460/40m and HQ530/30m emission filters. 100 ms exposures were used for
all images. To avoid unintended bias, CCF2 cleavage was quantitated by drawing a region of
interest (ROI) along an axon on the DIC image, which was then transferred to the 460 nm and
530 nm images. The average fluorescence intensity of the 460 nm ROI was divided by the cor-
responding average fluorescence intensity of the 530 nm ROI. Ratiometric values from 20-30
ROIs were recorded for each time point. This procedure was repeated for three independent
experiments. The MetaMorph software package (Molecular Devices) was used for image
analysis.

Virus gene expression

PK15 cells were grown to confluence in 6-well plates and infected with PRV at a MOI of 1.
Total RNA was isolated at 4 hpi with TRIzol (Invitrogen) according to the manufacturer’s
instructions. Contaminating DNA was removed with RQ1 RNase-free DNase (Promega).
RNA concentration was determined by absorbance at 260 nm with a NanoDrop 8000 (Thermo
scientific). Gene-specific complementary DNA (cDNA) was synthesized using the SuperScript
III First-Strand Synthesis System (Invitrogen). SYBR Green-based quantitative real-time PCR
was performed on cDNA in a LightCycler 480 IT (Roche). All reactions were carried out in

10 pul volumes: 2 pl cDNA, 5 pl LightCycler 480 SYBR Green I Master (Roche), 0.5 ul forward
primer and 0.5 pul reverse primer (0.5 uM each), and 2 pl water. The running conditions and
primer sequences were based on a previous study [101]. A control sample lacking the reverse
transcriptase enzyme was included in parallel. Specificity of primer binding was confirmed by
melting point analysis. The crossing points (CP) for each transcript was determined by “Fit
Point Method” using LightCycler 480 II software 1.5.0 SP3 (Roche). IE180 mRNA levels were
normalized to S28 rRNA, and the fold change of between R2 and WT PRV infections was aver-
aged across three independent experiments. A subset of cells was treated with 9 uM nocodazole
for 1 hr prior to infection and maintained in nocodazole throughout the 4 hr infection.

Fluorescence microscopy and image analysis

Virus transport dynamics were monitored in primary DRG explants. Explants were infected in
2 ml of media with 3.5 x 10° PFU/ml of PRV (WT and R2 mutant) or 1.3 x 10’ PFU/ml of
HSV-1 (WT and R2 mutant) from 3-4 hpi. Time-lapse images were captured using an
inverted wide-field Nikon Eclipse TE2000-U microscope fitted with a 60x/1.4 NA objective
and a Cascadell:512 electron-multiplying charge-coupled device (EM-CCD; Photometrics).
The microscope was housed in a 37° environmental box (In Vivo Scientific). Moving particles
were detected by time-lapse fluorescence microscopy in the red-fluorescence channel at 10
frames per second (continuous 100 ms exposures) for 100 or 500 frames. Particle trajectories
were traced in the 100 frame time-lapse image stacks using a multi-line tool with a width of 20
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pixels and average background subtraction, and a kymograph was produced using the Meta-

Morph software package (Molecular Devices). The multi-line tool was again employed to trace
kymograph paths, and the fraction of time that a particle was stopped, moving anterograde, or
moving retrograde was calculated for each particle. Graphs were created in GraphPad Prism 6.

Virus composition in axons of DRG explants was monitored using dual-fluorescent viruses
encoding pUL25/mCherry and either eGFP-pUL47, pUL49-eGFP, gD-eGFP, pUL36-eGFP, or
pUL37-eGFP (S2 Table). Time-lapse imaging of mCherry and eGFP emissions was achieved
by automated sequential capture with 100 ms exposures for each channel at 3—-4 hpi. Red-fluo-
rescent capsids that moved > 2.5 um were scored for the presence of a coincident eGFP signal.
Extracellular viral particle composition was analyzed by collecting supernatants from infected
PK15 (PRV) or Vero (HSV-1) cells as previously described [95]. Briefly, cells in 10 cm dishes
were infected at a MOI of 5 PFU/cell and incubated for 18 hrs in F12 media lacking phenol red
(Gibco) and supplemented with 2% (vol/vol) BGS (HyClone). Supernatants were harvested
and cleared of cell debris with a 10 min 3,000 x g centrifugation. Next, 8 ml of cleared superna-
tant was transferred to a SW41 centrifuge tube and underlaid with a 1 ml cushion of 10% (wt/
vol) Nycodenz (Accurate Chemical) in PBS. Samples were centrifuged at 38,500 x g for 60
min. Media and the Nycodenz cushion were gently aspirated from the virus pellet, which was
resuspended in 0.1 ml PBS. Prior to imaging, the resuspended virus particles were diluted 1:50
in PBS and 0.07 ml was transferred into a microscope slide chamber consisting of a plasma-
cleaned No. 1.5, 22 x 22-mm coverslip. Images were captured using 1.7 s exposures with a
CoolSnap HQ2 camera (Photometrics).

Imaging of capsid delivery to nuclear rims of DRG sensory neurons was conducted follow-
ing co-infections with pUL25/mCherry and pUL25/eGFP encoding viruses. DRG explants
were infected in 2 ml of media with 3.5 x 10’ PFU/ml of each virus (PRV co-infections) or at
1.0 x 107 PFU/ml of each virus (HSV-1 co-infections). Infected DRG were imaged between
3-4 hpi using a Nikon Ti inverted microscope fitted with a 100 x 1.45 NA objective (Nikon
Instruments) and coupled to a CSU-W1 confocal head (Yokogawa Electric Corporation) and a
Cascadell:1024 EM-CCD (Photometrics). Illumination was provided by a Sapphire 561 laser
(Coherent) and custom laser launch (Solamere Technology Group, Inc.). Nuclei were identi-
fied using differential interference contrast imaging.

Anterograde axonal transport following virus replication in DRG sensory neurons was
monitored as previously described [55]. Briefly, triturated neurons were seeded on poly-DL-
ornithine treated coverslips at low density and cultured for 2 days prior to infection in 2 ml of
media with 2.5 x 10° PFU/ml of either wild-type or the R2-mutant PRV. Actively transporting
PRV particles were imaged between 10-13 hpi at 10 frames/s (100 ms exposures) for 100
frames, and transport dynamics were measured by kymograph analysis as described above.
Particle accumulation at axon terminals was imaged using 1.7 sec exposures on an inverted
wide-field Nikon Eclipse TE2000-E fluorescence microscope fitted with a 60 x 1.4 NA objec-
tive and a Photometrics CoolSnap HQ2 camera. Particle counts at axon terminals were deter-
mined manually across three independent experiments with at least 10 terminals examined
per sample.

Ethics statement

All procedures conformed to NIH guidelines for work with laboratory animals and were
approved by the Institutional Animal Care and Use Committee of the University of Nebraska,
Lincoln (Protocol: 1086) and Northwestern University (Protocol: IS00003334). Fertilized
chicken eggs were obtained from Sunnyside, Inc. and tissue were harvested between embry-
onic day 8 and 10.
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In vivo methods

Intranasal inoculations were performed as previously described [98]. Briefly, male CD-1 mice
(6 wk old; Charles River) were maintained for at least 2 weeks under a 12:12 hr light/dark
cycle, with 2-3 mice per cage and food and water freely available. Intranasal application of
PRV was administered to animals anesthetized by 2.5% isoflurane inhalation. Viral stocks
were stored frozen at —80°C and were used immediately after being thawed. Animals received
5 ul of PRV (1.0-6.4 x 10® PFU/ml) in either one or both nostrils. For vaccination studies, ani-
mals received 5 pl of the PRV R2 mutant (6.4 x 10® PFU/ml) in each nostril and a second intra-
nasal instillation of 5 pl of WT virus (8.8 x 10° PFU/ml) at 3 to 28 days post vaccination.
Behavior was continuously video monitored with images captured every 10 min. Survival
times post-inoculation were rounded to the nearest hour. Surviving animals were euthanized
at the end of the experiment.

Intraocular injections were performed as previously described [41]. Briefly, male Long
Evans rats (8 wk old; Charles River) were maintained two per cage under a 12:12 hr light:dark
cycle for at least 2 weeks with food and water freely available. Under isoflurane inhalation
anesthesia (2.5%), animals received either an anterior chamber injection of 2 ul of PRV (0.2-
4.0 x 10° PFU/ml) or an intravitreal chamber injection of 10 ul of PRV. Injections were per-
formed over a 2 min interval using a Hamilton syringe fitted with a 30 g needle. A fresh stock
of virus was thawed for each experiment. Animals were maintained in a biosafety level 2 facil-
ity for up to 144 hrs post-inoculation.

Intracranial injections were performed as previously described [40]. Briefly, under isoflur-
ane inhalation anesthesia (2.5%), male Long Evans rats (6 wk old, Charles River) were posi-
tioned in a Kopf stereotaxic apparatus (David Kopf Instruments). A craniotomy was
performed, and a micropipette attached to a Nanoject II nanoinjector (Drummond Scientific
Co.) was lowered to the appropriate position and approximately 0.7 pl of PRV was injected.
The micropipette was kept in place for 2 min, elevated 100 pm and another 0.7 ul injected, and
kept in place an additional min before being withdrawn. The craniotomy was subsequently
packed with gel foam, the incision was sutured, and the animals were monitored in a recovery
area until fully mobile. Animals were maintained in a biosafety level 2 facility for 48-102 h
post-injection and were prepared for histological analysis. Briefly, under deep anesthesia, ani-
mals were intracardially perfused with 0.9% saline followed by 4.0% paraformaldehyde in 0.1
M phosphate buffer (pH 7.3). Retinas were removed and imaged as flat mounts whereas brains
were post-fixed overnight in the same fixative containing 20% sucrose and sectioned at 40 pm
with a CM1850 cryostat (Leica). Sections were mounted on slides, coverslipped with Vecta-
shield (Vector Laboratories) and imaged with a DM5500B fluorescence microscope (Leica)
equipped with a C11440 Orca-flash 4.0 digital camera (Hamamatsu).

Imaging of fluorescently-tagged HSV-1 infected tissues was performed following corneal
inoculation of DBA2 mice (6 wk old; Charles River). The animals were anesthetized (2.5% iso-
flurane inhalation), the corneas gently abraded with a 25-gauge needle, and 5 pl of HSV-1 (6-
10 x 10’ PFU/ml) was administered to the corneal surface. Two to six days later animals were
anesthetized and prepared for histological analyses as described above. Corneas were prepared
as flat mounts and imaged. Brains and trigeminal ganglia were post-fixed, sectioned at 40 pm
and imaged as described above. In separate experiments, HSV-1 infections of BALB/c mice (9
wk old; Jackson Lab) were carried out in animals anesthetized with an intraperitoneal injection
of a ketamine (86.98 mg/kg) and xylazine (13.04 mg/kg) mixture. Each cornea was lightly
abraded 10 times in a crosshatched pattern with a 25-gauge needle, and 7 ul of HSV-1 (9 x 107
PFU/ml) was administered to the cornea surface. Prior to infection, the virus stock was soni-
cated and centrifuged for 2 min at 300 x g to remove cell debris. Eye swabs were collected by
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lightly anesthetizing the mice with isoflurane, gently proptosing each eye, and wiping a
DMEM-moistened sterile cotton swab three times around the eye in a circular motion and
twice across the center of the cornea in an “X” pattern. The swabs were placed in 1 ml of
DMEM and stored at —80°C. Before titering, the swabs were thawed and vigorously vortexed
for 30 seconds. At the indicated day post infection each trigeminal ganglia and the brain were
removed and individually homogenized in 1 ml DMEM, sonicated, and stored at —80°C. Titers
of recovered HSV-1 from eye swabs and tissues were determined on Vero cells as described
above. For reactivation studies whole trigeminal ganglia were harvested and bisected prior to
plating on a monolayer of Vero cells. Cells were monitored for CPE for 7 days. If no CPE was
observed, cells and tissue were collected, homogenized, sonicated, and 100 pl of the homoge-
nate was plated on a monolayer of Vero cells. Cells were monitored for 10 days for signs of
CPE. Tissue was scored positive if CPE was detected from the intact or homogenized tissues.

For HSV-1 vaccination studies, BALB/c mice were inoculated in the left eye with either 7 pl
of the HSV-1 R2 mutant stock (9 x 10" PFU/ml), or 7 pl of conditioned media following cor-
neal scarification. Conditioned media was harvested from Vero cells grown in DMEM supple-
mented with 10% BGS: cells and media were collected together and frozen, and prior to use
were thawed, sonicated, and centrifuged to remove cell debris to mimic the handling of the
HSV-1 stocks. At 14 days post vaccination mice were challenged with 7 ul of wild-type HSV-1
strain F (1.0 x 10® PFU/ml) or 5 ul of HSV-1 McKrae (6.0 x 10® PFU/ml) by inoculation of the
right eye following corneal scarification.

gPCR on mouse tissues

DNA was isolated from homogenized brain and trigeminal ganglia using the DNeasy Blood
and Tissue Kit (Qiagen). For brain samples the DNA was used at a final concentration of 100
ng/pl. For TG samples the final DNA concentration varied between 10-20 ng/pl. Each sample
was run in triplicate using a 10 pl reaction volume consisting of: 5 ul of CyberGreen Mastermix
(Roche), 0.5 pul forward primer (30 uM), 0.5 pl reverse primer (30 uM), 1.5 pl water, and 2.5 pl
of DNA. Run settings were 95°C for 10 min, 50 cycles of 95°C for 15 sec, and 60°C for 30 sec.
The forward and reverse primer sequences were previously published [102]: HSV-1 UL35Fwd:
GTCTTGGCCACCAATAACTC; HSV-1 UL35 Rev: GGGTAAACGTGTTGTTTGCG;
mGAPDHFwd: GATGGGTGTGAACCACGAG, and mGAPDHRev: GTGATGGCATGGA
CTGTGG.

Statistical analysis

The statistical tests for all data are justified and the data meets the assumptions of the test.
There is an estimate of variation within each group of data, however, the variance is similar
between the groups that are being statistically compared. Significance between specific data
sets is described in the respective figure legends.

Supporting information

S1 Movie. Aberrant bi-directional motion exhibited by the PRV R2 mutant. DRG sensory
neurons were infected in 2 ml of media with 3.5 x 10" PEU/ml of either WT or R2 mutant
PRV. Both viruses encoded a pUL25/mCherry fluorescent capsid reporter. Infections were
imaged by time-lapse fluorescence microscopy from 3-4 hpi.

(MOV)

$2 Movie. Monitoring of viral particle composition in sensory axons. Short time-lapse record-
ings show the absence of gD-GFP signal (left) and presence of pUL37 (right) on individual
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axonal capsids. The recordings are representative of the raw data sets that were acquired and
used to produce the analysis provided in Fig 5B. Movie is best viewed with continual looping.
(MOV)

$3 Movie. The PRV R2 mutant fails to transport in axons in a microfluidic culture cham-
ber. Axon terminals of DRG cultured ex vivo in a microfluidic chamber were co-infected with
wild-type PRV (encoding pUL25/eGFP) and the PRV R2 mutant (encoding pUL25/mCherry).
Frames of alternating eGFP (top) and mCherry (bottom) emissions were captured prior to 1
hpi, with alternating 100 ms exposures from a single field of view mid-axon that was distal
from the site of inoculation at the axon terminals.

(MOV)

S1 Fig. Mutation of R2 confines neuronal spread of PRV to anterograde circuits. (A) Dia-
gram of neuronal circuits examined following PRV injection into either the vitreous humor or
the superior colliculus (SC) of rats. Neuronal circuits are shown as black lines with presynaptic
terminals indicated by triangles. (B) Representative images of the lateral geniculate nucleus
(LGN), superior colliculus (SC), olivary pretectal nucleus (OPN), parabigeminal nucleus
(PBG), and suprachiasmatic nucleus (SCN) following vitreous humor injection. (C) Represen-
tative images of the retina and SC following SC injection (all panels are shown at equal magni-
fication; scale bar is 500 um).

(PDF)

S$2 Fig. Determination of the lethal infectious dose of PRV in CD-1 mice. Kaplan-Meier
presentation of mouse survival following intranasal instillation of wild-type PRV (WT). Viral
stock was serially diluted to determine the minimum lethal infectious dose (n = 4 animals for
each dose).

(PDF)

S1 Table. Amino acid changes encoded by PRV mutated in pUL37 regions 1 through 3
(R1, R2, R3).
(PDF)

S2 Table. PRV and HSV-1 strains used in this study.
(PDF)

S3 Table. Data collection and refinement statistics for N-terminus of R2-mutant PRV
pUL37.
(PDF)

Acknowledgments

We thank Sofia Zaichick, Gina Daniel, Kevin Bohannon, and Jenifer Klabis for assistance with
recombinant virus production and Richard Longnecker, Sarah Kopp, and Anne Fischer for
assistance with in vivo studies. We also thank Peter Cherepanov for the gift of the GST-PreScis-
sion protease expression plasmid. Atomic coordinates and structure factors for the PRV
UL37N R2 mutant structure were deposited to the RCSB Protein Data Bank under accession
number 5]2Z. All software was installed and maintained by SBGrid [103].

Author Contributions

Conceptualization: Alexsia L. Richards, Patricia J. Sollars, Jared D. Pitts, Ekaterina E. Held-
wein, Gary E. Pickard, Gregory A. Smith.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006741 December 7,2017 26/32


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006741.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006741.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006741.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006741.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006741.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006741.s008
https://doi.org/10.1371/journal.ppat.1006741

@’PLOS | PATHOGENS

pUL37 guides neuroinvasion

Data curation: Alexsia L. Richards, Patricia J. Sollars, Jared D. Pitts, Austin M. Stults, Ekater-
ina E. Heldwein, Gary E. Pickard, Gregory A. Smith.

Formal analysis: Alexsia L. Richards, Patricia ]. Sollars, Jared D. Pitts, Austin M. Stults, Eka-
terina E. Heldwein, Gary E. Pickard, Gregory A. Smith.

Funding acquisition: Alexsia L. Richards, Patricia J. Sollars, Ekaterina E. Heldwein, Gary E.
Pickard, Gregory A. Smith.

Investigation: Alexsia L. Richards, Patricia J. Sollars, Austin M. Stults, Ekaterina E. Heldwein,
Gary E. Pickard, Gregory A. Smith.

Methodology: Alexsia L. Richards, Patricia J. Sollars, Austin M. Stults, Ekaterina E. Heldwein,
Gary E. Pickard, Gregory A. Smith.

Project administration: Patricia J. Sollars, Ekaterina E. Heldwein, Gary E. Pickard, Gregory
A. Smith.

Resources: Alexsia L. Richards, Patricia J. Sollars, Ekaterina E. Heldwein, Gary E. Pickard,
Gregory A. Smith.

Software: Alexsia L. Richards, Ekaterina E. Heldwein, Gregory A. Smith.
Supervision: Patricia J. Sollars, Ekaterina E. Heldwein, Gary E. Pickard, Gregory A. Smith.

Validation: Alexsia L. Richards, Patricia J. Sollars, Ekaterina E. Heldwein, Gary E. Pickard,
Gregory A. Smith.

Visualization: Alexsia L. Richards, Patricia J. Sollars, Ekaterina E. Heldwein, Gary E. Pickard,
Gregory A. Smith.

Writing - original draft: Alexsia L. Richards, Ekaterina E. Heldwein, Gary E. Pickard, Greg-
ory A. Smith.

Writing - review & editing: Alexsia L. Richards, Patricia J. Sollars, Jared D. Pitts, Ekaterina E.
Heldwein, Gary E. Pickard, Gregory A. Smith.

References

1. Steiner |, Kennedy PG, Pachner AR. The neurotropic herpes viruses: herpes simplex and varicella-
zoster. Lancet Neurol 2007 Nov; 6(11):1015-1028. https://doi.org/10.1016/S1474-4422(07)70267-3
PMID: 17945155

2. Lafaille FG, Ciancanelli MJ, Studer L, Smith G, Notarangelo L, Casanova JL, et al. Deciphering human
cell-autonomous anti-HSV-1 immunity in the central nervous system. Front Immunol 2015 May 8;
6:208. https://doi.org/10.3389/fimmu.2015.00208 PMID: 26005444

3. Pomeranz LE, Reynolds AE, Hengartner CJ. Molecular biology of pseudorabies virus: impact on neu-
rovirology and veterinary medicine. Microbiol Mol Biol Rev 2005 Sep; 69(3):462-500. https://doi.org/
10.1128/MMBR.69.3.462-500.2005 PMID: 16148307

4. Liedtke W, Opalka B, Zimmermann CW, Lignitz E. Age distribution of latent herpes simplex virus 1 and
varicella-zoster virus genome in human nervous tissue. J Neurol Sci 1993 May; 116(1):6—-11. PMID:
8389816

5. Kemble G, Spaete R. Herpes simplex vaccines. In: Arvin A, Campadelli-Fiume G, Mocarski E, Moore
PS, Roizman B, Whitley R, et al, editors. Human Herpesviruses: Biology, Therapy, and Immunopro-
phylaxis Cambridge; 2007. PMID: 21348071

6. McAllister SC, Schleiss MR. Prospects and perspectives for development of a vaccine against herpes
simplex virus infections. Expert Rev Vaccines 2014 Nov; 13(11):1349-1360. https://doi.org/10.1586/
14760584.2014.932694 PMID: 25077372

7. Salinas S, Schiavo G, Kremer EJ. A hitchhiker’s guide to the nervous system: the complex journey of
viruses and toxins. Nat Rev Microbiol 2010 Sep; 8(9):645-655. https://doi.org/10.1038/nrmicro2395
PMID: 20706281

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006741 December 7,2017 27/32


https://doi.org/10.1016/S1474-4422(07)70267-3
http://www.ncbi.nlm.nih.gov/pubmed/17945155
https://doi.org/10.3389/fimmu.2015.00208
http://www.ncbi.nlm.nih.gov/pubmed/26005444
https://doi.org/10.1128/MMBR.69.3.462-500.2005
https://doi.org/10.1128/MMBR.69.3.462-500.2005
http://www.ncbi.nlm.nih.gov/pubmed/16148307
http://www.ncbi.nlm.nih.gov/pubmed/8389816
http://www.ncbi.nlm.nih.gov/pubmed/21348071
https://doi.org/10.1586/14760584.2014.932694
https://doi.org/10.1586/14760584.2014.932694
http://www.ncbi.nlm.nih.gov/pubmed/25077372
https://doi.org/10.1038/nrmicro2395
http://www.ncbi.nlm.nih.gov/pubmed/20706281
https://doi.org/10.1371/journal.ppat.1006741

@’PLOS | PATHOGENS

pUL37 guides neuroinvasion

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Szilagyi JF, Cunningham C. Identification and characterization of a novel non-infectious herpes sim-
plex virus-related particle. J Gen Virol 1991 Mar; 72 (Pt 3)(Pt 3):661-668. https://doi.org/10.1099/
0022-1317-72-3-661 PMID: 1848601

Zhou ZH, Chen DH, Jakana J, Rixon FJ, Chiu W. Visualization of tegument-capsid interactions and
DNA in intact herpes simplex virus type 1 virions. J Virol 1999 Apr; 73(4):3210-3218. PMID: 10074174

Maurer UE, Sodeik B, Grunewald K. Native 3D intermediates of membrane fusion in herpes simplex
virus 1 entry. Proc Natl Acad Sci U S A 2008 Jul 29; 105(30):10559—10564. https://doi.org/10.1073/
pnas.0801674105 PMID: 18653756

Huet A, Makhov AM, Huffman JB, Vos M, Homa FL, Conway JF. Extensive subunit contacts underpin
herpesvirus capsid stability and interior-to-exterior allostery. Nat Struct Mol Biol 2016 Jun; 23(6):531—
539. https://doi.org/10.1038/nsmb.3212 PMID: 27111889

Smith G. Herpesvirus transport to the nervous system and back again. Annu Rev Microbiol 2012;
66:153—176. https://doi.org/10.1146/annurev-micro-092611-150051 PMID: 22726218

Luxton GW, Haverlock S, Coller KE, Antinone SE, Pincetic A, Smith GA. Targeting of herpesvirus cap-
sid transport in axons is coupled to association with specific sets of tegument proteins. Proc Natl Acad
Sci U S A 2005 Apr 19; 102(16):5832-5837. https://doi.org/10.1073/pnas.0500803102 PMID:
15795370

Granzow H, Klupp BG, Mettenleiter TC. Entry of pseudorabies virus: an immunogold-labeling study. J
Virol 2005 Mar; 79(5):3200-3205. https://doi.org/10.1128/JV1.79.5.3200-3205.2005 PMID: 15709042

Antinone SE, Smith GA. Retrograde axon transport of herpes simplex virus and pseudorabies virus: a
live-cell comparative analysis. J Virol 2010 Feb; 84(3):1504—-1512. https://doi.org/10.1128/JV1.02029-
09 PMID: 19923187

Coller KE, Smith GA. Two viral kinases are required for sustained long distance axon transport of a
neuroinvasive herpesvirus. Traffic 2008 Sep; 9(9):1458—1470. https://doi.org/10.1111/j.1600-0854.
2008.00782.x PMID: 18564370

Aggarwal A, Miranda-Saksena M, Boadle RA, Kelly BJ, Diefenbach RJ, Alam W, et al. Ultrastructural
visualization of individual tegument protein dissociation during entry of herpes simplex virus 1 into
human and rat dorsal root ganglion neurons. J Virol 2012 Jun; 86(11):6123-6137. https://doi.org/10.
1128/JVI1.07016-11 PMID: 22457528

Pasdeloup D, Beilstein F, Roberts AP, McElwee M, McNab D, Rixon FJ. Inner tegument protein
pUL37 of herpes simplex virus type 1 is involved in directing capsids to the trans-Golgi network for
envelopment. J Gen Virol 2010 Sep; 91(Pt 9):2145-2151. https://doi.org/10.1099/vir.0.022053-0
PMID: 20505007

Klupp BG, Granzow H, Mundt E, Mettenleiter TC. Pseudorabies virus UL37 gene product is involved
in secondary envelopment. J Virol 2001 Oct; 75(19):8927-8936. https://doi.org/10.1128/JV1.75.19.
8927-8936.2001 PMID: 11533156

Sandbaumhuter M, Dohner K, Schipke J, Binz A, Pohimann A, Sodeik B, et al. Cytosolic herpes sim-
plex virus capsids not only require binding inner tegument protein pUL36 but also pUL37 for active
transport prior to secondary envelopment. Cell Microbiol 2013 Feb; 15(2):248-269. https://doi.org/10.
1111/cmi.12075 PMID: 23186167

Desai P, Sexton GL, McCaffery JM, Person S. A null mutation in the gene encoding the herpes simplex
virus type 1 UL37 polypeptide abrogates virus maturation. J Virol 2001 Nov; 75(21):10259-10271.
https://doi.org/10.1128/JV1.75.21.10259-10271.2001 PMID: 11581394

Jambunathan N, Chouljenko D, Desai P, Charles AS, Subramanian R, Chouljenko VN, et al. Herpes
simplex virus 1 protein UL37 interacts with viral glycoprotein gk and membrane protein UL20 and func-
tions in cytoplasmic virion envelopment. J Virol 2014 Jun; 88(11):5927-5935. https://doi.org/10.1128/
JV1.00278-14 PMID: 24600000

Leege T, Granzow H, Fuchs W, Klupp BG, Mettenleiter TC. Phenotypic similarities and differences
between UL37-deleted pseudorabies virus and herpes simplex virus type 1. J Gen Virol 2009 Jul; 90
(Pt 7):1560—-1568. https://doi.org/10.1099/vir.0.010322-0 PMID: 19297610

Kelly BJ, Bauerfeind R, Binz A, Sodeik B, Laimbacher AS, Fraefel C, et al. The interaction of the HSV-
1 tegument proteins pUL36 and pUL37 is essential for secondary envelopment during viral egress.
Virology 2014 Apr; 454—455:67—77. https://doi.org/10.1016/j.virol.2014.02.003 PMID: 24725933

Klupp BG, Fuchs W, Granzow H, Nixdorf R, Mettenleiter TC. Pseudorabies virus UL36 tegument pro-
tein physically interacts with the UL37 protein. J Virol 2002 Mar; 76(6):3065-3071. https://doi.org/10.
1128/JV1.76.6.3065-3071.2002 PMID: 11861875

Smith GA, Enquist LW. Construction and transposon mutagenesis in Escherichia coli of a full-length
infectious clone of pseudorabies virus, an alphaherpesvirus. J Virol 1999 Aug; 73(8):6405-6414.
PMID: 10400733

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006741 December 7,2017 28/32


https://doi.org/10.1099/0022-1317-72-3-661
https://doi.org/10.1099/0022-1317-72-3-661
http://www.ncbi.nlm.nih.gov/pubmed/1848601
http://www.ncbi.nlm.nih.gov/pubmed/10074174
https://doi.org/10.1073/pnas.0801674105
https://doi.org/10.1073/pnas.0801674105
http://www.ncbi.nlm.nih.gov/pubmed/18653756
https://doi.org/10.1038/nsmb.3212
http://www.ncbi.nlm.nih.gov/pubmed/27111889
https://doi.org/10.1146/annurev-micro-092611-150051
http://www.ncbi.nlm.nih.gov/pubmed/22726218
https://doi.org/10.1073/pnas.0500803102
http://www.ncbi.nlm.nih.gov/pubmed/15795370
https://doi.org/10.1128/JVI.79.5.3200-3205.2005
http://www.ncbi.nlm.nih.gov/pubmed/15709042
https://doi.org/10.1128/JVI.02029-09
https://doi.org/10.1128/JVI.02029-09
http://www.ncbi.nlm.nih.gov/pubmed/19923187
https://doi.org/10.1111/j.1600-0854.2008.00782.x
https://doi.org/10.1111/j.1600-0854.2008.00782.x
http://www.ncbi.nlm.nih.gov/pubmed/18564370
https://doi.org/10.1128/JVI.07016-11
https://doi.org/10.1128/JVI.07016-11
http://www.ncbi.nlm.nih.gov/pubmed/22457528
https://doi.org/10.1099/vir.0.022053-0
http://www.ncbi.nlm.nih.gov/pubmed/20505007
https://doi.org/10.1128/JVI.75.19.8927-8936.2001
https://doi.org/10.1128/JVI.75.19.8927-8936.2001
http://www.ncbi.nlm.nih.gov/pubmed/11533156
https://doi.org/10.1111/cmi.12075
https://doi.org/10.1111/cmi.12075
http://www.ncbi.nlm.nih.gov/pubmed/23186167
https://doi.org/10.1128/JVI.75.21.10259-10271.2001
http://www.ncbi.nlm.nih.gov/pubmed/11581394
https://doi.org/10.1128/JVI.00278-14
https://doi.org/10.1128/JVI.00278-14
http://www.ncbi.nlm.nih.gov/pubmed/24600000
https://doi.org/10.1099/vir.0.010322-0
http://www.ncbi.nlm.nih.gov/pubmed/19297610
https://doi.org/10.1016/j.virol.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24725933
https://doi.org/10.1128/JVI.76.6.3065-3071.2002
https://doi.org/10.1128/JVI.76.6.3065-3071.2002
http://www.ncbi.nlm.nih.gov/pubmed/11861875
http://www.ncbi.nlm.nih.gov/pubmed/10400733
https://doi.org/10.1371/journal.ppat.1006741

@’PLOS | PATHOGENS

pUL37 guides neuroinvasion

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

Desai PJ. A null mutation in the UL36 gene of herpes simplex virus type 1 results in accumulation of
unenveloped DNA-filled capsids in the cytoplasm of infected cells. J Virol 2000 Dec; 74(24):11608—
11618. PMID: 11090159

Fuchs W, Klupp BG, Granzow H, Mettenleiter TC. Essential function of the pseudorabies virus UL36
gene product is independent of its interaction with the UL37 protein. J Virol 2004 Nov; 78(21):11879—
11889. https://doi.org/10.1128/JV1.78.21.11879-11889.2004 PMID: 15479829

Coller KE, Lee JI, Ueda A, Smith GA. The capsid and tegument of the alphaherpesviruses are linked
by an interaction between the UL25 and VP1/2 proteins. J Virol 2007 Nov; 81(21):11790-11797.
https://doi.org/10.1128/JV1.01113-07 PMID: 17715218

Zaichick SV, Bohannon KP, Hughes A, Sollars PJ, Pickard GE, Smith GA. The herpesvirus VP1/2 pro-
tein is an effector of dynein-mediated capsid transport and neuroinvasion. Cell Host Microbe 2013 Feb
13; 13(2):193—-208. https://doi.org/10.1016/j.chom.2013.01.009 PMID: 23414759

Batterson W, Furlong D, Roizman B. Molecular genetics of herpes simplex virus. VIII. further charac-
terization of a temperature-sensitive mutant defective in release of viral DNA and in other stages of the
viral reproductive cycle. J Virol 1983 Jan; 45(1):397—407. PMID: 6296445

Jovasevic V, Liang L, Roizman B. Proteolytic cleavage of VP1-2 is required for release of herpes sim-
plex virus 1 DNA into the nucleus. J Virol 2008 Apr; 82(7):3311-3319. https://doi.org/10.1128/JVI.
01919-07 PMID: 18216103

Copeland AM, Newcomb WW, Brown JC. Herpes simplex virus replication: roles of viral proteins and
nucleoporins in capsid-nucleus attachment. J Virol 2009 Feb; 83(4):1660—1668. https://doi.org/10.
1128/JV1.01139-08 PMID: 19073727

Pasdeloup D, Blondel D, Isidro AL, Rixon FJ. Herpesvirus capsid association with the nuclear pore
complex and viral DNA release involve the nucleoporin CAN/Nup214 and the capsid protein pUL25. J
Virol 2009 Jul; 83(13):6610-6623. https://doi.org/10.1128/JVI.02655-08 PMID: 19386703

Abaitua F, Souto RN, Browne H, Daikoku T, O’'Hare P. Characterization of the herpes simplex virus
(HSV)-1 tegument protein VP1-2 during infection with the HSV temperature-sensitive mutant tsB7. J
Gen Virol 2009 Oct; 90(Pt 10):2353-2363. https://doi.org/10.1099/vir.0.012492-0 PMID: 19587138

Abaitua F, Daikoku T, Crump CM, Bolstad M, O’Hare P. A single mutation responsible for tempera-
ture-sensitive entry and assembly defects in the VP1-2 protein of herpes simplex virus. J Virol 2011
Mar; 85(5):2024-2036. https://doi.org/10.1128/JVI.01895-10 PMID: 21177812

Abaitua F, Hollinshead M, Bolstad M, Crump CM, O’Hare P. A Nuclear localization signal in herpesvi-
rus protein VP1-2 is essential for infection via capsid routing to the nuclear pore. J Virol 2012 Sep; 86
(17):8998-9014. https://doi.org/10.1128/JVI.01209-12 PMID: 22718835

Huffman JB, Daniel GR, Falck-Pedersen E, Huet A, Smith GA, Conway JF, et al. The C Terminus of
the Herpes Simplex Virus UL25 Protein Is Required for Release of Viral Genomes from Capsids
Bound to Nuclear Pores. J Virol 2017 Jul 12; 91(15): https://doi.org/10.1128/JVI.00641-17 PMID:
28490590

Roberts AP, Abaitua F, O’'Hare P, McNab D, Rixon FJ, Pasdeloup D. Differing roles of inner tegument
proteins pUL36 and pUL37 during entry of herpes simplex virus type 1. J Virol 2009 Jan; 83(1):105—
116. https://doi.org/10.1128/JVI.01032-08 PMID: 18971278

Huffmaster NJ, Sollars PJ, Richards AL, Pickard GE, Smith GA. Dynamic ubiquitination drives herpes-
virus neuroinvasion. Proc Natl Acad Sci U S A 2015 Oct 13; 112(41):12818-12823. https://doi.org/10.
1073/pnas.1512559112 PMID: 26407585

Lee JI, Sollars PJ, Baver SB, Pickard GE, Leelawong M, Smith GA. A herpesvirus encoded deubiquiti-
nase is a novel neuroinvasive determinant. PLoS Pathog 2009 Apr; 5(4):e1000387. https://doi.org/10.
1371/journal.ppat.1000387 PMID: 19381253

Bottcher S, Maresch C, Granzow H, Klupp BG, Teifke JP, Mettenleiter TC. Mutagenesis of the active-
site cysteine in the ubiquitin-specific protease contained in large tegument protein pUL36 of pseudora-
bies virus impairs viral replication in vitro and neuroinvasion in vivo. J Virol 2008 Jun; 82(12):6009—
6016. https://doi.org/10.1128/JV1.00280-08 PMID: 18400848

Krautwald M, Fuchs W, Klupp BG, Mettenleiter TC. Translocation of incoming pseudorabies virus cap-
sids to the cell nucleus is delayed in the absence of tegument protein pUL37. J Virol 2009 Apr; 83
(7):3389-3396. https://doi.org/10.1128/JVI.02090-08 PMID: 19144717

Liu X, Fitzgerald K, Kurt-Jones E, Finberg R, Knipe DM. Herpesvirus tegument protein activates NF-
kappaB signaling through the TRAF6 adaptor protein. Proc Natl Acad Sci U S A 2008 Aug 12; 105
(32):11335-113309. https://doi.org/10.1073/pnas.0801617105 PMID: 18682563

Zhao J, ZengY, Xu S, Chen J, Shen G, Yu C, et al. A Viral Deamidase Targets the Helicase Domain of
RIG-I to Block RNA-Induced Activation. Cell Host Microbe 2016 Dec 14; 20(6):770-784. https://doi.
org/10.1016/j.chom.2016.10.011 PMID: 27866900

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006741 December 7,2017 29/32


http://www.ncbi.nlm.nih.gov/pubmed/11090159
https://doi.org/10.1128/JVI.78.21.11879-11889.2004
http://www.ncbi.nlm.nih.gov/pubmed/15479829
https://doi.org/10.1128/JVI.01113-07
http://www.ncbi.nlm.nih.gov/pubmed/17715218
https://doi.org/10.1016/j.chom.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/23414759
http://www.ncbi.nlm.nih.gov/pubmed/6296445
https://doi.org/10.1128/JVI.01919-07
https://doi.org/10.1128/JVI.01919-07
http://www.ncbi.nlm.nih.gov/pubmed/18216103
https://doi.org/10.1128/JVI.01139-08
https://doi.org/10.1128/JVI.01139-08
http://www.ncbi.nlm.nih.gov/pubmed/19073727
https://doi.org/10.1128/JVI.02655-08
http://www.ncbi.nlm.nih.gov/pubmed/19386703
https://doi.org/10.1099/vir.0.012492-0
http://www.ncbi.nlm.nih.gov/pubmed/19587138
https://doi.org/10.1128/JVI.01895-10
http://www.ncbi.nlm.nih.gov/pubmed/21177812
https://doi.org/10.1128/JVI.01209-12
http://www.ncbi.nlm.nih.gov/pubmed/22718835
https://doi.org/10.1128/JVI.00641-17
http://www.ncbi.nlm.nih.gov/pubmed/28490590
https://doi.org/10.1128/JVI.01032-08
http://www.ncbi.nlm.nih.gov/pubmed/18971278
https://doi.org/10.1073/pnas.1512559112
https://doi.org/10.1073/pnas.1512559112
http://www.ncbi.nlm.nih.gov/pubmed/26407585
https://doi.org/10.1371/journal.ppat.1000387
https://doi.org/10.1371/journal.ppat.1000387
http://www.ncbi.nlm.nih.gov/pubmed/19381253
https://doi.org/10.1128/JVI.00280-08
http://www.ncbi.nlm.nih.gov/pubmed/18400848
https://doi.org/10.1128/JVI.02090-08
http://www.ncbi.nlm.nih.gov/pubmed/19144717
https://doi.org/10.1073/pnas.0801617105
http://www.ncbi.nlm.nih.gov/pubmed/18682563
https://doi.org/10.1016/j.chom.2016.10.011
https://doi.org/10.1016/j.chom.2016.10.011
http://www.ncbi.nlm.nih.gov/pubmed/27866900
https://doi.org/10.1371/journal.ppat.1006741

@’PLOS | PATHOGENS

pUL37 guides neuroinvasion

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Klopfleisch R, Teifke JP, Fuchs W, Kopp M, Klupp BG, Mettenleiter TC. Influence of tegument proteins
of pseudorabies virus on neuroinvasion and transneuronal spread in the nervous system of adult mice
after intranasal inoculation. J Virol 2004 Mar; 78(6):2956—2966. https://doi.org/10.1128/JV1.78.6.2956-
2966.2004 PMID: 14990714

Pitts JD, Klabis J, Richards AL, Smith GA, Heldwein EE. Crystal structure of the herpesvirus inner teg-
ument protein UL37 supports its essential role in control of viral trafficking. J Virol 2014 May; 88
(10):5462-5473. https://doi.org/10.1128/JVI.00163-14 PMID: 24599989

Chouljenko DV, Jambunathan N, Chouljenko VN, Naderi M, Brylinski M, Caskey JR, et al. Herpes sim-
plex virus 1 UL37 protein tyrosine residues conserved among all alphaherpesviruses are required for
interactions with glycoprotein K, cytoplasmic virion envelopment, and infectious virus production. J
Virol 2016 Oct 28; 90(22):10351-10361. https://doi.org/10.1128/JVI1.01202-16 PMID: 27630233

Bucks MA, Murphy MA, O’Regan KJ, Courtney RJ. Identification of interaction domains within the
UL37 tegument protein of herpes simplex virus type 1. Virology 2011 Jul 20; 416(1-2):42-53. https:/
doi.org/10.1016/j.virol.2011.04.018 PMID: 21601231

Kristensson K, Lycke E, Roytta M, Svennerholm B, Vahine A. Neuritic transport of herpes simplex
virus in rat sensory neurons in vitro. Effects of substances interacting with microtubular function and
axonal flow [nocodazole, taxol and erythro-9-3-(2-hydroxynonyl)adenine. J Gen Virol 1986 Sep; 67 (Pt
9):2023-2028. https://doi.org/10.1099/0022-1317-67-9-2023 PMID: 2427647

Cavrois M, De Noronha C, Greene WC. A sensitive and specific enzyme-based assay detecting HIV-1
virion fusion in primary T lymphocytes. Nat Biotechnol 2002 Nov; 20(11):1151-1154. https://doi.org/
10.1038/nbt745 PMID: 12355096

Zlokarnik G, Negulescu PA, Knapp TE, Mere L, Burres N, Feng L, et al. Quantitation of transcription
and clonal selection of single living cells with beta-lactamase as reporter. Science 1998 Jan 2; 279
(5347):84-88. PMID: 9417030

Antinone SE, Smith GA. Two modes of herpesvirus trafficking in neurons: membrane acquisition
directs motion. J Virol 2006 Nov; 80(22):11235-11240. https://doi.org/10.1128/JV1.01441-06 PMID:
16971439

Smith GA, Pomeranz L, Gross SP, Enquist LW. Local modulation of plus-end transport targets herpes-
virus entry and egress in sensory axons. Proc Natl Acad Sci U S A 2004 Nov 9; 101(45):16034—
16039. https://doi.org/10.1073/pnas.0404686101 PMID: 15505210

Smith GA, Gross SP, Enquist LW. Herpesviruses use bidirectional fast-axonal transport to spread in
sensory neurons. Proc Natl Acad Sci U S A 2001 Mar 13; 98(6):3466—3470. https://doi.org/10.1073/
pnas.061029798 PMID: 11248101

Karaba AH, Kopp SJ, Longnecker R. Herpesvirus entry mediator is a serotype specific determinant of
pathogenesis in ocular herpes. Proc Natl Acad Sci U S A 2012 Dec 11; 109(50):20649-20654. https://
doi.org/10.1073/pnas.1216967109 PMID: 23184983

Mott KR, Bresee CJ, Allen SJ, BenMohamed L, Wechsler SL, Ghiasi H. Level of herpes simplex virus
type 1 latency correlates with severity of corneal scarring and exhaustion of CD8+ T cells in trigeminal
ganglia of latently infected mice. J Virol 2009 Mar; 83(5):2246—2254. https://doi.org/10.1128/JVI.
02234-08 PMID: 19091870

Pickard GE, Smeraski CA, Tomlinson CC, Banfield BW, Kaufman J, Wilcox CL, et al. Intravitreal injec-
tion of the attenuated pseudorabies virus PRV Bartha results in infection of the hamster suprachias-
matic nucleus only by retrograde transsynaptic transport via autonomic circuits. J Neurosci 2002 Apr
1;22(7):2701-2710. PMID: 11923435

Sedarati F, Stevens JG. Biological basis for virulence of three strains of herpes simplex virus type 1. J
Gen Virol 1987 Sep; 68 (Pt 9)(Pt 9):2389—2395. https://doi.org/10.1099/0022-1317-68-9-2389 PMID:
2821178

Polcicova K, Biswas PS, Banerjee K, Wisner TW, Rouse BT, Johnson DC. Herpes keratitis in the
absence of anterograde transport of virus from sensory ganglia to the cornea. Proc Natl Acad Sci U S
A 2005 Aug 9; 102(32):11462—11467. https://doi.org/10.1073/pnas.0503230102 PMID: 16055558

Halford WP, Balliet JW, Gebhardt BM. Re-evaluating natural resistance to herpes simplex virus type
1. J Virol 2004 Sep; 78(18):10086—10095. https://doi.org/10.1128/JV1.78.18.10086-10095.2004
PMID: 15331741

Maggs DJ, Chang E, Nasisse MP, Mitchell WJ. Persistence of herpes simplex virus type 1 DNA in
chronic conjunctival and eyelid lesions of mice. J Virol 1998 Nov; 72(11):9166-9172. PMID: 9765463

Summers BC, Margolis TP, Leib DA. Herpes simplex virus type 1 corneal infection results in periocular
disease by zosteriform spread. J Virol 2001 Jun; 75(11):5069-5075. https://doi.org/10.1128/JVI.75.
11.5069-5075.2001 PMID: 11333887

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006741 December 7,2017 30/32


https://doi.org/10.1128/JVI.78.6.2956-2966.2004
https://doi.org/10.1128/JVI.78.6.2956-2966.2004
http://www.ncbi.nlm.nih.gov/pubmed/14990714
https://doi.org/10.1128/JVI.00163-14
http://www.ncbi.nlm.nih.gov/pubmed/24599989
https://doi.org/10.1128/JVI.01202-16
http://www.ncbi.nlm.nih.gov/pubmed/27630233
https://doi.org/10.1016/j.virol.2011.04.018
https://doi.org/10.1016/j.virol.2011.04.018
http://www.ncbi.nlm.nih.gov/pubmed/21601231
https://doi.org/10.1099/0022-1317-67-9-2023
http://www.ncbi.nlm.nih.gov/pubmed/2427647
https://doi.org/10.1038/nbt745
https://doi.org/10.1038/nbt745
http://www.ncbi.nlm.nih.gov/pubmed/12355096
http://www.ncbi.nlm.nih.gov/pubmed/9417030
https://doi.org/10.1128/JVI.01441-06
http://www.ncbi.nlm.nih.gov/pubmed/16971439
https://doi.org/10.1073/pnas.0404686101
http://www.ncbi.nlm.nih.gov/pubmed/15505210
https://doi.org/10.1073/pnas.061029798
https://doi.org/10.1073/pnas.061029798
http://www.ncbi.nlm.nih.gov/pubmed/11248101
https://doi.org/10.1073/pnas.1216967109
https://doi.org/10.1073/pnas.1216967109
http://www.ncbi.nlm.nih.gov/pubmed/23184983
https://doi.org/10.1128/JVI.02234-08
https://doi.org/10.1128/JVI.02234-08
http://www.ncbi.nlm.nih.gov/pubmed/19091870
http://www.ncbi.nlm.nih.gov/pubmed/11923435
https://doi.org/10.1099/0022-1317-68-9-2389
http://www.ncbi.nlm.nih.gov/pubmed/2821178
https://doi.org/10.1073/pnas.0503230102
http://www.ncbi.nlm.nih.gov/pubmed/16055558
https://doi.org/10.1128/JVI.78.18.10086-10095.2004
http://www.ncbi.nlm.nih.gov/pubmed/15331741
http://www.ncbi.nlm.nih.gov/pubmed/9765463
https://doi.org/10.1128/JVI.75.11.5069-5075.2001
https://doi.org/10.1128/JVI.75.11.5069-5075.2001
http://www.ncbi.nlm.nih.gov/pubmed/11333887
https://doi.org/10.1371/journal.ppat.1006741

@’PLOS | PATHOGENS

pUL37 guides neuroinvasion

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Gluska S, Zahavi EE, Chein M, Gradus T, Bauer A, Finke S, et al. Rabies virus hijacks and accelerates
the p75NTR retrograde axonal transport machinery. PLoS Pathog 2014 Aug 28; 10(8):e1004348.
https://doi.org/10.1371/journal.ppat.1004348 PMID: 25165859

Ohka S, Yang WX, Terada E, Iwasaki K, Nomoto A. Retrograde transport of intact poliovirus through
the axon via the fast transport system. Virology 1998 Oct 10; 250(1):67-75. https://doi.org/10.1006/
viro.1998.9360 PMID: 9770421

Ohka S, Matsuda N, Tohyama K, Oda T, Morikawa M, Kuge S, et al. Receptor (CD155)-dependent
endocytosis of poliovirus and retrograde axonal transport of the endosome. J Virol 2004 Jul; 78
(13):7186—7198. hitps://doi.org/10.1128/JVI1.78.13.7186-7198.2004 PMID: 15194795

Radtke K, Kieneke D, Wolfstein A, Michael K, Steffen W, Scholz T, et al. Plus- and minus-end directed
microtubule motors bind simultaneously to herpes simplex virus capsids using different inner tegument
structures. PLoS Pathog 2010 Jul 8; 6(7):1000991. https://doi.org/10.1371/journal.ppat.1000991
PMID: 20628567

Scherer J, Yaffe ZA, Vershinin M, Enquist LW. Dual-color Herpesvirus Capsids Discriminate Inoculum
from Progeny and Reveal Axonal Transport Dynamics. J Virol 2016 Aug 31. https://doi.org/10.1128/
JVI.01122-16 PMID: 27581973

Sodeik B, Ebersold MW, Helenius A. Microtubule-mediated transport of incoming herpes simplex virus
1 capsids to the nucleus. J Cell Biol 1997 Mar 10; 136(5):1007—-1021. PMID: 9060466

Dohner K, Wolfstein A, Prank U, Echeverri C, Dujardin D, Vallee R, et al. Function of dynein and
dynactin in herpes simplex virus capsid transport. Mol Biol Cell 2002 Aug; 13(8):2795-2809. https:/
doi.org/10.1091/mbc.01-07-0348 PMID: 12181347

Wolfstein A, Nagel CH, Radtke K, Dohner K, Allan VJ, Sodeik B. The inner tegument promotes herpes
simplex virus capsid motility along microtubules in vitro. Traffic 2006 Feb; 7(2):227-237. https://doi.
org/10.1111/j.1600-0854.2005.00379.x PMID: 16420530

Suomalainen M, Nakano MY, Keller S, Boucke K, Stidwill RP, Greber UF. Microtubule-dependent
plus- and minus end-directed motilities are competing processes for nuclear targeting of adenovirus. J
Cell Biol 1999 Feb 22; 144(4):657—672. PMID: 10037788

Bremner KH, Scherer J, Yi J, Vershinin M, Gross SP, Vallee RB. Adenovirus transport via direct inter-
action of cytoplasmic dynein with the viral capsid hexon subunit. Cell Host Microbe 2009 Dec 17; 6
(6):523-535. https://doi.org/10.1016/j.chom.2009.11.006 PMID: 20006841

Gazzola M, Burckhardt CJ, Bayati B, Engelke M, Greber UF, Koumoutsakos P. A stochastic model for
microtubule motors describes the in vivo cytoplasmic transport of human adenovirus. PLoS Comput
Biol 2009 Dec; 5(12):€1000623. https://doi.org/10.1371/journal.pcbi.1000623 PMID: 20041204

Sodeik B. Mechanisms of viral transport in the cytoplasm. Trends Microbiol 2000 Oct; 8(10):465—472.
PMID: 11044681

Jambunathan N, Charles AS, Subramanian R, Saied AA, Naderi M, Rider P, et al. Deletion of a Pre-
dicted beta-Sheet Domain within the Amino Terminus of Herpes Simplex Virus Glycoprotein K Con-
served among Alphaherpesviruses Prevents Virus Entry into Neuronal Axons. J Virol 2015 Dec 9; 90
(5):2230-2239. https://doi.org/10.1128/JV1.02468-15 PMID: 26656706

McElwee M, Beilstein F, Labetoulle M, Rixon FJ, Pasdeloup D. Dystonin/BPAG1 promotes plus-end-
directed transport of herpes simplex virus 1 capsids on microtubules during entry. J Virol 2013 Oct; 87
(20):11008-11018. https://doi.org/10.1128/JVI.01633-13 PMID: 23903849

Pasdeloup D, McElwee M, Beilstein F, Labetoulle M, Rixon FJ. Herpesvirus tegument protein pUL37
interacts with dystonin/BPAG1 to promote capsid transport on microtubules during egress. J Virol
2013 Mar; 87(5):2857-2867. https://doi.org/10.1128/JVI1.02676-12 PMID: 23269794

Ekstrand MI, Enquist LW, Pomeranz LE. The alpha-herpesviruses: molecular pathfinders in nervous
system circuits. Trends Mol Med 2008 Mar; 14(3):134-140. https://doi.org/10.1016/j.molmed.2007.12.
008 PMID: 18280208

Royer DJ., Gurung HR, Jinkins JK, Geltz JJ, Wu JL, Halford WP, Carr DJ. A Highly Efficacious Herpes
Simplex Virus 1 Vaccine Blocks Viral Pathogenesis and Prevents Corneal Immunopathology via
Humoral Immunity. J Virol 2016 90(11):5514—-29. https://doi.org/10.1128/JV1.00517-16 PMID:
27030264

Brittle EE, Wang F, Lubinski JM, Bunte RM, Friedman HM. A replication-competent, neuronal spread-
defective, live attenuated herpes simplex virus type 1 vaccine. J Virol 2008 Sep; 82(17):8431-8441.
https://doi.org/10.1128/JV1.00551-08 PMID: 18562543

McGraw HM, Friedman HM. Herpes simplex virus type 1 glycoprotein E mediates retrograde spread
from epithelial cells to neurites. J Virol 2009 May; 83(10):4791-4799. https://doi.org/10.1128/JVI.
02341-08 PMID: 19279108

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006741 December 7,2017 31/32


https://doi.org/10.1371/journal.ppat.1004348
http://www.ncbi.nlm.nih.gov/pubmed/25165859
https://doi.org/10.1006/viro.1998.9360
https://doi.org/10.1006/viro.1998.9360
http://www.ncbi.nlm.nih.gov/pubmed/9770421
https://doi.org/10.1128/JVI.78.13.7186-7198.2004
http://www.ncbi.nlm.nih.gov/pubmed/15194795
https://doi.org/10.1371/journal.ppat.1000991
http://www.ncbi.nlm.nih.gov/pubmed/20628567
https://doi.org/10.1128/JVI.01122-16
https://doi.org/10.1128/JVI.01122-16
http://www.ncbi.nlm.nih.gov/pubmed/27581973
http://www.ncbi.nlm.nih.gov/pubmed/9060466
https://doi.org/10.1091/mbc.01-07-0348
https://doi.org/10.1091/mbc.01-07-0348
http://www.ncbi.nlm.nih.gov/pubmed/12181347
https://doi.org/10.1111/j.1600-0854.2005.00379.x
https://doi.org/10.1111/j.1600-0854.2005.00379.x
http://www.ncbi.nlm.nih.gov/pubmed/16420530
http://www.ncbi.nlm.nih.gov/pubmed/10037788
https://doi.org/10.1016/j.chom.2009.11.006
http://www.ncbi.nlm.nih.gov/pubmed/20006841
https://doi.org/10.1371/journal.pcbi.1000623
http://www.ncbi.nlm.nih.gov/pubmed/20041204
http://www.ncbi.nlm.nih.gov/pubmed/11044681
https://doi.org/10.1128/JVI.02468-15
http://www.ncbi.nlm.nih.gov/pubmed/26656706
https://doi.org/10.1128/JVI.01633-13
http://www.ncbi.nlm.nih.gov/pubmed/23903849
https://doi.org/10.1128/JVI.02676-12
http://www.ncbi.nlm.nih.gov/pubmed/23269794
https://doi.org/10.1016/j.molmed.2007.12.008
https://doi.org/10.1016/j.molmed.2007.12.008
http://www.ncbi.nlm.nih.gov/pubmed/18280208
https://doi.org/10.1128/JVI.00517-16
http://www.ncbi.nlm.nih.gov/pubmed/27030264
https://doi.org/10.1128/JVI.00551-08
http://www.ncbi.nlm.nih.gov/pubmed/18562543
https://doi.org/10.1128/JVI.02341-08
https://doi.org/10.1128/JVI.02341-08
http://www.ncbi.nlm.nih.gov/pubmed/19279108
https://doi.org/10.1371/journal.ppat.1006741

@’PLOS | PATHOGENS

pUL37 guides neuroinvasion

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

Stanfield BA, Stahl J, Chouljenko VN, Subramanian R, Charles AS, Saied AA, et al. A single intramus-
cular vaccination of mice with the HSV-1 VC2 virus with mutations in the glycoprotein K and the mem-

brane protein UL20 confers full protection against lethal intravaginal challenge with virulent HSV-1 and
HSV-2 strains. PLoS One 2014 Oct 28; 9(10):e109890. https://doi.org/10.1371/journal.pone.0109890
PMID: 25350288

Flamand A, Bennardo T, Babic N, Klupp BG, Mettenleiter TC. The absence of glycoprotein gL, but not
gC or gK, severely impairs pseudorabies virus neuroinvasiveness. J Virol 2001 Nov; 75(22):11137—
11145, https://doi.org/10.1128/JVI1.75.22.11137-11145.2001 PMID: 11602753

Husak PJ, Kuo T, Enquist LW. Pseudorabies virus membrane proteins gl and gE facilitate anterograde
spread of infection in projection-specific neurons in the rat. J Virol 2000 Dec; 74(23):10975-10983.
PMID: 11069992

Brittle EE, Reynolds AE, Enquist LW. Two modes of pseudorabies virus neuroinvasion and lethality in
mice. J Virol 2004 Dec; 78(23):12951-12963. https://doi.org/10.1128/JV1.78.23.12951-12963.2004
PMID: 15542647

Whitley RJ. Herpes simplex encephalitis: adolescents and adults. Antiviral Res 2006 Sep; 71(2—
3):141-148. https://doi.org/10.1016/j.antiviral.2006.04.002 PMID: 16675036

Whitley RJ, Roizman B. Herpes simplex virus infections. Lancet 2001 May 12; 357(9267):1513—-1518.
https://doi.org/10.1016/S0140-6736(00)04638-9 PMID: 11377626

Skelly MJ, Burger AA, Adekola O. Herpes simplex virus-1 encephalitis: a review of current disease
management with three case reports. Antivir Chem Chemother 2012 Sep 25; 23(1):13—18. https:/doi.
org/10.3851/IMP2129 PMID: 23018202

Otwinowski Z, Minor W. Processing of X-ray diffraction data collected in oscillation mode. Methods
Enzymol 1997; 276:307-326. https://doi.org/10.1016/S0076-6879(97)76066-X PMID: 27799103

McCoy AJ. Solving structures of protein complexes by molecular replacement with Phaser. Acta Crys-
tallogr D Biol Crystallogr 2007 Jan; 63(Pt 1):32—41. https://doi.org/10.1107/S0907444906045975
PMID: 17164524

Afonine PV, Mustyakimov M, Grosse-Kunstleve RW, Moriarty NW, Langan P, Adams PD. Joint X-ray
and neutron refinement with phenix.refine. Acta Crystallogr D Biol Crystallogr 2010 Nov; 66(Pt
11):1153-1163. https://doi.org/10.1107/S0907444910026582 PMID: 21041930

Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of Coot. Acta Crystallogr D Biol
Crystallogr 2010 Apr; 66(Pt 4):486-501. https://doi.org/10.1107/S0907444910007493 PMID: 20383002

Smith GA, Enquist LW. A self-recombining bacterial artificial chromosome and its application for analy-
sis of herpesvirus pathogenesis. Proc Natl Acad Sci U S A 2000 Apr 25; 97(9):4873-4878. https://doi.
org/10.1073/pnas.080502497 PMID: 10781094

Bohannon KP, Jun Y, Gross SP, Smith GA. Differential protein partitioning within the herpesvirus tegu-
ment and envelope underlies a complex and variable virion architecture. Proc Natl Acad SciU S A
2013 Apr 23; 110(17):E1613-20. https://doi.org/10.1073/pnas.1221896110 PMID: 23569236

Tanaka M, Kagawa H, Yamanashi Y, Sata T, Kawaguchi Y. Construction of an excisable bacterial arti-
ficial chromosome containing a full-length infectious clone of herpes simplex virus type 1: viruses
reconstituted from the clone exhibit wild-type properties in vitro and in vivo. J Virol 2003 Jan; 77
(2):1382-1391. https://doi.org/10.1128/JVI1.77.2.1382-1391.2003 PMID: 12502854

Richards AL, Sollars PJ, Smith GA. New tools to convert bacterial artificial chromosomes to a self-
excising design and their application to a herpes simplex virus type 1 infectious clone. BMC Biotechnol
2016 Aug 31; 16(1):64. https://doi.org/10.1186/s12896-016-0295-4 PMID: 27580861

Bohannon KP, Sollars PJ, Pickard GE, Smith GA. Fusion of a fluorescent protein to the pUL25 minor
capsid protein of pseudorabies virus allows live-cell capsid imaging with negligible impact on infection.
J Gen Virol 2012 Jan; 93(Pt 1):124—129. https://doi.org/10.1099/vir.0.036145-0 PMID: 21976610

Tirabassi RS, Enquist LW. Role of envelope protein gE endocytosis in the pseudorabies virus life
cycle. J Virol 1998 Jun; 72(6):4571-4579. PMID: 9573220

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagedJ: 25 years of image analysis. Nat Meth-
ods 2012 Jul; 9(7):671-675. PMID: 22930834

Tombacz D, Toth JS, Petrovszki P, Boldogkoi Z. Whole-genome analysis of pseudorabies virus gene
expression by real-time quantitative RT-PCR assay. BMC Genomics 2009 Oct 23; 10:491. https://doi.
org/10.1186/1471-2164-10-491 PMID: 19852823

Diefenbach RJ, Davis A, Miranda-Saksena M, Fernandez MA, Kelly BJ, Jones CA, et al. The Basic
Domain of Herpes Simplex Virus 1 pUS9 Recruits Kinesin-1 To Facilitate Egress from Neurons. J Virol
2015 Dec 9; 90(4):2102—2111. https://doi.org/10.1128/JV1.03041-15 PMID: 26656703

Morin A, Eisenbraun B, Key J, Sanschagrin PC, Timony MA, Ottaviano M, et al. Collaboration gets the
most out of software. Elife 2013 Sep 10; 2:e01456. https://doi.org/10.7554/eLife.01456 PMID: 24040512

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006741 December 7,2017 32/32


https://doi.org/10.1371/journal.pone.0109890
http://www.ncbi.nlm.nih.gov/pubmed/25350288
https://doi.org/10.1128/JVI.75.22.11137-11145.2001
http://www.ncbi.nlm.nih.gov/pubmed/11602753
http://www.ncbi.nlm.nih.gov/pubmed/11069992
https://doi.org/10.1128/JVI.78.23.12951-12963.2004
http://www.ncbi.nlm.nih.gov/pubmed/15542647
https://doi.org/10.1016/j.antiviral.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16675036
https://doi.org/10.1016/S0140-6736(00)04638-9
http://www.ncbi.nlm.nih.gov/pubmed/11377626
https://doi.org/10.3851/IMP2129
https://doi.org/10.3851/IMP2129
http://www.ncbi.nlm.nih.gov/pubmed/23018202
https://doi.org/10.1016/S0076-6879(97)76066-X
http://www.ncbi.nlm.nih.gov/pubmed/27799103
https://doi.org/10.1107/S0907444906045975
http://www.ncbi.nlm.nih.gov/pubmed/17164524
https://doi.org/10.1107/S0907444910026582
http://www.ncbi.nlm.nih.gov/pubmed/21041930
https://doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
https://doi.org/10.1073/pnas.080502497
https://doi.org/10.1073/pnas.080502497
http://www.ncbi.nlm.nih.gov/pubmed/10781094
https://doi.org/10.1073/pnas.1221896110
http://www.ncbi.nlm.nih.gov/pubmed/23569236
https://doi.org/10.1128/JVI.77.2.1382-1391.2003
http://www.ncbi.nlm.nih.gov/pubmed/12502854
https://doi.org/10.1186/s12896-016-0295-4
http://www.ncbi.nlm.nih.gov/pubmed/27580861
https://doi.org/10.1099/vir.0.036145-0
http://www.ncbi.nlm.nih.gov/pubmed/21976610
http://www.ncbi.nlm.nih.gov/pubmed/9573220
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1186/1471-2164-10-491
https://doi.org/10.1186/1471-2164-10-491
http://www.ncbi.nlm.nih.gov/pubmed/19852823
https://doi.org/10.1128/JVI.03041-15
http://www.ncbi.nlm.nih.gov/pubmed/26656703
https://doi.org/10.7554/eLife.01456
http://www.ncbi.nlm.nih.gov/pubmed/24040512
https://doi.org/10.1371/journal.ppat.1006741

	University of Nebraska - Lincoln
	DigitalCommons@University of Nebraska - Lincoln
	12-6-2017

	The pUL37 tegument protein guides alphaherpesvirus retrograde axonal transport to promote neuroinvasion
	Alexsia L. Richards
	Patricia J. Sollars
	Jared D. Pitts
	Austin M. Stults
	Ekaterina E. Heldwein
	See next page for additional authors
	Authors


	The pUL37 tegument protein guides alpha-herpesvirus retrograde axonal transport to promote neuroinvasion

