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hypersensitivity in rat models of postherpetic neuralgia
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University of Pittsburgh, 2021

The mechanisms by which VZV causes pain during herpes zoster (HZ) and postherpetic
neuralgia (PHN) are not well understood. Part of this stems from the lack of an animal model of
reactivated HZ disease and the pain states that follow. However, primary inoculation of the rat
foot- or whisker pad with VZV induces prolonged pain behaviors that resemble clinical PHN. To
elucidate the infectious processes necessary for the induction of a pain state in this model, we have
developed growth conditional VZV in which the turnover of essential proteins can be regulated by
insertion of a degron. We report the degron system was effective for generating conditional
knockout mutants for VZV proteins from immediate-early genes ORF4 and -63, and the late ORF9
gene. Inoculation of the recombinant viruses into the rat foot- or whisker pad revealed that VZV
productive replication was dispensable for induction of hypersensitivity, whereas events early in
the infectious process were essential. We then described a newly available transgenic reporter rat
that conditionally expresses a tdTomato fluorescent gene which may help clarify VZV infection
of rat tissues in vivo. The studies here characterize a recombinant VZV and methods for use in the
reporter rat model. Finally, we described additional uses for the growth conditional VZV in two
areas of VZV research that have proved difficult: the study of essential gene function and
establishment of experimental latency in neuron cultures. The results established that the ORF9
growth conditional VZV may serve as a backbone for additional ORF9 gene mutations to
determine essential protein functional domains, though further modifications to the system are

required. The ORF4 growth conditional VZV was exploited for the establishment of a latent



infection in human embryonic stem cell derived neurons. We showed that infection of neurons
with the ORF4 virus was quiescent, resembled experimental latency, and was reactivatable with a
chemical stimulus. This work presents an alternative to current latent infection methods that rely

on acyclovir which may damage VZV genomes and render them incapable of reactivation.
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1.0 Introduction

1.1 Virology

1.1.1 Classification, Genome, and Virion

Varicella-zoster virus (VZV) is one of nine distinct human herpesviruses and a member of
the Alphaherpesvirus subfamily. Human and non-human Alphaherpesviruses are primarily
distinguished from other subfamilies for their fast reproductive cycle, variable host range, and
characteristic gene arrangement. VVZV shares homology with human herpes simplex virus (HSV)
-1 and -2, and non-human Alphaherpesviruses of the Varicellovirus genus including bovine
herpesvirus (BHV), equine herpesvirus (EHV), Marek’s disease virus (MDV), pseudorabies virus
(PRV) [1], and is most closely related to simian varicella virus (SVV) [2]. VZV is one of the
smallest herpesviruses with a double-stranded deoxyribonucleic acid (dsDNA) linear genome of
about 125-kilobases [3]. The genome can be structurally divided into two unique regions, unique
long (UL) and unique short (Us), that are separated by internal (IR) and terminal repeat sequences
(TR) (Fig 1). The configuration of repeated sequences allows for efficient recombination and
inversion of the unique regions that gives rise to isomers [4]. In VZV, these isomers are not found
to be equally distributed and two forms predominate by inversion of Usthat occurs atan equivalent
ratio with respect to the fixed UL region [5,6]. In HSV, inversion of both UL and Us yields four
equimolar isomer populations [7,8]. The VZV genome contains at least two origins of replication
(oriS) located in the duplicated IRs and TRs sequences between ORF62 and -63 (Figs 1 and 2)

[9]. Orthologous origins are found in HSV along with a third origin in the U region (oriL) between
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the genes encoding DNA polymerase and ssDNA binding protein [10]. The encapsidated VZV
genome is linear and contains a matching base pair overhang at each end to permit DNA
circularization. The circularized DNA or episome is thought to be the primary configuration of

Alphaherpesvirus genomes during neuronal latency [11,12].
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Figure 1: Organizationof VZV genome compared SVV and HSV.

The VZV and SVV genome are aproximately 125- and 124-kilobases, respectively. The HSV genome is 152-
kilobases. Each genome containsa unique long (UL) and unique short (Us) segment that include the majority of ORFs
and are flanked by inverted repeat regions labeled according to their location: terminal repeat long (TRL), internal
repeatlong (IRL), and internalrepeat short (IRs), terminalrepeatshort (TRs). The TR and IRL sequencesin VZV are
only 88 bp. SVV containsan additionalrepeat, IRL-a. The IRsregion containsan origin of replication (oriS) and three
ORFs, which are duplicated and inverted in TRs. A third origin, oriL, is located in the the U region of HSV. Genomes

are representative and not to scale. Created with BioRender.com.

At least 70 uniqgue ORFs are encoded by the VZV genome and 44 have been shown to be
essential for replication in culture. Twelve other ORFsresult in viral growth defects when deleted

[13]. Several non-essential genes are recognized as having essential roles in pathogenesis or



specific cell types and organized tissues. A well-studied example is the putative VZV acidic
protein kinase encoded by ORF47. It does not affect growth rates in culture, but has critical
functionsin T cell, skin, and dendritic cell tropism [14-17]. Most VZV genes are conserved across
Alphaherpesviruses which allows for the prediction of gene function from HSV-1, which is easier
towork with and better studied. The major transcriptional activator of VZV is encoded by ORF62
and is functionally equivalent to HSV-1 ICP4 [18]. ICP4 plays an essential role in the regulation
of lytic gene expression for all HSV genes. Both ICP4and ORF62 are located within the IRs region
and are therefore duplicated within the inverted TRs region. Adjacent to ORF62 in the repeated
sequence, ORF63 encodes an essential regulatory transactivator with host cell modulating
activities and ORF64 encodes a non-essential tegument protein. Duplicates of the three genes are

labeled as ORF71, -70, and -69, respectively (Fig 2).

IRs

i 63 U 70

K e2 71

TRL IR, 64 69
oriS oriS

TRs

Figure 2: Organization of the IRs and TRs genomic regions containing major transcrptional activator protein
from ORF62.

ORFs -62, -63, and -64 are found in the interal repeat short (IRs), which is located at the 5’ end of the unique short
(Us) segment. This region is inverted and duplicated at the 3* end of the Usregion, labeled terminalrepeatshort (TRs),
and containsidentical ORFs -71, -70, -69, respectively. Origin of replication (oriS) is located between ORF62 and -
63 or ORF71 and -70. Duplication of the region suggests evolutionary conservation of these sequences. Not to scale.

Created with BioRender.com.



Six VZV ORFs do not have homologs in HSV-1 including, ORFS/L (ORFO0), -1, -2, -13, -
32, and -57 [3]. Only ORF13 that encodes a thymidylate synthetase [19,20] and ORF57 that
encodes a tegument protein [21] have orthologs in other herpesviruses. All but ORFS/L [22] are
dispensable for VZV replication in cell culture [21,23-26].

The structure of the VZV virion is indistinguishable from other herpesviruses with a T=16
icosahedral capsid containing the dsDNA genome. The capsid is surrounded by a proteinaceous
tegument and enclosed in a lipid membrane envelope. The VZV capsid is composed of 162
capsomeres of major capsid protein from ORF40 and several other ORFs -20, -23, -33, -33.5, -41
that participate in its formation and structure [27-29]. In addition, the portal protein from ORF54
is located at one capsid vertex and it is thought to work with proteins from ORFs -25, -26, -30, -
34, -43, -42/45 to package the linear VZV genome [30].

The surrounding tegument is composed of varying quantities of essential proteins from
ORFs-9, -21, -22, -38, -44, -46, -53 and non-essential proteins from ORFs-3, -7, -8, -10, -11, -12,
-36, -47, -49, -66 [31]. Many tegument proteins dissociate from the capsid upon cellular entry and
envelope release, while the innermost tegument proteins do not completely dissociate and are
thought to participate in capsid motility [32-36]. Tegument proteins have diverse functions
throughout infection and many facilitate viral gene expression [31]. Proteins from ORF4 and
ORF63[37], ORF62 [38], ORF47 [39], ORF9, and ORF10 [40] are partly characterized for such
functions and will be discussed in the results. Essential genes ORF4 and -63, which regulate gene

expression, and ORF9 and -54 involved in virion assembly are important in these studies.



The VZV envelope is composed of a lipid membrane interspersed with an abundance of
eleven essential (ORFS/L, gB, gE, gH, gK, gL) and non-essential (ORF39, gC, gl, gM, gN) viral

glycoproteins that regulate membrane fusion, cellular entry, and egress [41].

1.1.2 Lytic and Latent Life Cycle

Alphaherpesvirus lytic replication is characterized by abundant transcription and
translation of most viral ORFs. These include proteins that regulate viral and host gene expression,
promote viral genome replication, alter the host cell for mass production of progeny virions, and
facilitate VZV spread to new cells. The lytic cycle is thought to occur in all epithelial and some
non-neuronal cells, as well as in some neurons whose subtype is only beginning to emerge [42,43].
The primary infection process in epithelia begins with receptor mediated fusion of the virion
initiated by VZV @B, gH, and gL interaction with the host membrane inferred by experimental
evidence from other herpesviruses [44—47]. Host receptors mediating entry may include myelin-
associated glycoprotein (MAG), insulin degrading enzyme (IDE), mannose-6-phosphate (M6P),
and other receptors that remain to be identified [41]. Fusion also involves pro-attachment factors
such as heparin sulfate proteoglycans which interact with gB to initiate the process [48]. gB, gH,
gL and gE have also been implicated in cell-cell fusion events between neighboring cells to form
syncytia that contributes to virus spread [49]. Following entry, a portion of the tegument will
dissociate from the capsid, while other tegument and capsid proteins facilitate dynein-mediated
retrograde axonal transport for nuclear delivery [50]. The linear genome is then deposited into the
nucleus where it associates with cellular transactivators and viral factors that were delivered as

part of the tegument.



Lytic transcription of herpesviruses can be experimentally subdivided into three distinct
Kinetic classes based on gene transcriptional requirements. Immediate-early (a), early (p), and late
(y) genes were first described for HSV-1 [51] (Fig 3). Experimentally defined a-genes do not
require de novo protein synthesis and may be transactivated by cellular factors alone or with viral
proteins from the tegument [52-54]. VZV a-genes are thought to include ORF4, ORF61, ORF62,
and ORF63 based on HSV homology, but this has been hard toexperimentally define because high
multiplicity of infection (MOI) with cell-free VZV has proved difficult. The a-genes encode gene
regulators and transactivators that are required to transcribe -genes that encode proteins involved
in genome replication. Viral DNA replication licenses y-gene transcription, which mostly encode
structural proteins that are required for assembly of progeny virions. Recent VZV transcriptome
analyses have begun to redefine some evidence inferred by HSV homology such as possible late
expression ORF62, rather than immediate-early [55]. During the regulated transcription process,
the VZV DNA genome is replicated and packaged into capsids that are assembled within the
nucleus [56], requiring the essential portal protein from ORF54 to package the genome [30]. The
incomplete virion associates with some tegument proteins and is then trafficked out of the nucleus
where it undergoes a transient membrane envelopment during transport across the nuclear
membrane [57]. The nucleocapsid and associated tegument then undergoes secondary
envelopment at the trans-Golgi network (TGN) [58] facilitated by several tegument proteins
including the essential ORF9 protein [59]. Experimental evidence suggests secondary

envelopment is often coupled with vacuole envelopment which facilitates cellular exit [60].



gene transcription

time post-infection

Figure 3: Approximation of canonical herpesvirus transcription cascade.

Immediate-early gene (o) transcription initiates afterdelivery of viral DNA into the nucleus of a permissive cell with
or without de novo protein synthesis. The a-gene products initate the expression of early genes (B) thatare are involved
in genome replication. DNA replication licenses the transcription of late genes (y) that mostly encode structural

components of the virus.

In contrast, VZV latency is characterized by a program of heterochromatin-mediated
transcriptional silence of most lytic genes. While the exact mechanisms of establishing latency in
neurons is still largely uncharacterized, the VZV genome has been shown to associate with
promyelocytic leukemia protein nuclear bodies (ND10s) and repressive chromatin upon nuclear
entry [61-63]. ND10s are functionally promiscuous and have been implicated in regulation of
transcription by protein sequestration and promotion of cellular stress responses [64,65]. The
establishment of a herpesvirus lytic or latent cycle is likely a multifaceted balance between
surmounting genomic repression and promoting viral transcription. For instance, VZV immediate-
early protein from ORF61 has been shown to be involved in disruption of ND10s [63]. Its function
may contribute to preventing latency, or promoting the transition from latency to lytic replication
upon reactivation [66,67]. In the absence of ORF61, the default association with ND10s may result

in the assembly of chromatin modifiers and heterochromatin that represses the VZV genome to a
7



silenced episomal state. Another example is that the trafficking of nucleocapsids in neurons from
axonal termini to the nucleus may occur over a great distance, and it has been postulated that the
dissociation of tegument transactivators upon cellular entry results in their poor delivery to the
nucleus. VZV tegument protein from ORF10 (HSV-1VP16 homolog) has been shown to associate
with cellular factors Octl and HCF in the nucleus to initiate ORF62 transcription [68]. If ORF10p
does not reach the nucleus, the balance may be tipped towards establishing latency.

What VZV makes during latency has been of recent interest. Many initial studies indicated
that there was some expression from multiple genes, but these studies were confounded by the lack
of a strong model of latency; non-specific and cross-reactivities of antibodies [69,70]; and the
detection of VZV transcription and translation artifacts in post-mortem cadaver studies [71-79].
HSV-1 latency is now characterized by the transcription of latency-associated transcripts (LATS),
which may work to suppress lytic reactivation in neurons through regulation of viral gene
transcription, the production of miRNAs, and the promotion of survival of latently infected
neurons [80-82]. Similar VZV latency transcripts (termed VLT) have been detected in human
ganglia that are antisense to ORF61, a region homologous to HSV LAT [83]. The functionof VLT
requires further characterization, but recent work has revealed the detection of fusion transcripts
between ORF63 and VLT that may be involved in reactivation [84]. The similarity of VLT to
RNAs found in other latent neuronal Alphaherpesviruses is suggestive of strong evolutionary
conservation of LAT function, but the functions of these RNAs remain largely uncharacterized.

The molecular mechanisms of VZV reactivation have not been elucidated in part because
there is no animal model of reactivation. However, human embryonic stem cell (hESC)-derived
neurons cultures provides a method for understanding the reactivation process at a single cell level

[85,86]. Reactivation likely results from stimulus-driven heterochromatin reorganization during



physiological stress or injury that affects both cellular and latent VZV DNA. Evidence suggests
that maintenance of alphaherpesviruses latency requires continued signaling from peripheral and
central systems, and that disruption of these may lead to changes in chromatin states and viral gene
expression patterns [87,88]. If so, any VZV gene expression may initiate a cascade capable of
overcoming repressive heterochromatin and commence the initiation of productive VZV
replication. Based on recent VLT function studies, a key component of this process might begin
with expression of the VLT-ORF63 transcript and translation of a VLT-1E63 fusion protein [84].
IE63 may function to downregulate host expression of genes capable of inhibiting VZV replication
and may also prevent nucleosome assembly by interacting with human antisilencing function 1
(ASF1) protein [89]. Preventing the re-silencing of VZV DNA may be a major step in achieving
reactivation to allow for transcription and translation of the remaining immediate-early proteins
and eventually all other lytic proteins. IE4 may promote the transport of viral intronless mRNA to
the cytoplasm for translation, IE61 may disrupt ND10s to prevent chromatin repression as noted
earlier, and 1E62 functions as a transactivator of all other VZV genes. Inhibiting any of these
crucial events would severely reduce reactivation efficiency and may force the VZV genome into

latency once again.

1.1.3 VZV Limitations in the Laboratory

Although it is well recognized that VZV and HSV genes share considerable homology, the
two viruses show different properties in tissue culture, experimental systems, and animal models
of pathogenesis. In general, HSV is easy to grow and replicates on numerous cell types in tissue
culture to generate high-titer cell free virus (often >101%). HSV has a broad animal host range and

the diseased states that result from primary, latent, and reactivated infections can be modeled in
9



several species, of which mice and rabbits for HSV-1 and guinea pigs for HSV-2 are most used
[90]. VZV is much more limited for reasons not mechanistically understood. First, relatively few
cell types support robust VZV replication, and most are human in origin. Examples of permissive
cell types include human cell lines such as retinal pigmented epithelium (ARPE-19 and hTert RPE-
1), a continuous skin melanoma line (MeWo), human foreskin fibroblasts (HFFs), and lung derived
diploid fibroblasts (MRC5). Second, VZV replication in culture is inefficient and infectivity is
almost completely cell-associated [91]. The generation of cell-free virus is problematic, as lysing
of infected cells results in considerable loss of infectivity such that most studiesuse cell-associated
virus stocks to achieve infections. The inclusion of uninfected cells as a negative control is
consequently made necessary. Finally, VZV human specificity has resulted in few animal species
used to study pathogenesis. The only laboratory animal that appears to model any characteristics
of VZV disease is the guinea pig in which host-adapted VZV may induce exanthema and establish
latency in neurons, though in vivo reactivation has not been achieved [92-94]. Immune
compromised mice grafted with human skin, thymus, and ganglion tissues (SCID-hu) have
provided much of our understanding of T cell tropism and skin cell homing properties [17,95-97].
The cotton rat has been described as a model of VZV latency in which VZV transcripts are
detectable in ganglia [24,98,99], though this does not explicitly rule out the possibility of an
abortive infection. Importantly, laboratory rat models develop prolonged pain behaviors
resembling postherpetic neuralgia (PHN) after subcutaneous VZV inoculation as discussed in
detail later [100].

The cell-associated nature of VZV and limited permissive cell lines makes generation of
recombinant virus by homologous recombination and complementation difficult. Manipulation of

the VZV genome has been aided by the development of isogenic bacterial expressed systems,
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initially through the use of large overlapping cosmids covering the entire genome [25], and most
recently through use of bacterial artificial chromosomes (BACS) containing the entire genome as
one complete DNA copy [101-104]. BACs allow for “recombineering” or site-directed
mutagenesis of the VZV genome by targeted recombination events. The BACs are maintained by
insertion of sequences necessary for upkeep in bacteria so VZV can first be genetically modified,
then infectious virus can be derived by transfection of isolated VZV BAC DNA into human cell
lines. While HSV BACs present limitations in certain animal models that often preclude their
effective use [105,106], VZV BACS have simplified mutagenesis and remain critical tools.
However, VZV essential gene knockouts and mutations require complementation, or the ectopic
insertion of a wild-type gene into a permissive cell line to allow efficient growth of recombinant
VZV. Complementation is thus limited by available VZV permissive cells lines and few
complementing cell lines have been generated [30,101,107]. Our lab has made novel use of a
degron system for conditional protein degradation and virus growth [108], which has proved

effective for probing the roles of certain essential genes as discussed below [109].

1.2 Clinical Disease

1.2.1 Primary Infection and Varicella Disease

Prior to widespread use of the varicella vaccine in the US and Europe, about 80% of
children contracted varicella by their eighth year [110,111]. Primary infection initiates after
respiratory transmission, which is followed by a prolonged incubation period of up to 21-d. This

Is commonly accompanied by prodromal symptoms of fever, malaise, headache, and abdominal
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pain. Symptomatic varicella is characterized by cutaneous, pruritic lesions that stipple the skin. In
less severe cases, lesions and associated symptoms may only last one to two weeks or even remain
subclinical [112]. More severe complications of primary infection are generally limited to two
cohorts: children with weakened immunity and seronegative adults (> 20 years old) [113].
Complications in immunocompromised children include bacterial infection of cutaneous vesicles,
pneumonia, hemorrhagic conditions, and in rare instances, encephalitis [114]. Hospitalization is
regularly required in severe cases, but this is limited to particularly susceptible populations of
children in the post-vaccine era [113]. While seronegative adults comprise a very small minority
in the U.S. and other industrialized countries in temperate regions, primary infection may have
severe clinical outcomes that account fora considerable portion of VZV-associated deaths [115].
Outside the U.S., populations in tropical regions, especially those living in rural areas, have a
greater tendency to remain seronegative into adulthood likely dueto climate and reduced exposure
[112,116]. Though adults present many of the same symptoms as children, they may be
exacerbated by delayed medical attention, comorbidities, or pregnancy resulting in increased risk
of developing complications such as pneumonia, which is frequently associated with a poor
prognosis [117].

Transmission of VZV to seronegative populations is typically respiratory [118,119], a
characteristic that separates VZV from HSV which spreads almost exclusively by direct contact
[120]. Evidence suggests aerosolized droplets containing infectious VZV particles from skin
lesions are inhaled [121] and is thought infect mucosal tissues of the upper respiratory tract near
Waldeyer’s tonsillar ring, a collection of lymphoid tissues within the pharynx [122]. Within the
mucous membrane reside immature dendritic cells (DCs) and thymus-matured lymphocyte cells

(T cells) that are susceptible and permissive for VZV. Immature DCs may migrate to regional
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lymph nodes where they encounter and efficiently spread VZV to more T cells, a major step in
achieving systemic dissemination [123,124]. More specifically, VZV has a defined T-cell tropism
where it preferentially infects CD4+ T-cells expressing C-C motif chemokine receptor 4 (CCR4)
and cutaneous lymphocyte-associated antigen (CLA) [14,95]. Together, CCR4 and CLA promote
the homing of T-cells to skin, allowing VZV to disseminate to peripheral tissues, possibly homing
to the stem cells of hair follicles where infection initiates and viral spread to keratinocytes of the
dermis and epidermis [125]. The infection eventually erupts at the surface generating the systemic
rash that defines primary varicella.

Replication in the skin often occurs near hair follicles where myelinated nerves of the
peripheral nervous system (PNS) are densely populated [126,127], providing VZV with a
convenient location to enter peripheral nervous tissue. Exposure of cutaneous neurites to VZV is
one of the purported ways in which the virus gains access to sensory ganglia where it establishes
lifelong latency. This is achieved by retrograde axonal transport along sensory nerve axons which
has been demonstrated in hESC-derived neuron cultures [86,128]. Accessing sensory ganglia may
also occur by a hematogenous route, which provides VZV access to ganglia that do not innervate
the periphery. Hematogenous dissemination has been observed in SVV [129], but is supported for
VZV by evidence in humans such as the seeding of ganglia that do not innervate the skin including
geniculate ganglia [130], vestibular and spiral ganglia [131], nodose and celiac ganglia [132],
enteric neurons [133,134], and other autonomic ganglia in the head, neck [135], and thoracic
region [136]. Thus, it is highly likely VZV can access virtually any ganglia in the body, though

conditions of latency and reactivation may vary.
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1.2.2 Maintenance of Latency

The maintenance of VZV latency over an exceptionally long period between primary
infection and reactivation is a continuing debate. While there is no doubt host immunity plays a
substantial role in preventing reactivation, the molecular aspects of VZV latency have not been
resolved, partly because modeling reactivatable latency in vivo has debatably not been achieved.
Following primary infection by wild-type VZV or the vaccine strain, strong humoral and cell-
mediated immunity is established that is predicted to participate in the long-term prevention of
reactivation [137,138]. In addition, VZV is hypothesized to self-regulate by production of
regulatory VLT transcripts which may contribute to the maintenance of latency [83]. Recent data
suggests alternative forms of VLT may participate in reactivation [84], reiterating the concept that
maintaining latency appears to be a careful balance between viral and host factors.

Investigators have relied heavily on clinical and epidemiological evidence to determine
risk factors associated with HZ, and to develop new reactivation hypotheses [139]. A range of
contributors have been identified from patient genetics to comorbidities that inform on an
individual’s likelihood of reactivation [139-143]. One concept which all agree is that age is one
of the most significant risk factors. About 68% of HZ cases occur in patients that are 50 years or
older and lifetime incidence rises to 50% in those that live to 85 years [144]. A contributing factor
to age related disease is immune senescence or the gradual deterioration of the immune system
with age [145,146], indicating an important role for adaptive immunity for maintaining VZV
quiescence [147-149]. This is well substantiated by the Shingles Prevention Study, which
indicated that boosting VZV immunity by vaccination significantly decreased risk of reactivation

and burden of illness [150]. Additionally, cases of iatrogenic reactivation following tissue [151—
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153] and solid organ transplantation [154-156] have revealed immune suppressive treatments
substantially increase the likelihood of reactivation.

VZV reactivation was previously thought to be infrequent based on observations that
herpes zoster normally occurs only once in a lifetime, whereas HSV reactivation can occur
frequently [120]. However, it was discovered that not all reactivation events result in clinical
symptoms. Asymptomatic shedding has been described as quite common for HSV [157], and was
also found to occur for VZV in physiologically stressed individuals [158-160]. This alludes to the
careful balance of both host and viral factors in maintaining latency, and small imbalances may
occur regularly between clinical disease that allow for “bursts” of VZV activity. These bursts
infrequently result in clinical reactivation and may instead endogenously boost host immunity to
further delay HZ. Analyses of the gastrointestinal tract also indicate subclinical VZV activity
[161], which supports the concept of endogenous boosting to replenish cell-mediated immunity
[162]. Exogenous boosting theories have also been proposed in which adults exposed to children
with varicella provides an immune boost that delays HZ onset [163]. The adoption of a universal
varicella vaccination programs was predicted by some to increase HZ rates among adults carrying
VZV, but this has not been substantiated with evidence [163-169]. Though the mechanisms of
VZV latency and reactivation are unresolved, evidence strongly suggests a diverse process that
relies on chance VZV gene expression leading to lytic replication that must overcome host

immunity.

1.2.3 Reactivation and Herpes Zoster Disease

About 1/3" of those carrying latent VZV will reactivate in their lifetime to develop HZ

[139]. The chance of reactivation increases significantly with each decade over 50 years [168].
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However, reactivation may occur at any time after primary infection and young adults under
chronic physiological stress, but not psychological stress are known to reactivate at a higher
frequencies than healthy peers [170,171]. Chronic comorbidities and immune suppression are
important risk factors contributing to HZ in both aged and young adults [143,171]. Despite the
diversity of affected individuals, most HZ cases will develop a painful rash that resolves over the
course of weeks, and those at highest risk of disease often face troublesome chronic complications
such as PHN that can last well-beyond visible signs of disease. Several factors including the
severity of prodromal symptoms (e.g. fever, malaise, pain), location of reactivation, and severity
of the cutaneous rash are reliable indicators of developing more serious complications [172,173].
It should be noted that HZ and subsequent complications can occur in the absence of a rash (zoster
sine herpete) [174-176], indicating the importance of events within the ganglion for disease
outcome.

It remains unclear if VZV reactivation originates in one or multiple neurons of the
ganglion, but intraganglionic spread during reactivation is involved dissemination of VZV to
adjacent neuronal and non-neuronal cells [97,177]. The considerable size of an HZ lesion is
evidence for cell-cell spread before trafficking down axons to cutaneous sites where lytic
replication forms a zosteriform rash. Human ganglia modeled in SCID-hu mice, and ganglia taken
from patients with HZ at time of death, exhibit extensive syncytia between neuronal and non-
neuronal satellite cells [97,177,178]. This neuropathic damage stimulates an infiltrating immune
response that might contribute to inflammatory tissue damage in the reactivated ganglion
[178,179]. Once virus is delivered to the skin, VZV undergoes lytic replication within the dermis
and epidermis to develop the characteristic zosteriform rash. In immune competent adults, a rash

may take two to three weeks to heal, during which time acute pain and pruritis (itch) tend to be the
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most distressing symptoms [180]. HZ symptoms in immune compromised individuals follow the
same trend, but disease states are often more severe due to the inability to control viral replication
and spread. If host immunity fails to mitigate VZV activity, unchecked dissemination may
exacerbate HZ and contribute to severe acute symptoms (e.g., encephalitis, paresis, pneumonia)

and onset of chronic symptoms [142].

1.2.4 VVaccines

VZV is currently the only human herpesvirus for which effective vaccines are available. A
two-dose regimen of the live-attenuated varicella vaccine (Varivax) prevents >90% of childhood
varicella in the US and shows greatly reduced severity, medical complications, and morbidity of
breakthrough disease [181]. Reducing HZ incidence was first achieved using a more concentrated
formulation of the live-attenuated virus (Zostavax) used in the Varivax, and it reduced HZ
incidence by half and the “burden of disease”, including PHN, by 2/3rds in the Shingles Prevention
Study (SPS) [150]. The SPS and the Zostavax Efficacy and Safety Trial [182] established a role
for cell-mediated immunity in the prevention of HZ and PHN. Protection efficacy of Zostavax
waned significantly from 68% to 4% over 8-years [183]. Because live-attenuated vaccines have
potential disease consequences in immune compromised populations, Zostavax could not always
be recommended for those that were at substantial risk of HZ. Most recently, a subunit HZ vaccine
(Shingrix) is now recommended in the US, which is based on the VZV major glycoprotein E and
a new adjuvant AS01B [184]. It was FDA-approved in 2017 to be given in a two-dose regimen to
people over 50-years [185]. It demonstrated higher efficacy and was safer for use in immune
compromised individuals [186]. The protective efficacy of Shingrix appears to last longer than that

to Zostavax [183,187]. Despite the success of the vaccines, childhood universal varicella
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vaccination programs worldwide are still not implemented everywhere [188,189] and the uptake

of the Shingrix vaccine is only now being reported [190].

1.3 Pain

1.3.1 Zoster-Associated Pain

Pain is the most noted complication of HZ. Prodromal pain, or pain that precedes visible
signs of HZ, is often misdiagnosed or not recognized as the result of VZV reactivation until
vesicles appear [191-193]. Pain from HZ is then typically grouped into two categories: zoster-
associated pain (ZAP), defined as acute pain throughout symptomatic HZ; and PHN, a chronic
neuropathic pain condition can that last well beyond visible signs of disease. Acute pain occurs in
most HZ cases regardless of age or immune health, though symptom severity generally increases
with age [194]. Descriptions of ZAP include constant or intermittent throbbing, stabbing, or
burning sensations, and often include varying degrees of mechanical and thermal hyperalgesia or
allodynia [180,193]. Hyperalgesia is characterized by enhanced sensitivity to painful stimuli, such
as increased responsiveness to heat. Allodynia is defined as the occurrence of pain from normally
innocuous stimuli, such as clothes brushing against skin. ZAP is predicted to be the combined
result of pathologic damage from VZV reactivation and host inflammatory responses within the
reactivated ganglion and the periphery [195]. ZAP normally resolves with healing of the rash or

in the proceeding weeks [196].
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1.3.2 Postherpetic Neuralgia

The transition from ZAP to the chronic pain states of PHN is poorly understood, but the
mechanisms of ZAP are different from PHN. While ZAP is associated with almost all HZ cases,
PHN incidence is generally reported between 10-35% [188], with higher rates correlating to
elderly and immune compromised populations. PHN is commonly defined as pain that remains
more than 90-days after eruption of an HZ rash [172,197]. Descriptions of chronic pain resemble
ZAP and is most commonly associated with allodynia [198,199]. The severity of PHN positively
correlates with HZ, and greater HZ symptoms typically indicate an increased likelihood of PHN
[172,200]. Severity also is influenced by the site of HZ reactivation, with ophthalmic HZ often
being associated with more severe and debilitating pain sequelae [196,201,202], though frequency
of PHN at this location remains around 20% [203]. A key difference between acute and chronic
pain states is that ZAP correlates with VZV replication and acute immune inflammatory responses.
Most PHN cases do not appear to be the result of ongoing viral replication, though infiltrating T
cells in the ganglion may have a role [204]. Polymerase-chain reaction (PCR) analysis of
peripheral blood mononuclear cells (PBMCs) from patients with active PHN usually fail to detect
VZV DNA [205,206], contrasting results from those with active HZ [207,208]. Most cases of PHN
are unresponsive to treatment with acyclovir (ACV)-based antivirals that inhibit VZV replication,
which corroborates the inability to detect circulating virus by PCR [209,210]. These data rather
support the hypothesis that PHN is a consequence of damage inflicted to the sensory nervous
system during HZ, which persist after virus clearance. Hypothesized morphological,
transcriptional, and translational changes within neurons that survive reactivation may have long-

lasting consequences on nociception. Some of these tissue changes were recognized in ganglia of
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those with PHN at the time of death [204,211,212]. Whether infected neurons impact signaling of
otherwise healthy neurons within the ganglion is unclear, but growing evidence suggests a
complex network of communication between neuronal and non-neuronal cells (e.g., immune cells,
glial cells) [213]. Itis important to note that contradictory studies have reported the detection of
VZV DNA and responses to antiviral treatment in cases of PHN [214,215], which reiterates the
continued need for quantitative analyses of the chronic disease.

The fact that prodromal pain can develop withouta visible rash and still progress to chronic
pain states strongly indicates the contribution of neuropathic events within the ganglion. Skin
biopsies of painful regions show a reduction of free nerve endings terminating in the dermis,
suggesting cell damage or death within the ganglion [216-218]. While a reduction of peripheral
innervation might be predicted to reduce regional sensation, there appears to be an inverse
relationship between nerve innervation density and allodynia [218]. Indicators of neural tissue
damage can also extend beyond the reactivated ganglion and along the ascending sensory pathway
to the dorsal horn of the spinal cord [212,219]. It has been suggested that central sensitization has
a role during PHN [220,221]. Central sensitization is a process associated with an increase in
neural excitability from repeated stimulation or “wind up.” Nociceptors may become responsive
tonormal or sub-threshold sensory input thereby releasing stimulatory neurotransmitters. This may
work in combination with the alteration or loss of descending inhibitory interneurons that often
function to quell overabundant signaling of sensory neurons [222,223]. The exact contribution of
the CNS in ZAP and PHN remains poorly defined. VZV has been detected in the spinal cord after
HZ [224] and the range of neurological complications associated with HZ require further

examination [176,225].
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1.3.3 Treatment of VZV Disease and Pain

HZ and PHN are both still in need of better therapeutics. ACV and its oral prodrugs
valacyclovir and famciclovir are common first-line treatments against HZ that act to interrupt DNA
replication by chain termination [226,227]. Early treatment with ACV can significantly improve
recovery time by reducing acute symptoms, likely by limiting virus replication and spread [228].
Like many drugs that directly target viral components, instances of VZV with ACV resistance
have been reported [229,230]. The pyrophosphate analog Foscarnet may be used as a second-line
treatment, although it has higher levels of toxicity and side effects [231]. Treatment of pain can
undertake several strategies, though success varies greatly between cases. ZAP can be treated with
analgesics in combination ACV or corticosteroids to limit inflammation. Analgesics include
acetaminophen, non-steroidal anti-inflammatory drugs (NSAIDs), and topical patches of capsaicin
or lidocaine. In those with compromised immunity who may have difficulty controlling VZV
propagation, the risk of more severe acute and chronic pain can warrant longer term therapies
[232].

Treatment of PHN currently relies more on mitigating symptoms rather than addressing
the enigmatic root causes of chronic pain. PHN treatments are often similar to ZAP, but without
antivirals [209]. More active analgesics and pain therapeutics are often used including gabapentin,
tricyclic anti-depressants, and topical analgesic patches. In extreme cases, opioids may be used,
though this is unfavorable as course of PHN is difficult to predict and treatment may extend over
a long duration or indefinitely. It is recognized that a significant fraction of PHN patients do not

respond to any currently available therapies [233].
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1.4 Rat Models of Postherpetic Neuralgia

1.4.1 Establishment

While mice and rats constitute the most common laboratory animals used to study
neuropathic pain [234], VZV-induced pain has been almost exclusively studied in rats. Initial
reports exploited variations of the rat footpad model [100,235,236]. Despite the apparent inability
of VZV to progress through the natural stages of clinical disease, latency, and reactivation in the
rat, the host develops measurable and prolonged behavioral indicators of pain after a single, high
titer VZV inoculum into the footpad. Later, a facial model involving inoculation of the whisker
pad was developed [237,238]. This model requires different approaches to assess affective pain,
including the use of a place-escape-avoidance-paradigm (PEAP) method [239] or an Ugo Basile

Orofacial Stimulation Test apparatus [240].

1.4.2 Footpad Model

The footpad model employs inoculation of the glabrous region of the hind footpad with
VZV-infected cells or uninfected cell equivalents (Fig 4a), followed by testing for behaviors that
indicate mechanical allodynia and thermal hyperalgesia [100]. Animals are evaluated for
mechanical responses by von Frey monofilament stimulation (Fig 4b) [241], and for thermal
responses with a Hargreaves apparatus (Fig 4c) [242]. Initial studies by Fleetwood-Walker et. al.
showed behavioral indicators of pain were prolonged, lasting more than 33 days [100]. Pain was
hypothesized to be the result of a chronic VZV infection established within lumbar ganglia that

innervate the hind paw because earlier studies of rats inoculated with VZV along the spinal tract
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showed that VZV DNA and mRNA from immediate-early genes ORF62 and -63 could be found
[243]. Additional histological analysis of the infected lumbar DRGs detected protein from ORF63
(IE63) in neuronal and non-neuronal cell types, but not from ORF62 (IE62) [100]. Despite the
indication of a VZV infection within sensory tissues, there was no evidence of skin infection (e.g.,
redness, swelling), inflammatory cell infiltrates within the skin or ganglia, or necrosis of neurons
in the ganglion. A subsequent study established that pain behaviors were VZV dose-dependent
and could not mitigated by blocking VZV DNA replication with ACV [235]. Thus, the
development of allodynia and hyperalgesia was proposed to be the result of VZV within sensory
tissues and production of viral regulatory proteins. The model has since been independently
replicated and expanded by other groups including ours [109,244-246]. We showed that VZV
nucleic acids and proteins are expressed in DRG at low levels and that infection induces changes
In host gene expression [244,246]. VZV also induced the loss of neurite density within the afflicted
skin region [246], which was described in clinical cases [216,218]. The model has been used to
assess the efficacy of various novel and established treatments for pain relief [235,236,245,247—

250], and anxiety behavior has also been studied using a field paradigm [247].
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Figure 4: Representative mechanical and thermal pain behavior data from rat footpad model experiment.

(A) V2V injection and von Frey filament application site (green dot) of rat plantar hind footpad. (B) Male Sprague
Dawley rats (n=6/group) were unilaterally inoculated with wild-type VZV (pOka, circle) or uninfected cell equivalents
(square) and assessed for mechanical allodynia over a period of 74-d. The inoculated (ipsilateral) footpads from
different rat groups are compared in the top graph, and the footpads that received no inoculation (contralateral) are

compared in the bottom graph. (C) The same rats were assessed for thermal hyperalgesia. *, p<.05. Adapted from

Warner et al. 2021. Part A created with BioRender.com.

Assessment of mechanical hypersensitivity has been well described but has many minor
variations. Our approach has been well-detailed previously using calibrated von Frey
monofilaments to determine the degree of tactile sensitivity (or gram-weight threshold) that

stimulates a paw withdrawal response [109]. Rats are placed in a small enclosure that restricts
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movement with mesh flooring that permits monofilaments to be applied upwards against hind
footpads. Animals are distracted with a cereal treat (“Fruit Loops™) given freely throughout testing.
Beginning with a filament that exerts an upward force of 10-grams, the tip is applied to the
injection site on the hind paw until the filament buckles, exerting an upward force which
corresponds to the gram-weight tactile strength of the monofilament. A positive response manifests
as immediate paw withdrawal followed by cupping or licking, while a negative response shows no
obvious change in behavior. According to the up-down method, if a stimulus causes a response,
the next von Frey filament applied will be a step down in gram-weigh force, while the next larger
filament is applied if no withdrawal behavior is observed [241]. A minimum of six monofilaments
are applied to each the ipsilateral (inoculated) and contralateral (uninoculated) footpad during one
measurement period which are completed once or twice weekly. Paw withdrawal threshold is
calculated as the filament gram-weight required to cause a positive response 50% of the time (Fig
4b).

Increased sensitivity to heat stimuli was determined by the Hargreaves method [242].
Briefly, rats are placed in a small Perspex enclosure on top of a thermal heated glass floor set to
32°C. Cereal treats are administered freely, and a brief 10-min acclimation period is observed. A
concentrated light source from a standardized distance beneath the enclosure is directed at the
injection site, and the time until paw withdrawal is recorded. All rats will eventually respond to
the application of increasing heat, and a 30-second cut off is employed to prevent tissue damage.
Control rats usually withdraw in a range greater than 10 seconds. Although temperature response
between VZV and control groups are less dramatic than mechanical measurements, a
distinguishable pattern forms and a difference in the time-to-withdrawal can be observed for VZV-

inoculated animals (Fig 4c).
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1.4.3 Facial Model

Facial models of affective pain have been used in orofacial pain research for decades,
though application to the study of ZAP and PHN is recent [237,238]. About 1-in-5 cases of clinical
HZ involve VZV reactivation from the trigeminal or fifth cranial nerve [251], which innervates
the entirety of the face and can be further subdivided into three regions (ophthalmic, maxillary,
and mandibular) based on nerve branching and tissue innervated. The facial model of VZV-
induced pain analyzes development of mechanical and thermal sensitivities following VZV
inoculation into the whisker pad (Fig 5a), which is analogous to the maxillary region in humans.
Analysis of this sensory pathway is beneficial not only because of the frequency of facial HZ, but
also because of an increased likelihood of complications during and after facial HZ, including pain
[201,202]. In contrast, the footpad is innervated by nerves projecting from lumbar DRG and
clinical HZ appears infrequently in the extremities [252]. Two methods have been used to
investigate VZV-induced facial pain: a PEAP test in which rats avoid noxious mechanical stimuli
(Fig 5b) [239], and Orofacial Stimulation Tests that measures perturbation of drinking activity
when animals experience pain induced by either heat application or by mechanical stimulation
using Ugo Basile chambers [240]. This model was employed to demonstrate the influence of sex
on development of pain responses [237,253-256], since the development of clinical ZAP and PHN

may be influenced by sex [139,173].
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Figure 5: Representative PEAP assay data from rat facial model experiment.

(A) VZV injection site and application area (green dot) of 60-g von Frey monofilament duringPEAP assay. (B) Male
Sprague-Dawley rats (n=7/group) were inoculated with wild-type VZV (pOka, circle) or uninfected cell equivalent
(square) and assessed for development of aversion to stimulation of the inoculation site if on the dark side. The
uninoculated whisker pad wasstimulated if on the light side. *p>.05. Adapted from Warner etal. 2021. Part A created

with BioRender.com.

For assessment of facial affective pain responses in these studies, the Fuchs PEAP method
is applied [237,239]. Ratsare placed in a 30 x 30 x 30-centimeter clear, acrylic chamber in which
half is made opaque by attaching a black covering to the exterior. Rats acclimate to the enclosure
for 10-min, during which they unanimously choose to remain on the dark side of the enclosure. A
60-gram von Frey monofilament is applied to the left or right whisker pad every 15-seconds,
depending on the location of the rat’s head. The filament is applied to the ipsilateral whisker pad

if the head is on the dark side of the enclosure and applied to the contralateral whisker pad if the
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head is on the clear side. Uninoculated rats choose to remain on the dark side, while inoculated
rats showed greatly reduced times on the dark side if stimulation by the filament is aversive. A
positive nociceptive response is defined by avoidance of noxious stimuli to the inoculated whisker
pad by preference for the clear side of the enclosure. Data is presented as time spent on the dark

side in 5-min bins over a measurement period of 30-min (Fig 5b).

1.4.4 Mechanisms of VZV-induced pain in the rat

Although several independent groups have confirmed VZV-induced pain behaviors and
the utility of the rat model in testing therapeutics, elucidation of viral and host mechanisms
underlying the development of pain behaviors is lacking. Current hypotheses propose VZV gains
access to nuclei of sensory ganglia and initiates an abortive infection to induce host physiological
changes that propagate nociception. These may be changes in expression of host genes that
participate in ascending and descending signal transmission, or immune responses to the presence
of VZV. Essential VZV proteins of the immediate-early kinetic class 1E62, IE63, and 1E4 have
been implicated in eliciting alterations in host gene expression because of their role in gene
expression upon nuclear entry. VZV infection in rat cells appear to be severely limited and thus
VZV pathogenesis may be limited to events preceding DNA replication [246]. The contribution of
individual VZV proteins in pain development remain uncharacterized.

Naive rats infected with VZV have been reported to seroconvert [243,257], however the
inoculation of the foot- or whisker pad results in no visible signs of inflammation. Analysis of
DRG sections after footpad inoculation corroborates the absence of any immune infiltrate [100].
This contrasts to the extensive inflammation observed in post-mortem analyses of human ganglia

during or after HZ [178,258]. There is no evidence of infectious VZV in the PBMCs of inoculated
28



rats (Guedon and Kinchington, unpublished data). Several studies have detected expression of
VZV immediate-early RNAs from ORF62 and ORF63 in ganglia of infected rats [246,259-261]
and their proteins [100,237,243,244], though the signal level and number of positive ganglionic
neurons appears low. The specificity of immunolabeling VZV proteins has been questioned, and
may be complicated by cross and non-specific reactivities [69,70]. Nevertheless, VZV inoculated
at the foot- or whisker pad is thought to traffic by retrograde axonal transport to access the
innervating DRG or TG. Recently, it has been demonstrated that the development of pain
behaviors can be elicited following direct stereotactic inoculation of the TG [238]. Behavioral
measurements after whisker pad or direct TG inoculation were indistinguishable, indicating that
some mechanisms of pain development were a result of ganglionic processes, and did not need to
originate at peripheral nerve termini.

To better understand the response to VZV infection that might give rise to altered
nociception, ganglia and the portions of the CNS have been studied for changes in host gene
expression and markers of neuropathic damage [236,246,262]. Garry et al. reported upregulation
of pain signaling neuropeptide Y (NPY) and antinociceptive galanin (Gal) in the footpad model,
which have similarly been shown to upregulate in sensory ganglia in peripheral nerve injury
models [263,264]. Additionally, they showed upregulation of voltage-gated sodium channels
(VGSCs), which are implicated in neuropathic pain. Behavioral assessment with VGSC blockers
in this study are consistent with antinociception from other studies [265]. The transactivator and
marker of axonal damage, Activating Transcription Factor-3 (ATF-3) [266], can also be detected
at higher levels in ganglia in the weeks following VZV inoculation. The similarity of these host
physiological changes to related models of peripheral nerve injury are substantial because they

indicate possible related pathways for nociception.
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Guedonet al. analyzed the transcriptome of rat DRG following footpad inoculation with
VZV or control cells using microarray analysis [246]. He identified statistically significant
modulation of >200 genes in DRG at 10-days post-VZV infection, of which about 100 have been
implicated as factors relating to nociception in DRGs according to the NCBI Gene database.
Quantitative PCR validation of four genes known to be involved in immune function or pain
established that VZV inoculation resulted in modulation of TNF receptor associated death domain
(TRADD), neurotrophic receptor tyrosine kinase 2 (Nrtk2), vanilloid receptor 1 (Trpvl), and
calcitonin gene-related peptide (CGRP). Upregulation of Trpvl and Ntrk2, and downregulation of
CGRP was previously described for an human immunodeficiency virus (HIV) gp120-induced
model of neuropathic pain, possibly alluding to similar pathways of virally induced neuropathy
[267]. Inadditiontothe transcriptional changes, anatomical changes at the inoculation site showed
reduced neurite density at the dermal-epidermal border compared to control cell inoculated rats.
Reduced neuronal innervation is an important clinical characteristic of PHN and other peripheral
neuropathies [216,218,268]. Neurite reduction in humans is likely the result of significant necrosis
within the reactivated ganglion. Given the lack of immune infiltrate and cell death in infected rat
DRGs [100], it is possible that the mechanism driving this phenomenon in rats is incomplete or
alternative mechanisms are responsible. Incomplete mechanisms might reflect limited VZV
permissivity in rat ganglia whereby innate or apoptotic responses are triggered and cause neurite
retraction, but donot continue to neuronal death. Alternatively, retraction may by driven by events
at the periphery following subcutaneous inoculation in which neurite receptors respond to foreign
antigens to cause altered axon morphology The reduction of peripheral neurites in the rat was

corroborated by similar tissue analyses following whisker pad inoculation [237].
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Early studies assessing the detection of viral nucleic acids and proteins after VZV -
inoculation of DRG or the footpad suggest there is at least some VZV gene expression in the rat
that includes translation of IE63 [243,257]. However, because rats show no signs of clinical disease
other than pain, a major question remains: does VZV replicate in the rat host? Surprisingly, this
has never been fully resolved. The expression of viral genes during latency could be the
consequence of an abortive infection in the rat host, rather than reflective of a latent state. This
question was partly addressed by Guedon et al. who demonstrated that VZV did not undergo
productive replication in primary cultures of several different rat tissues, but could initiate an
infection that resulted in production of the IE62 protein [246]. Guedon reported that VZV
infectious centers never expanded and there was no evidence of an increase in VZV DNA that
would indicate DNA amplification. This in vitro study did not eliminate the possibility that VZV
may replicate in vivo in cell types that were not assessed or could not be efficiently cultured. An
additional but crucial observation by Dalziel et al. reported that development of hypersensitivity
in the footpad model after VZV inoculation was not responsive to ACV treatment, while a similar
mild hypersensitive response from HSV-1 infection was largely abrogated by ACV [235]. The
data suggested that VZV is capable of infecting cells of the rat host and initiating a partial viral
gene expression program, but that persisting chronic VZV replication as the cause of long-term
hypersensitivity in the rat was unlikely. It was hypothesized that an abortive infection was
sufficient for development of hypersensitivity and does not rely on progression past viral DNA
replication. However, it is recognized that VZV pain induction is dose-dependent [236].
Furthermore, UV-irradiation of VZV-infected cell inoculates to block post-entry gene expression
was shown to abrogate the development of MA and TH responses in the rat [245]. These data

suggest that VZV enters cells of the rat host to initiate a partial gene expression program that
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includes immediate-early and possibly early genes that is sufficient to alter sensory homeostasis
and produce the pain phenotype.

until recently, the contribution of sex in the development of hypersensitivity in the rat
model had not been explored. Numerous clinical meta-analyses have indicated female sex as a
significant contributing factor to the development of ZAP and PHN [173,269-271], while other
studies have disputed such findings [272-274]. The discrepancy is not well understood, but
population and cultural differences may have a role, such as pain tolerance and likelihood of
seeking medical attention. Nevertheless, it is important to consider the physiological differences
between males and females and the prospect that treatment efficacies may differ. Stinson et al.
first reported the role of sex in the development of pain behaviors in the rat model of facial pain
[237]. Significant differences between affective pain in female rats compared to males was
reported, and female pain behaviors lasted longer in comparison to control groups. These results
led to assessment of sex steroids in VZV-induced pain by analyzing the role of testosterone in the
thalamus and hypothesized that aromatase conversion of testosterone to estrogen in the thalamus
could reduce affective pain [254]. Inhibition of aromatase was shown to enhance pain behaviors,
whereas concomitant inhibition of aromatase with activation of downstream receptors
reestablished baseline pain responses. This study revealed that estradiol may modulate vy-
aminobutyric acid (GABA), the principal inhibitory neurotransmitter of the mammalian CNS. In
a follow-up study, the Kramer group showed that reducing the activity of GABAergic cells in the
reticular thalamic nucleus increased pain responses excitatory activity in the ventral posteromedial
nucleus [255]. These studies provide extensive evidence for sex differencesin the rat model that

can be further explored.
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1.4.5 Testing therapeutics

ZAP and PHN have proved considerably difficult to treat. While ZAP can be partly
addressed by antivirals to reduce viral replication and the damage that ensues if caught early,
treatments for PHN have largely focused on mitigating chronic symptoms. The rat footpad model
has been used as a preclinical model in several investigational pain therapeutic studies [235—
237,245,247-250]. ACV administration had no significant effect on VZV-induced pain [235].
Garry et al. first showed the effectiveness of the anticonvulsant gabapentin in the model [236],
which has shown efficacy in addressing clinical PHN [275]. Given the identification of
upregulation in sodium channels that increase neuronal hyperexcitability in VZV -inoculated rats,
the group also assayed sodium channel blockers mexiletine and lamotrigine which showed a short-
term reduction in pain behaviors and have also shown pain reduction efficacy for clinical PHN
treatment [276]. The authors used the similarity of the responses of human and rat pain to
substantiate the validity of the rat as a model of neuropathic pain and concluded that VZV -induced
pain may be acting through similar pathways to other neuropathic pain models. This suggests that
drugs which have shown efficacy elsewhere may be tested in the rat model of PHN.

Hasnie et al. assayed arange of analgesic drugs for efficacy in reducing MA in the footpad
model [247]. Morphine, amitriptyline, ibuprofen, and cannabinoid WIN55,212-2 all displayed
some efficacy in mitigating mechanical pain behaviors over a 4-d testing period at 18-22-dpi post-
VZV inoculation. Further, modulation of the cannabinoid pathway has shown efficacy for pain
reduction in models of neuropathic pain, including the VZV footpad model. Other more
experimental methods of pain relief have been assayed in the footpad model [245]. Guedon et al.

showed the efficacy of using an HSV vector modified to express human preproenkephalin (PPE)
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that is processed in neuronal termini and secreted to act locally at synapses in the spinal cord. PPE
modulates pain perception by giving rise to endogenous opioids such as [Met]enkephalin,
[Leu]enkephalin, and others which bind and activate opioid receptors. Expression of PPE from a
herpesvirus vector based on HSV-1 ensured DRG delivery and may provide a long-term treatment
option for PHN. Over a 56-d study in the rat PHN model, in which VZV-inoculated animals were
secondarily inoculated with the PPE expressing vector, a dramatic reduction in MA and TH
behaviors were observed that lasted throughout the testing period [250]. The footpad model has
been addressed more extensively than the facial model for assaying therapeutics in part due to its
earlier establishment, but Stinson et al. showed similar efficacy for gabapentin treatment in
reducing affective pain responses following whisker pad inoculation [237]. Together, these models
have shown numerous similarities in treatment efficacy to clinical studies despite VZV limitations

in the rat.
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2.0 Specific Aims and Rationale

The mechanisms by which VZV induces pain, and the shift to chronic pain states has not
been resolved. We hypothesized that PHN may result from abnormal pain signaling by nociceptors
that have undergone an abortive VZV infection during reactivation. While no animal can model
reactivated VZV infection, subcutaneous inoculation of the rat foot- or whisker pad generates long-
term nocifensive behaviors that resemble clinical PHN. We will show that VZV-induced pain in
the rat results from an incomplete infection process and is dependent on the production of specific
VZV regulatory proteins. We developed a novel method to generate conditional viruses to examine
VZV growth requirements for pain induction. Additional uses for the growth conditional viruses
will be discussed. We will also detail initial studies of a new transgenic reporter rat that can indicate
cells that have become infected by VZV. The overarching goal of these studies was to understand
the requirements for VZV-induced pain in the rat model, and to reveal the molecular components

and tissues involved. The specific aims are:

Aim 1 To determine if productive VZV replication is required to induce hypersensitivity in
rat models of PHN. Previous studies have indicated that VZV gene expression is essential for the
induction of hypersensitivity in the rat, but infections of rat primary cultures have shown many
cell types were not VZV permissive. The goal was to test the hypothesis that VZV-induced pain
in the rat does not require the production of progeny virus, but certain early infection events
involving gene and protein expression are crucial. Chapter 4 will detail the development of the
viruses and their characterization. Chapter 5 will detail their evaluation in the rat host for the

induction of pain behaviors. We targeted proteins involved in early and late VZV replication events
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and their evaluation in the rat provides support for the hypothesis that VZV-induced pain results
from abortively infected sensory neurons that have altered pain signaling dueto VZV exposure.
We propose the rat models events of human PHN despite the apparent limitations of VZV growth

in this host.

Aim 2 To characterize the extent of VZV infection in vivo after rat foot- or whisker pad
inoculation. Primary rat cultures infected with VZV is abortive. Because this likely represents
only a subset of the tissues that can be infected by VZV upon subcutaneous inoculation, the extent
of in vivo infection is unclear. A transgenic reporter rat has recently become available that
expresses tdTomato following exposure to Cre recombinase. In chapter 6, we developed a Cre
expressing recombinant VZV and used it to infect reporter rats. We sought to trace tissues that
become infected after subcutaneous VZV inoculation. This rat model may bring tissue type context
to the development of long-term VZV-induced hypersensitivity, and if neuronal or non-neuronal

cells contribute to pain.

Aim 3 To explore use of growth conditional VZV in (a) gene function studies and (b) setting
up the establishment of neuronal latency. Aspects of VZV pathogenesis have proved to be more
difficult to study when compared to other herpesviruses. The highly cell-associated nature of VZV
and limited cell types for growth have made it very difficult to generate recombinant viruses and
complementing. The goal of this study was to explore the use of growth conditional viruses to
simplify two areas of VZV research that are currently difficult, namely the study of essential gene
function and the suppression of lytic infections in the establishment of neuronal latency without

the use of genome-damaging antivirals. First, we explored essential gene function by inserting a
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degron on a target gene, and then reinserting a second copy of the gene in the same virus
background that contained potentially detrimental mutations. The logic was that the virus can be
grown under permissive conditions forgrowth, thenstudied undernonpermissive conditions where
only the ectopic mutant protein is functional. Second, the suppression of lytic infections in
establishment of latency was addressed by initiating infections with a growth conditional VZV in
which early lytic infection cannot progress without stabilization of the degron modified protein.
This approach overcame two current obstacles in the establishment of latent infections: sporadic

lytic infections and inadvertent damage to VZV genomes by ACV.
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3.0 Materials and Methods

3.1 Cells and Viruses

3.1.1 Cell and Virus Preparation

VZV parental Oka (pOka) is a wild-type varicella isolate from which the current live
attenuated vaccines were derived [277]. It has been established that pOka can induce both
mechanical and thermal hypersensitivity in rat models of PHN [237,238,245,246,253-256] and
was used as a positive control in all studies. Recombinant viruses were derived from a pOka
bacterial-artificial chromosome (BAC) which contains a self-excisable BAC replicon [101] that
was subsequently corrected for two spurious mutations in the VZV ORF40 and ORF50 genes (P.
Kinchington and M. Yee, unpublished data). The virus was also modified to contain an N-terminal
GFP fused to ORF23 as detailed previously [85].

Human telomerase (Tert) immortalized RPE-1 (TRPE, ATCC CRL4000) cells were grown
in Dulbecco’s Minimal Essential Media (DMEM, Gibco 10569-010) supplemented with 10% fetal
bovine serum (FBS, R&D Systems S11150) and an antibiotic/antimycotic mixture (Caisson
ABLO02). TRPE cells were used for reconstitution of virus from BAC DNAs, VZV propagation,
and stock preparation. VZV stocks were made as previously detailed [245]. Briefly, TRPE
monolayers grown to 80-90% confluency at 37°C were infected, incubated 48-72 hours at 34°C,
and underwent trypsinization and re-plating when needed, until >60% of cells showed visible
cytopathic effect, or 95%+ fluorescence positivity where relevant. Virus infected cell stocks were

generated by trypsin digestion, concentrated by low-speed centrifugation, then resuspended in cell
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freeze media (DMEM, 20% FBS, 10% DMSO) and subjected to slow freeze at -80°C, followed
by liquid nitrogen storage. Conditional VZV mutants were derived and grown in TRPE cells with
the media additionally supplemented with 100 nM trimethoprim (TMP) (Sigma T7883) [108].
Prior to storage, all conditional VZV samples were washed extensively in cold DMEM without
TMP to remove residual drug prior to freezing. Aliquots from liquid nitrogen storage were titrated
to assess VZV cell-associated infectious center formation (taken as titer) by dilution and plagque
assay in permissive conditions on ARPE-19 cells (ARPE, ATCC CRL2302) using supplemented
DMEM as noted above, and TMP when necessary.

Primary rat cells from the tdTomato transgenic reporter rat [278] were prepared by
harvesting ear tissue during necropsy followed by dissociation and plating. Briefly, ear tissue was
minced and suspended in a dissociation buffer (.2% trypsin, .1% collagenase IV (Sigma C4-
BIOC), 400 ug/ml DNase | (Roche 10104159001), in 1X PBS) and agitated at 37°C, 300 rpm, for
30-min. The solution was then strained through a 70 um filter and remaining large tissues pieces
were subjected to one additional round of dissociation and strained a second time. The filtrate was
spun down at 600xg for 5-min and resuspended in DMEM supplemented with 10% FBS, 2X
antibiotics, and GlutaMax (ThermoFisher 35050079). The suspension was added to 6-well plates
precoated with .1% gelatin for 30-min at 37°C. Cells were passaged twice before storage and all
cells used during experimentation were under 10 total passages.

Preparation of H9 human embryonic stem cells (hESCs) for derivation of neurons was
described previously using a PA6 feeder-dependent method [85,279]. Bundles of neuronal
precursor cells (neurospheres) were seeded in 24-well glass bottom plates for 21-d to allow for
terminal differentiation into neurons and outgrowth of axons. VZV ORF4nDHFR infections were

carried out with 1000 PFU cell-free VZV prepared by an established method [280]. Infections
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were initially carried out in the absence of TMP for 15-d before supplementing growth media with
100 nM TMP alone or with 20mM sodium butyrate (NaB). Neurons were imaged over time by

real time fluorescence microscopy.

3.1.2 Generation of Recombinant VZV

Recombinant VZV ORF54A and its complementing ARPE19-ORF54 (A54) cells were
detailed previously [30]. Recombinants VZV ORF4nDHFR, VZV ORF63cDHFR, and
ORF9cDHFR were constructed by two-step Red-mediated scarless recombination methods as
previously described [102], using the VZV pOka BAC GFP-ORF23, as described previously [85].
Mutagenesis was performed in the GS1783 E. coli strain (gift of Dr. Gregory Smith, Northwestem
University, IL) containing the heat shock-inducible (42°C) ARed recombination system and an L-
arabinose inducible 1-Scel restriction enzyme. A transfer plasmid for the 480-bp degron domain
derived from the E. coli DHFR gene [108] was generated by the insertion of the I1-Scel kanamycin
resistance (kan") cassette flanked by 40-bp homologous sequences used for the scarless removal
of the selective marker. PCR primers (Table 1) were designed to anneal at the end of the degron
domain sequence and extend the cassette by 40-bp sequences homologous to the targeted insertion
sequence in the VZV BAC. The fragment was amplified using the proofreading polymerase
PrimeSTAR GXL (Takara Biochemicals, RO50A). For generation of VZV ORF63cDHFR, the
coding sequence of ORF70 (duplicated ORF63 gene) was replaced by a PCR amplified ampicillin
resistance cassette before kan" removal from ORF63cDHFR, and co-selected by growth on plates
supplemented with chloramphenicol (to maintain the BAC) kanamycin and ampicillin. All BACs

were subjected to extensive characterization by digestion with multiple restriction enzymes to
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ensure no deletions of BAC DNA sequences, and all in frame gene-degron fusions were verified
by Sanger sequencing of PCR amplified fragments across the respective junctions. Infectiousvirus
was reconstituted by the transfection of the recombinant BACs using Lipofectamine 3000
(ThermoFisher) on TRPE cells grown in the presence of 100 nM TMP. VZV were passaged 3-5
times in permissive growth media (supplemented DMEM + 100 nM TMP) to allow self-excision
of the BAC sequence, and master stocks were prepared and titrated as previously described. All
mutant VZV used in these studies were grown from low passage master stocks with minimum of
8-10 additional passages. Integrity of the inserted DHFR sequences were confirmed by Sanger

sequencing across the 5’ and 3’ insert junctions of both the BACs and of the resultant viruses.

Table 1: Primers to insert degron sequence at select genes.
Uppercase letters in all rows denote bases that share sequence homology with VZV for directional recombination.
Lowercase letters are sequences homologous to the E. coli DHFR degron insert sequence (#1, 2, 3) or ampicillin

resistance cassette sequence (#4).

# | Gene Dir  Primer Sequence (5’ = 3°)
Fwd AGGCAACTGCAAACACGCAATTGTCAGATATTTTGCAGCCggatccgecaccatgatcagtctgattgeggegttageg

1| ORF4 Rev TCACAAATAGTAGACACGTCTGGGTCGGTTGGAATTGAAGCAGAGGCG CAtgctcgecgctccagaatct
Fwd CGTGTTTGGATATTTCACGACCCTATCGTTTATTTACGTA(ggatccgecaccatgatcagtctgattgcggegttageg

2| ORF9 Rev CATTAGAGCGACAAAGTCTGTCACCGTCGGAAGATGCCATtgctcgecgetccagaatct

2| orrsa Fwd AGCCCCGCGCCGGCATGATATACCGCCCCCCCATGGCGTGatgatcagtctgattgegge

Rev AAGACACGAGCCAAACCATTGTATTTATTTATAAAG Actatgctcgeegctc cagaatct
ORF70 Fwd TATCCACAACACCCCACTCCCCCACAGACAGACATCAAAActtggtctgacagttaccaatgcett
remove Rey GTTTTGTTGTGCAGGGTTCGTCCGATTCATAACGCGACAGaaatgtgcgeggaacccctatttg

DNA of recombinant viruses generated from the BACs was Southern blot analyzed by
extraction of nucleocapsid VZV DNA from 5 x 175 c¢cm? infected cell flasks showing >70%
cytopathic effect using the procedure detailed previously [281]. 1ug of DNA from each VZV

recombinant DHFR virus and VZV from the VZV pOka BAC was assessed by restriction digestion
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with multiple enzymes including Kpnl and Sphl, subjected to agarose gel electrophoresis,
transferred to a nylon membrane (Millipore INYCO00010), and then probed to identify the
fragments that contain the degron element. The hybridization probe was generated by PCR
amplification with oligos homologous to the DHFR degron using the primers 5°-
CCTGGTTTAAACGCAACACC and 5’-GTGAGAGTTCTGCGCATCAG to amplify a 474-bp
product, which was then labeled with a Biotin DecalLabel kit (ThermoFisher K0651). Probe
hybridization (10 ng/mL) was completed overnight at 42°C and detected by binding fluorescent
IRDye 800CW Streptavidin (LI-COR 926-32230) for 1-hr at room temperature at a 1:10,000
dilution. The blot was then imaged on a LI-COR Odyssey IR in linear range.

ORF9 ectopic mutants were generated in the VZV ORF9cDHFR BAC by directional
recombination of a PCR generated cassette into the ORF56/57 locus. The final insertion cassette
contained 40-bp of homology to ORF57 region, wild-type ORF9 promoter, ORF9 with a C-
terminal V5-tag, the ORF9 poly(A) tail, a zeocin resistance cassette (Zeo"), and 40-bp homology
to ORF56 region. The cassette was recombined into the BAC and additional mutagenesis was

carried out to delete portions of the N- or C-terminus of the ORF9 gene (Table 2).

42



Table 2: Primers to insert ectopic ORF9 mutants into VZV ORF9cDHFR.
Lowercase letters in row 5 denote bases homologousto VZV ORF9 promoter region (Fwd) or poly(A) tail (Rev) and
uppercase letters to VZV ORF57 (Fwd) or to Zeo' (Rev). Lowercase letters in row 6 denote baseshomologousto Zeo'

and uppercase letters to ORF9 poly(A) (Fwd) or ORF56 (Rev).

#| Gene Dir  Primer Sequence (5> = 3°)

Fwd AGAGGATAGGTGTCTTCAAATTAAAAGCCGTTAAATATAAATTTTTTGTGccgcttegttcatattaata
5] ORF9 acgatgc

Rev  GTCAACACGGTCCGTTCCATTACTCGcggttcctaaattacactccatac

Fwd ATGGAGTGTAATTTAGGAACCGcgagtaatggaacggaccgtgttgac

6| Zeocin .~ AAGACAGATTCAAGACTAACATTTATCCCAACTGATTACATTTCATACGCctcaagtticgaggtega
ggtg

VZV aT2C was derived from pOka BAC mutagenesis by insertion of a cassette at the
ORF13/14 locus that contained a cytomegalovirus (CMV) promoter, fluorescent reporter gene
Turquoise 2 (Turg2), a 2A peptide sequence (T2A), a Cre recombinase gene, and a kan' cassette.
The CMV.Turg2.T2A.Cre sequence was PCR amplified from a transfer plasmid and fused to a
kan"gene using primers as shown (Table 3), then recombined into the pOka BAC as described for

the DHFR mutants.

Table 3: Primers used to generate VZV aT2C.
Lowercase letters in row 7 indicate bases that are homologous to the kan' cassette and uppercase denotes bases
homologous to CMV-Turg2.T2A.Cre fragment (Fwd) or to ORF14 region (Rev). Lowercase letters in row 8 denote bases

homologous to CMV-Turg2.T2A.Cre and uppercase letters are homolgous to the ORF13 region (Fwd) or kan' cassette (Rev).

# | Gene Dir  Primer Sequence (5° = 3°)

Fwd TGACGAGCGCGATCCGGCCGGGAT Cgacgacgat

r
7| Kan Rev AGAAACCAACCAAACGCGTCTGTGTATATCATTTTATTA Caattaaccaattctgattag

CMV- Fwd GATTTTTAAATGTTGTCAAGACAGTAGATGTGTTGCGAATAGTAatcaattacggggtc
Turg2. T2A.Cre Rey CCTGTTATCCCTACTTATCGTCGTCgatcccggecggatcgegetegtea

43



3.1.3 V2V Growth Analysis

Growth of VZV recombinants modified with degrons were completed using an infectious
focus assay as previously detailed [282] with modifications. Briefly, sub-confluent TRPE
monolayers were plated in 12-wells (~3.5x10° cells/well) and infected with cell-associated, pre-
titrated VZV at approximately 100 plaque forming units (PFU) per well, in duplicate. Infections
were carried out in media containing 100 nM TMP (permissive) or no TMP (honpermissive)
conditions that was then maintained throughout the time of incubation. Attimes indicated, infected
cells monolayers were harvested by trypsinization and then replated as dilutions of the cell
suspensions in duplicate on ARPE cells under permissive conditions to quantify the number of
infectious cells able to initiate formation of a plaque. Wild-type VZV pOka served as positive
control. Titrated infections were fixed at 5-dpi, stained with crystal violet, and plaques were
counted on a dissection microscope. Biological sample duplicates and technical duplicates were

averaged and graphed.

3.2 Protein Analysis

3.2.1 Immunoblotting

Immunoblotting methods were previously described [283] and performed with minor
modifications. Briefly, sub-confluent TRPE monolayers in 6-well plates (~1 x 108 cells/well) were
infected with 1x10* PFU VZV-TRPE cell-associated virus (1:100 infected to uninfected cells) and
incubated in DMEM with or without 100 nM TMP for 24-, 48-, and 72-hpi. Cells were harvested
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by washing twice in ice-cold 1x PBS and removed by mechanical dislocation into 1x PBS
containing protease (ThermoFisher Halt) and phosphatase (Roche PhosSTOP) inhibitors. After
concentration by centrifugation at 12,000xg at 4°C for 5 minutes, cells were resuspended in 100
pl 1x PBS with 2x protease inhibitors, to which 100 pl of 2X SDS PAGE lysis buffer was added
for a final sample volume of 200 ul. Samples were briefly probe-sonicated, heated to 95°C for 5
min, then loaded onto precast 4 — 15% acrylamide gradient SDS-PAGE gels (Bio-Rad Criterion)
and run at 65V until completion. Proteins were transferred by electrophoresis to a polyvinylidene
difluoride membrane (Millipore Immobolin-FL 00010) overnight at 15V, and membranes blocked
overnight at 4°C using LI-COR “Intercept” Blocking Buffer. Blots were incubated with dilutions
of primary antibodies at 4°C for4-24 hin diluted blocking buffersolution containing 0.1% Tween-
20, washed extensively in the same buffer, and further incubated with secondary species-specific
antibodies linked to near IR dyes (LI-COR, IRDye 680/800) at 1:20,000 dilution for 1-h at room

temperature, washed, and imaged on a LI1-COR Odyssey IR in a linear range.

3.2.2 Fluorescent Microscopy

For cell localization studies, TRPE monolayers prepared on 4-well chambered slides
(Sigma-Aldrich Nunc Lab-Tek Il C6807) were infected with 50 or 10 PFU VZV per chamber and
incubated 4-days under TMP permissive and nonpermissive conditions at 34°C. Monolayers were
fixed by incubation for 20-min in 4% paraformaldehyde at room temperature, washed in 1X PBS,
and blocked overnight in 10% heat-inactivated goat serum (HIGS) in PBS. Samples were
incubated in HIGS-PBS diluted primary antibodies overnight, washed, and incubated with Alexa
Fluor-coupled secondary antibodies for 1-h at room temperature. After a final 10-minute

incubation with DAPI, washed chambers were separated from the slides and coverslips mounted.
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Slide imaging was performed on an Olympus 1X83 inverted microscope using a 60X (NA 1.25)
oil objective in a linear range. These images were processed using Olympus CellSens software and
ImagelJ, and comparative images were processed equally.

Plaque sizes were determined by imaging VZV infectious centers at 4-dpi prepared under
permissive and nonpermissive conditions and grown at 34°C. Monolayers were fixed by 20-min
incubation in 4% paraformaldehyde at room temperature, washed in PBS, and stored at 4°C in
PBS until imaged. All viruses, except for pOka, produce a GFP fused ORF23 protein (ORF23p)
that served to identify VZV infectious centers by fluorescent microscopy. To image pOka plaques
under similar conditions, infected samples were probed with a primary antibody to ORF23p and
detected with Alexa Fluor 488 secondary antibody as described in the localization analysis method.
Images containing individual plaques were each acquired under identical acquisition settings with
Cell Sens software on an Olympus 1X83 inverted microscope with a 10X (NA 0.3) air objective.
Images were exported from Olympus CellSens software and analyzed in Metamorph (Version 7.7,
Molecular Devices, San Jose, CA). Data was reported as area in pixels (1 px = 1.024 uM).

Primary rat cell cultures from the transgenic reporter rat model were imaged underidentical
acquisition settings with on an Olympus 1X83 inverted microscope with a 10X (NA 0.3) air
objective. Primary rat cells were plated in 6-well dishes until confluent and infected with 1000
PFU TRPE-associated VZV aT2C in duplicate. Infected wells were fixed at 1-, 2-, and 7-dpi and
imaged. Tissue cryosections were imaged on an Olympus 1X83 confocal microscope with a 60X
(NA 1.25) oil objective. Allimages were processed equivalently on Olympus CellSens and ImageJ
software.

hESC-derived neuron cultures were imaged on an Olympus 1X83 inverted microscope with

a 10X (NA 0.3) air objective and processed with Olympus CellSens software.
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3.2.3 Antibodies

Primary mouse antibodies to proteins 1E4 (HR-VZV-20), ORF9p (HR-VZV-38), ORF23p
(HR-VZV-12),and IE63 (HR-VZV-33) were acquired commercially from Center for Proteomics,
University of Rijeka (CapRi). gE (SC-56995) was acquired from Santa Cruz Biotechnology
(Dallas, TX, USA) and B-actin (A00702) was purchased from GeneScript (Piscataway, NJ, USA).
NeuN (834501) were acquired from Biolegend (San Diego, CA). V5 (R960-25) was purchased
from ThermoFisher (Waltham, MA, USA).

Primary rabbit antibody to a-Tubulin (600-401-880) and tdTomato (600-403-379) were
purchased from Rockland Immunochemicals (Limerick, PA, USA). Cre (908002) was acquired
from Biolegend (San Diego, CA, USA). Rabbit antibodies to 1E62, ORF29p, and IE4 were
reported previously [37,284,285].

Secondary IRDye antibodies for immunoblotting compatible with the LI-COR Odyssey
were purchased from LI-COR: goat anti-mouse 680CW (926-32220), goat anti-mouse 800CW
(926-32210), goat anti-rabbit 6B0CW (926-32221), goat anti-rabbit 800CW (926-32211). Those
used forimmunohistochemistry were purchased from Invitrogen: Alexa Fluor 488 goat anti-mouse
(A11029), Alexa Fluor 546 goat anti-mouse (A11030), Alexa Fluor 488 goat anti-rabbit (A11034),

Alexa Fluor 546 goat anti-rabbit (A11035).
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3.3 Animal Studies

3.3.1 Ethics Statement

All animal studies were performed in accordance with protocols approved by the
University of Pittsburgh Institutional Animal Care and Use Committee (IACUC, protocol
#18022168). This protocol meets the standards for humane animal care and use as set by the

Animal Welfare Act and the NIH Guide for the Care and Use of Laboratory Animals.

3.3.2 Behavioral Analysis

Male Sprague-Dawley rats (Charles River Laboratories) weighing 200 — 250 grams were
acclimated to housing and mechanical and thermal behavioral measurement conditions for 1 - 2
weeks until establishing a consistent behavior baseline that was in accordance with historical
records of previous studies. Animals falling outside the established parameters were excluded. To
first establish the use of the recombinant VZV described in these studies and to simplify analysis,
only male rats were assessed. Previous studies have indicated that the female estrus cycle can affect
pain outcomes and would therefore require additional studies after pain behaviors are established
using male rats [237]. All inoculations and behavioral assessments were blinded so the behavioral
response recorder was ignorant of the inoculum source and injection location. Cell-associated VZV
for animal inoculation was prepared by fast thawing pre-titrated virus aliquots stored in liquid
nitrogen, followed by centrifugation at 150xg at 4°C for 10 minutes, an ice-cold 1x PBS wash to
remove residual freeze media, and resuspension in 1x PBS for a final concentration of 4x10°

PFU/ml. Washed, intact cell-associated virus was maintained on ice forno more than 1-h prior to
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foot or whisker pad inoculation. Uninfected cell equivalents were prepared identically. When TMP
was included in the inoculum, virus infected cells were resuspended at the appropriate
concentration in ice-cold 1x PBS supplemented to 500 nM TMP.

In the footpad model, inoculations were carried out as detailed previously [245] with slight
modifications. Briefly, gently restrained rats were subcutaneously inoculated with 25-50 pl
containing 2x10° PFU VZV into the glabrous skin of the left or right rear footpad. Whisker pad
inoculations were as detailed previously [237] using isoflurane anesthetized rats whereupon virus
was injected subcutaneously in the right or left whisker pad. Animals were monitored for recovery
and returned to housing. Mechanical and thermal responses of the footpad and mechanical
responses in the whisker pad were performed as detailed in the introduction and previous studies

[109,237,245].

3.3.3 Necropsy

Necropsies were performed on rats for the removal of skin from the foot- and whisker pad,
for dorsal root ganglia adjacent to lumbar vertebrae 4, 5, or 6, and for trigeminal ganglia. Briefly,
animals were euthanized by carbon dioxide asphyxiation until all movement ceased. Animals were
then perfused with 4% paraformaldehyde if tissue was fixed or decapitated if tissue was taken
fresh. Fixed tissues were stored in Zamboni’s fixative at 4°C until processed for OCT compound
(Tissue Tek) embedding and cryosection. Fresh tissues were snap frozen in liquid nitrogen and
stored on dry ice until long-term storage in liquid nitrogen vapor phase, followed by nucleic acid

extraction.
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3.3.4 Tissue Analysis

Messenger RNA transcripts encoding ORF4, ORF62, ORF63, or DHFR sequences were
quantified from rat DRG following footpad inoculation and tissue harvest as detailed previously
[246], using reverse transcription quantitative real-time polymerase chain reaction (RT-gPCR) and
TagMan probes (S1 Table). Briefly, male Sprague-Dawley rats (n=24) were divided into four
groups for inoculation (pOka, VZV ORF4nDHFR, VZV ORF63cDHFR, and uninoculated) and
sub-divided into three timepoint groups for post-infection harvest at 4-, 5-, and 7-dpi. Rats
(n=6/group) received injections of 2x10° PFU VZV into the glabrous footpad. At each timepoint,
rats (n=2/group) were necropsied, L4, L5, L6 DRG were micro-dissected and snap frozen in liquid
nitrogen until nucleic acid purification. RNA was purified by mechanically disrupting tissues in
TRIzol (ThermoFisher) reagent with a PT1200E tissue homogenizer (Kinematica, Bohemia, NY)
for 10-s at ~75% power. RNAswere dissolved in nuclease free H20, DNase-treated (ThermoFisher
ENO0521) and converted into cDNA using a High-Capacity RNA-to-cDNA kit (Applied
Biosystems 4387406). cDNAs were analyzed by thermocycling (95°C, 60°C, 40X) in an Applied
Biosystems StepOne Plus gPCR system with PrimeTime Gene Expression Master Mix (IDT
1055770). Gene expression was detected by TagMan assay and relative expression values were
calculated by the 224Ct method with comparison to rat GAPDH (Applied Biosystems
Rn01775763 _g1) and displayed as fold-change over GAPDH (equal to 1). Data are averaged
results from two similar gPCR assays. ORF62 and ORF63 TagMan primer sets (Table 4) have

been previously described [83].
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Table 4: Primers used for RT-gPCR detection of VZV transcripts in rat DRG.

Fwd; Forward, Rev; Reverse, 6-FAM; 6-Carboxyfluorescein, BHQL; Black Hole Quencher 1

# | Gene Direction  Primer Sequence (5° 2> 3°) Probe
Fwd CCTTGGAAACCACATGATCGT
1| ORF62 ACCAGAAGCCTCOTCOACAA | 6FAM-TGCAACCCGGGCGTCCG-BHQL
Fwd CCTTCGGATGACTTTGCATT
2| ORF4 TG AATACCETGGAT 6-FAM-CTCCAGGCGAGGACTCCACA-BHQ1
Fwd GCTTACGCGCTACTTTAATGGAA
3| ORFe3 COCTOARTOAACCCETETTC 6-FAM-TGTCCCATCGACCCCCTCGG-BHQL
4| DHER E‘g’f S = atioe 6-FAM-ACGGACGATCGCGTAACGTG-BHQL

Zamboni fixative to 30% sucrose overnight, then embedded in OCT compound and frozen at -
80°C. Foot- and whisker pad tissues were sectioned into 30 um transverse sections using a cryostat

at -20°C. TG and DRG samples were sectioned into 18 um transverse sections and stored at -80°C

Tissue sections for imaging analysis were prepared post-necropsy by transfer from

until microscope imaging.

CA). Specific tests and post-hoc analyses, including p-values, can be found in the figure legend

All statistical analyses were performed using the Prism 9 software (GraphPad, La Jolla,

where applicable.

3.4 Statistics
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4.0 Generation and Characterization of Growth Conditional VZV

This chapter was adapted from the published manuscript, “Varicella-zoster virus early
infection but not complete replication is required for the induction of chronic hypersensitivity in
rat models of postherpetic neuralgia,” authored by Benjamin E. Warner, Michael B. Yee, Mingdi
Zhang, Rebecca S. Hornung, Benedikt B. Kaufer, Robert J. Visalli, Phillip R. Kramer, William F.
Goins, and Paul R. Kinchington [109]. It was written by BEW and PRKi and edited by WFG,

PRKTr, and BBK. All data in this chapter was collected, analyzed, and curated by BEW and PRK:i.

4.1 Introduction

Recombinant VZV with essential gene mutations have been described by others
[98,101,286], but their growth requires complementation. Genetically stable VZV-permissive cell
lines harboring viral genes have proved difficult to generate. Complementation of VZV deleted
for ORF9[101] and ORF4 [107] was achieved by infection with high titer baculovirus containing
a CMV-IE promoter-driven VZV gene, with concurrent treatment with sodium butyrate (NaB) to
inhibit type I histone deacetylases. This approach that was not amenable for study in rat models of
PHN because it did not yield the high infectious titers required in the models, and use of sodium
butyrate may alter nociception [287,288]. Therefore, we adopted an alternative approach in which
replication conditional VZV were generated using a degron system [108]. The 480-bp degron
sequenced used here was derived from Escherichia coli dihydrofolate reductase (DHFR) and was
added by recombination to several target VZV genes (Fig 6a). The DHFR degron facilitates
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ubiquitin-dependent protein degradation unless it is stabilized by the cell-permeable ligand
trimethoprim (TMP). In the absence of TMP, the protein is turned over by ubiquitin ligation to the
degron, which initiates proteasome-mediated turnover of the fused protein (Fig 6b). The system
overcame the need to generate complementing cells and was previously exploited to show that the

protein from ORF63 is essential for SVV growth [289].
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Figure 6: Overview of VZV BAC development with a degron insertion and TMP-dependent protein turnover.
(A) A target gene in the VZV BAC is engineered by recombining a degron sequence with an interrupting kanamycin
resistance cassette (kanr) that allows for positive selection in E. coli GS1783 as detailed in the methods. A second
induced recombination eventin conjunction with expression of the homing endonuclease | -Scel results in markerless
excision of the kanr cassette, so that the degron coding protein is fused to the target gene ORF. BACs are then
transfected into human TRPE cell monolayersin the presence of the stabilizing ligand trimethoprim (TMP) to yield
infectious VZV. (B) In the presence of TMP (top), TMP (green) is thoughtto bind the degron and prevent ubiquitin
(Ub, red) ligation, thus stabilizing protein and halting turnover. In the absence of TMP (bottom), Ub is ligated to the
degron, and the entire protein is targeted for degradation by ubiquitin-proteasome pathway. Created with

BioRender.com.

We developed conditionally replicating VZV using the degron system by targeting
essential genes from the VZV transcriptional cascade. Three recombinant VZV were generated by
fusion of the DHFR degron sequence to ORF4, -9, and -63. Unexpectedly, VZV with the degron
fused to ORF62 (with concurrent deletion of the reiterated ORF71) encoding the major
transcriptional regulator protein 1E62 were found to be unaffected by the degron. Several
additional VZV BACs with the degron fused to candidate VZV proteins involved in DNA
replication did not yield functional virus from multiple transfections of several independently
developed BAC constructs (Table 5). This suggested that addition of the degron was not
compatible with essential protein functions and not all VZV genes could be analyzed by the degron

approach.
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Table 5: Fate of reombinant VZV with degrons added to essential genes.
ORF; open reading frame, IE; immediate-early, N; amino-terminus, C; carboxy-terminus, Replication conditional;

resulting VZV growth was TMP-dependent (or not), Not viable; resulting VZV failed to replicate in culture.

Gene Protein  Function Terminus attached Resulting VZV

ORF4 | IE4 regulator of mMRNA export N replication conditional

ORF6 | ORF6p | DNA primase C notviable

ORF9 | ORF9p | tegument protein C replication conditional

ORF10 | ORF10p | transcriptionalactivator NorC not replication conditional

ORF29 | ORF29p | ssDNA binding protein NorC notviable

ORF52 | ORF52p | DNA helicase C notviable

ORF55 | ORF55p | DNA helicase C not replication conditional

ORF61 | ORF61p | transcriptionalregulator NorC notviable

ORF62 | IE62 major transcriptionalactivator | N or C not replication conditional

ORF63 | IE63 transcriptionalregulator C replication conditional
4.2 Results

4.2.1 Generation of replication conditional VZV with degron insertion at essential genes

ORF9, ORF4, or ORF63

Three VZV recombinants were subsequently found to show TMP-dependent growth, one
being VZV with the degron inserted at the 3’ end of ORF9. This ORF encodes ORF9p, an essential
phosphorylated late-expressed protein (orthologous to HSV-1 VP22) that predominantly localizes
to the cytoplasm [290] and interacts with several structural proteins at the trans-Golgi network
(TGN) during late infection [291]. Evidence suggests that ORF9p has key roles in tegument
formation and secondary envelopment [59]. VZV ORF9cDHFR replicated similar to wild-type
pOka VZV when grown in media supplemented with 100 nM TMP but showed a near 2-log

reduction in the number of infected cell progeny by 48-h when TMP was withheld from the growth
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media (Fig 7a). Growth of VZV pOka was not influenced by the presence or absence of TMP. A
similar result was found for VZV with the degron attached to the 5’ end of ORF4, which has been
reported to be expressed as an immediate-early gene [292]. ORF4 is an essential gene and its
protein (IE4) regulates VZV gene expression at the post transcriptional levels that involve the
nuclear export of viral intronless MRNA [293,294]. 1E4 has nuclear and cytoplasmic distribution
in infected cells and interacts with SR nuclear shuttling proteins [294]. The virus (VZV
ORF4nDHFR) showed a slight reduction of growth in the presence of TMP when compared to
wild-type pOka virus (Fig 7b), but when grown in the absence of TMP, highly reduced progeny
virus yields were detected at 1-d and longer times. This suggested that the addition of the degron
to the protein may have a subtle effect on 1E4 function but did not impair its essential functions.
The third growth conditional VZV contained the DHFR degron domain inserted at the 3’ end of
ORF63, in a similar manner to that done previously with SVV IE63 [289]. ORF63 encodes the
protein 1E63, which has essential viral and host gene regulatory functions [295]. Since ORF63 lies
within the reiterated genome sequences and is duplicated as ORF70, the BAC was deleted for
ORF70 by replacing it with an ampicillin resistance cassette (Amp"). The resulting virus (VZV
ORF63cDHFR) showed significantly reduced virus replication and production of virus progeny
over a 4-d time course in the absence of TMP, with approximately 2/3" to 1.2-log difference

without TMP compared to virus growth with TMP (Fig 7c¢).

57



Plague-forming units (pfu)

Plaque-forming units (pfu)

media.

VZV ORF9cDHFR B VZV ORF4nDHFR

1000000 1000000—
=)
100000 % 100000
.‘g
10000 2 10000
£
£
1000 5 1000~ . _ L
19}
100 s 100
°
o
10 T T 1 1 10 T T T 1
0 1 2 3 4 0 1 2 3 4
Days post-infection (dpi) Days post-infection (dpi)
- pOka TMP+ -+ VZV ORF9cDHFR TMP+ -»- pOka TMP+ -+ VZV ORF4nDHFR TMP+
= pOka - VZV ORF9cDHFR = pOka -+ VZV ORF4nDHFR
VZV ORF63cDHFR D
1000000
11
Oka
100000- okl ——
—r
10000 Parent {
—{
—{T1+—
1000 \Y74Y ORF9cDHFR
1. ]
—{ 11—
100 ORF4nDHFR | |
10 O TMP+
T T T 1 L I
0 1 2 3 4 ORF63cDHFR '['-u:l—« o
Days post-infection (dpi) T T T T T 1
° & K RS
N oF st
-e- pOka TMP+ -+ VZV ORF63cDHFR TMP+ _
= pOka ~ \VZV ORF63cDHFR Plaque area (pixels)

Figure 7: Growth of VZV containing DHFR degron sequence on specific genes confers TMP-conditional virus
growth and formation of plaques.
(A-C) Conditional growth analysisof three VZV afterinitiating the infection on RPE monolayersat low multiplicity
(1:100) with VZV degron virus or pOka. Cultures were grown in the presence or absence of 100 nM TMP maintained
throughout the growth period from 0-4 days post-infection (dpi). Each day, cultures were then trypsinized and the
infectious cell titer was determined by growth on new monolayers in conditions in which TMP was provided in the
Shown are growth analysesfor(A) VZV ORF9cDHFR, (B) VZV ORF4nDHFR, and (C) VZV ORF63cDHFR.

(D) Plaque size of wild-type VZV (pOka) or VZV derived from the parental BAC (parent) or containing the degron
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addition to the respective genes compared under permissive (100 nM TMP, blue) or nonpermissive (0 nM TMP, red)
conditions on RPE cells at4-dpi. Images (n = 28-35) were acquired for each virus/condition under identical settings
and evaluated asdetailed in methodsand presented in pixel size estimated from images acquired under 10X (NA 0.3)

air objective. Error bars: SD.

We next addressed growth by plaque size formation for the three degron viruses in parallel
to pOka under identical conditions in the presence or absence of TMP (Fig 7d). Approximately 30
plaques per virus per condition were imaged for each virus/condition and analyzed by integrated
morphometry analysis. Plaques formed by pOka and the parental BAC derived VZV (parent) were
identical when grown with or without TMP, establishing that TMP does not affect WT VZV
growth; parent plaque size trended to be slightly smaller than those formed by wild type pOkaon
TRPE cells. VZV plaques formed by the degron-containing viruses showed a similar marginally
reduced average plaque size under permissive conditions compared to pOka, but under
nonpermissive conditions, the plagues were barely detectable and involved only a few cells in the
absence of TMP for VZV ORF9cDHFR and ORF4nDHFR. VZV ORF63cDHFR showed greatly
reduced plaque size but appeared to show a slightly leaky growth restricted phenotype seen in the
timed growth curve analyses (Fig 7c).

The three viruses were characterized to verify the expected degroninsertion and its stability
in the recombinant virus. This included DNA sequencing of a PCR amplified fragment spanning
the fusion of each virus to confirm the in-frame fusion, and analyses of viral DNA obtained from
nucleocapsids obtained from virus grown in the presence of 100uM TMP in the media. The DNA
was subjected to gel analyses and Southern analysis using a DHFR degron-specific probe
sequence. This was particularly important to characterize VZV ORF63cDHFR and show that
ORF63 had replaced ORF70 by homologous recombination and removed the BAC replicon
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sequences (Fig 8). The degron-specific probe hybridized to a large DNA fragment of the Kpnl
digested VZV genomic DNA for ORF9cDHFR and ORF4nDHFR, but for VZV ORF63cDHFR,
two Kpnl digested DNA fragments showed a 480-bp increase in size and hybridized the DHFR
probe. These bands were of the sizes expected for not only ORF63, but also for its replacement of
the ampicillin cassette in the ORF70 BAC used to derive VZV ORF63cDHFR. The blots and
fragment sizes also demonstrated the expected recombinational removal of the BAC replicon from
the virus, as originally designed [101]. The virus DNAs were likewise assessed by digestion with
Sphl (Fig 9), which gave a novel fragment for each virus that confirmed the correct insertion of

the degron sequence at the target site.
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Virus Kpnl Restriction Sites
VZV ORF4nDHFR , ’
or GEFOCDER 5 ORF2 >—//{ ORF11 > o?mz >—3
Kpnlséerasanesmuiveiane aaineadia Kpnl
16.2 kb w/ DHFR
15.7 kb w/o DHFR

4.4 kb w/ DHFR 4.0 kb w/ DHFR
3.9 kb w/o DHFR 3.5 kb w/o DHFR

Figure 8: Kpnl restriction enzyme analysis of viral nucleocapsid DNA and Southern blot with DHFR-specific
probe to show expected insertion sites and VZV ORF63cDHFR homologous recombination to ORF70 within
the TRs region.

Southern blots (left) are aligned with the ethidium bromide-stained 1% agarose gel electrophoresis image of separated

fragmentsfollowing Kpnl digestion of purified VZV nucleocapsid DNA from each DHFR degron inserted virus, or
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from virus derived from the parental VZV BAC (right). The DHFR probe generated by PCR predominantly hybridized
to the same large DNA gel fragmentfor VZV ORF9cDHFR and ORF4nDHFR. For VZV ORF63cDHFR, two DNA
fragmentsseen in otherviruses (and not hybridizing the DHFR probe)increased in size by 480-bp and both hybridized
the DHFR probe, with the larger representing ORF63 and smaller representing ORF70, respectively. A map of the
regions of the DNAs for the expected Kpnl DNA fragments in each virus is shown below the gel images with the
expected fragment size indicated with and without the DHFR sequence insertion. The green vertical barin the lower
diagram for VZV ORF63cDHFR represents the position of the insertion of the BAC mini-F sequence (~8 kb) that
self-excises with virus derivation and passage. A minor low abundance DNA fragment hybridizing the DHFR probe
of ~6000-bp in size is present in every virus and was judged to be due to non-specific hybridization. Southern blot

images were acquired on LICOR Odyssey in linear range. Created with BioRender.com.

62



Virus

VZV ORF4nDHFR

VZV ORF9cDHFR

VZV ORF63cDHFR

Sphl analysis

ph ph
1.8 kb w/ DHFR

8.8 kb w/o DHFR
5 ORF9 [owrR>—{ ORF10 >I-{ ORF11 3
Sphlssseesesseecccannnnnnnnnn Sphl
3.2 kb w/ DHFR

2.7 kb w/o DHFR

5 ORF62 —— orre3 IDHF 3

4.0 kb w/ DHFR
3.5 kb w/o DHFR

63



Figure 9: Sphl restriction digestion and Southern blot analysisto show DHFR degron insertion.

Southern blotting of 1% agarose DNA-separated Sphl digested fragmentswith a DHFR-specific probe (left) and the
ethidium bromide-stained VZV nucleocapsid DNA aftergel electrophoresis (right). A map of the DNA fragmentsis
shown at the bottom foreach virus DNA as predicted from insertion atthe correct sites for each virus. The map shows
the predicted DNA fragment size with and without the degron sequence insertion. The sizes of a DNA ladder are
shown in the composite image. The blots reveal that the degron insertions for each virus result in the increase of
specific DNA fragment by 480-bp that then are the main fragments hybridizing the DHFR probe as predicted. Two
~6000 bp fragments hybridizing the DHFR probe at low levels for VZV ORFANDHFR DNA are of sizes expected
from partial digestion products at low levels in which the expected fragment is not restriction digested from the

adjacent Sphl DNA fragment. Created with BioRender.com.

4.2.2 In vitro characterization of replication conditional VZV with degron insertion at

essential genes ORF9, ORF4, or ORF63

We next assessed protein production by the three conditional VZV over a growth period of
72-h, in the presence or absence of TMP. Infections were initiated at low multiplicity (1 infected
to 100 uninfected cells) so that multiple rounds of VZV infection could occur. For VZV
ORF9cDHFR infections, protein levels made in the continued presence of TMP were similar to
that made by wild-type VZV (pOka) (Fig 10), but in the absence of TMP, VZV protein
accumulation was dramatically reduced in VZV ORF9cDHFR infections. Protein from
ORF9cDHFR (ORF9cDHFRp) showed the expected size increase of about 18 kDa as a result of
degron addition, and almost no unfused ORF9p in VZV ORF9cDHFR infections was detected. Of
note, multiple forms of ORF9p and ORF9cDHFRp were detected, consistent with previous reports

of this being a phosphoprotein [59].
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Figure 10: Proteins produced by VZV ORF9cDHFR and pOka grown in media containing or without TMP.

(A) Cells were infected with titrated virus infected cell stocks asdetailed in methodsto allow multi-step virus growth
analysis with VZV ORF9cDHFR or pOka. Proteins in infected cultures were harvested at times 24, 48 or 72-hpi in
the presence (+) and absence (-) of 100 nM trimethoprim (TMP) and compared to uninfected cell extracts. SDS PAGE
separated proteins were immunoblotted and probed with antibodies to ORF9, or proteins from other herpesvirus
kinetic classes (IE62, ORF29p), and a cellular control (alpha-tubulin). Signals were determined using a LICOR
Odyssey IR imager. ORF9 shows multiple species due to several recognized phosphorylated forms, and the expected
size increase (~18 kDa) due to degron motif addition. The sizes of marker proteins (kDa) are indicated to the left of

the blots. The blots are scanned in linear range and are representative of two identical experiments.

For infections initiated with VZV ORF4AnDHFR, the expected IE4AnDHFR size increase
due to the addition of the degron was apparent, and TMP-dependent protein production increased
over a 72-h infection in contrast to pOka and little protein accumulation was observed in the
absence of TMP (Fig 11). VZV proteins from ORF29p and gE were greatly reduced in VZV

ORF4nDHFR infections grown without TMP, consistent with impaired viral spread and
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amplification, and the TMP-dependent loss of infectivity in growth curves (Fig 7B). Infections
initiated with VZV ORF63cDHFR resulted in expression of the larger IE63cDHFR inthe presence
of TMP as expected (Fig 12), and it was the predominant form made by the recombinant virus.
Substantially reduced levels of protein accumulated under nonpermissive conditions, although
some accumulation of IE63cDHFR occurred in the absence of TMP over time. The increase in

accumulation of other VZV proteins is consistent with a slightly leaky phenotype for this virus.

VZV ORF4nDHFR VZV uninfected cells
input 24 48 72 24 72 24 72 hpi
+ - + - + - + - + - + - + - + - T™MP
IE4nDHFR
75 — t—
50 — e —r 1IE4
100 — -— — w— ORF29p

75 —

37— -—-_—————————_- Actin

kDa

Figure 11: VZV IE4 is regulated by DHFR degron domain fused to amino-terminus.

VZV ORF4AnDHFR wasanalyzed in a mannersimilar to thatdetailed for VZV ORF9cDHFR in the image and legend
for Fig 3, with the exceptionthatadditional proteins were identified using antibodiesto VZV gk and cellular protein
actin. Proteins were from samplesgrown under TMP permissive (+) and nonpermissive (-) conditions and compared
to wild-type pOka infections and uninfected cell equivalents. The blots are scanned in linear range and are

representative of two identical experiments.
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Figure 12: VZV IE63 is regulated by DHFR degron domain fused to carboxy-terminus.

Proteins were analyzed similarly to that shown in Fig 3 and 4. Protein samples were of cells infected with VZV
ORF63cDHFR, pOka, or uninfected cell equivalents up to 72-hpi. Wild-type ORF63 (IE63) and DHFR modified
(IE63cDHFRp) protein, proteins from alternative kinetic classes (ORF29p, gE), or cellular control (alpha -tubulin)
were compared under TMP permissive (+) and nonpermissive (-) conditions. The blots are scanned in linear range and

representative of two identical experiments.

Further characterizations were carried out to addressif thedegron addition had an influence
on subcellular localization of the fused proteins. The nuclear localization (NLS) and/or nuclear
export signals (NES) have been previously located for each protein [290,296-298]. The cellular
localization of IEAnDHFR, ORF9cDHFRp, and IE63cDHFR were compared to the unmodified
proteins made by wild type pOka infected cells, all grown in the presence of TMP. Images were
acquired from edges of 2-dpi individual plagues showed that, in general, protein localization for
each DHFR fused protein was similar to the distribution of the native proteins (Fig 13). IE4 and

IE63 from pOka localized to both nuclear and cytoplasmic compartments, with 1E4 showing a
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more predominantly cytoplasmic distribution in most cells. 1E63 was more nuclear localized in
cells at the edge of plagues, which represent earlier stages of infection as compared to distributions
at plaque centers. ORF9p was seen in both nuclear and cytoplasmic compartments in both DHFR
and wild-type VZV infected cells. The similar distribution of the DHFR and wild -type proteins for
each virus suggests that degron addition does not greatly affects subcellular distribution of the

proteins.
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Target Protein DAPI Merge

VZV ORF9cDHFR

ORF9cDHFRp

pOka

VZV ORF4nDHFR

IE4nDHFR

pOka

VZV ORF63cDHFR

IE63cDHFR

pOka

Figure 13: Localization of degron fused viral proteins compared to wild-type VZV proteins in infected cells.
(A) Imagesshow the edges or small regions of plaques formed by wild-type VZV (pOka), VZV ORFOcDHFR (top),

VZV ORF4nDHFR (middle), or VZV ORF63cDHFR (bottom)at2-dpi. Protein cellular distribution in fixed cells was
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imaged to represent the distribution seen in the cultures after staining with antibodies to ORF9p, I1E4, or IE63. The
‘target protein’ column indicates the specific protein probed, as noted in the lower left comer of the column. The
center column shows DAPI stained nuclei, and the rightmost column shows a merged panel of target protein
immunofluorescence and DAPI staining. Magnification: 60X (NA 1.25) oil. Single images are representations of a

minimum of 15 images analyzed foreach virus.

4.3 Discussion

This is the first report of conditionally replicating VZV mutants, and was achieved by
adopting a protein degron system that had been developed to study the consequences of protein
turnover and removal in eukaryotic cells [108]. Viable VZV with ORFs -4, -9, or -63 containing
the 160-amino acid degron were TMP growth regulated, so the degron addition had minimal
overall effect on the function of the targeted proteins. Each virus showed similar levels of growth
and protein production over time compared to wild-type VZV in growth-permissive conditions
and formed plaque sizes that were only slightly reduced under permissive conditions. The degron
did not strongly influence intracellular localization of the fused proteins, consistent with only a
modest, if any influence on protein function. In the absence of TMP, each virus showed severely
limited capacity in growth, viral spread, and protein production. ORF4 and -9 degron viruses
showed tighter conditional regulation than VZV ORF63cDHFR. The degron system could clearly
be useful to evaluate additional VZV essential genes. It has the advantage of permitting growth of
mutant viruses in any permissible cell type. It also circumvents the need to derive complementing
cell lines expressing the VZV gene-of-interest in trans in order to propagate VZV with a deleted
gene, which has generally appeared to be more difficult for VZV in the limited human cell lines

that support its growth. Previously developed VZV lacking ORF9 [101] and ORF4 [107] were
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grown by complementing the absent gene in cells that had been transduced with high-titer
baculoviruses expressing a cytomegalovirus (CMV) IE promoter driven VZV gene, which then
required treatment with NaB to inhibit type-1 histone deacetylase activities and the chromatin-
mediated silencing of the baculovirus. We attempted to prepare the VZVAORF4 virus detailed
previously [107], but could not obtain titers sufficient to exploit in the rat PHN models. The
baculovirus approach is also complicated by the potential of the baculovirus itself and the sodium
butyrate treatment required for transgene expression to affect behavioral responses [287,288,299].
The lack of success discouraged our pursuit of the VZVAORF9 virus detailed previously [101].
VZV lacking the duplicated ORF63 and ORF70 has been reported by one group to replicate
without complementation [300], but others report that deletion of ORF63 and ORF70 abrogated
virus growth [13,301]. As far as we are aware, no ORF63 complementing cell line or system has
been described. However, a caveat is that the conditional replication strategy is unlikely to be
applicable to all VZV genes. Our attempts to target three DNA replication proteins did not result
in viable virus, suggesting that the degron addition interfered with essential protein functions. We
also found that degron addition does not guarantee regulation of protein stability, as found for
VZV containing the degron added to the major transcriptional regulator encoded by ORF62 and
ORF71. The reason for a lack of regulation is not clear, but it could be due to accessibility of the
degron tag to ubiquitin-ligases as a consequence of cellular compartmentalization. For such genes,
VZV deletion virus may require more classic complementation methods, and there has been some
recent success in developing ARPE-19 based cell lines such as used here to grow the VZV A54S
[30]. We are currently extending the degron system to evaluate additional VZV genes involved in
DNA replication, to ask if VZV blocked at the DNA replication stage are able to induce

hypersensitivity responses.
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5.0 Replication-Conditional VZV in Rat Models of Postherpetic Neuralgia

This chapter was adapted from the published manuscript, “Varicella-zoster virus early
infection but not complete replication is required for the induction of chronic hypersensitivity in
rat models of postherpetic neuralgia,” authored by Benjamin E. Warner, Michael B. Yee, Mingdi
Zhang, Rebecca S. Hornung, Benedikt B. Kaufer, Robert J. Visalli, Phillip R. Kramer, William F.
Goins, and Paul R. Kinchington [109]. It was written by BEW and PRKi and edited by WFG,
PRKTr, and BBK. All data in this section was collected, analyzed, and curated by BEW, RSH,

WEFG, PRKTr, and PRKi.

5.1 Introduction

The lack of a reliable small animal model of VZV reactivation and HZ disease has
precluded the study of VZV reactivation-driven pain. Rodent models show little to no clinical
presentation after infection. Even non-human primate models using the closely related simian
varicella virus (SVV) are difficult to employ for HZ and pain studies due to inefficient virus
reactivation. Even then, animals do not routinely develop signs of PHN. Several groups have used
the rat to investigate VZV latent states [257,259,260]. 1t was then demonstrated by multiple groups
that Wistar and Sprague-Dawley rat strains inoculated with VVZV at the footpad develop prolonged
signs of pain that could serve as preclinical models for exploring mechanisms and treatment
strategies for PHN [221]. The models involve subcutaneous inoculation of cell-associated VZV
into the rat hind footpad [100,235,236,244-247] or more recently, the whisker pad [237,238,253—
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256]. While animals show no outward signs of skin infection, inflammatory response, or disease,
they develop nocifensive behaviors lasting several weeks. It has never been thoroughly resolved
if VZV productive replication occurs within inoculated rats and if this is a requirement for
nocifensive responses. Work from our group indicated that VZV did not replicate in rat primary
cell cultures, suggesting VZV replication in vivo is unlikely [246]. One in vivo study indicated that
VZV-induced hypersensitivity in rats was unresponsive to acyclovir administration [235]. Our
group reported that rats inoculated with UV-irradiated VZV did not develop long-term nocifensive
behaviors, suggesting a requirement forviral gene expression in the development of pain behaviors
[245]. VZV has been shown to induce subtle changes in host gene expression within infected
ganglia [246]. Ganglionic sections of rats with hypersensitivity show sporadic staining for the
major VZV transcriptional regulatory protein, 1E62 [236,237,244,247]. Taken together, these
results suggest that VZV may initiate abortive infections in the rat that nevertheless induce
nocifensive behaviors and hypersensitivity.

Here, we further addressed requirements of VZV replication and gene expression in
development of pain indicators in the rat PHN models. Using the Escherichia coli DHFR degron
system, we developed three conditionally replicating VZV that are expected to halt VZV
replication at key points in the life cycle. These were used in conjunction witha cell-complemented
VZV deletion mutant that did not express the essential ORF54 gene encoding the capsid portal
protein [30]. The VZV recombinants were then assessed for their ability to induce behavioral
hypersensitivities in rats when inoculated in the presence or absence of TMP. We show that VZV
blocked at late stages of assembly and full productive replication (VZV ORF9cDHFR) in the rat
still induced prolonged hypersensitive behaviors, establishing that productive replication is not

required. In contrast, rats inoculated with conditionally replicating VZV with a degron attached to
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IE regulated proteins (VZV ORF4NDHFR or ORF63cDHFR) only developed hypersensitivity
when the inoculates were supplemented with TMP to stabilize the targeted degron proteins. This
suggested that the production of essential 1E transcriptional regulatory proteins 1E4 and IE63 was
required for the stimulation of persistent pain behaviors in the rat. These data are consistent with
a hypothesized mechanism in which a limited VZV gene expression program in the rat results in
altered host neuronal pain signaling. We discuss that this may occur in patients with PHN, in which
an abortive VZV infection process occurs during HZ within sensory neurons that survive

reactivation but go on to signal pain.

5.2 Results

5.2.1 Analyses of rats inoculated with VZV ORF9cDHFR indicate productive replication is

not required for VZV-induced chronic hypersensitivity behaviors in rats

We used the conditionally replicating VZV to assess how reducing viral gene expression
and replication influenced VZV induction of prolonged nocifensive behaviors in rat models of
PHN. All TMP-dependent VZV were generated in cells supplemented with TMP. All viruses were
managed identically for consistency, with the TMP-supplemented inoculant resuspended in PBS
containing 500 nM TMP instead of PBS alone. Animals were then inoculated into the rear footpad
as detailed previously [245], in a random left/right manner (n=6) so the inoculated paw and the
nature of the inoculant was blinded from the behavioral assessors. Rat groups received equivalent
infectious units of VZV ORF9cDHFR containing 500 nM TMP, the same virus without TMP, wild

type pOka as the positive control, or uninfected cell equivalent as the negative control.
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Development of mechanical allodynia (MA) and thermal hyperalgesia (TH) was assessed over a
period 74-d (Fig 14). As predicted, pOka inoculated animals developed mechanical
hypersensitivity responses by 14-dpi, consistent with previous studies [100,235,236,244-247].
Hypersensitivity was significant at multiple time points when compared to the contralateral
(uninfected) footpad or rats that received uninfected cells, which none developed significant
hypersensitivity over the course of the study. Importantly, VZV ORF9cDHFR induced significant
hypersensitive states lasting over the testing period similar to that seen for pOka inoculated
animals, whether or not a bolus of TMP was administered with the virus in the inoculate.
Mechanical responses lasted several weeks and began to wane towards the end of this study, so
that hypersensitive responses at 66-dpi were no longer significant for the pOka and VzZV
ORF9cDHFR groups compared to controls (Fig 14a). Measurements of thermal hypersensitivity
followed a similar pattern, though the withdrawal time difference between positive and negative
thermal responses was more subtle, so that significance in withdrawal times was not seen for every
time point. By 18-dpi, significant differences were detected in all VZV inoculated groups when
compared to the uninfected cell group or contralateral paw measurements (Fig 14b). The
variability in thermal response is consistent with previous studies [100,236,245,247]. An average
withdrawal time under 7-s was observed in hypersensitive rats, while responses for negative
control animals remained above 10-s throughout most measurements in the 74-d study. Thermal
hypersensitivity also waned during the later stages of the study. Given that VZV ORF9cDHFR
replication is TMP-dependent and would be unable to spread when inoculated in the absence of
TMP, we take these results to indicate that the development of hypersensitivity behaviors in the
rat footpad model does not require productive replication, but is more the result of a single round,

non-productive infection after inoculation.
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Figure 14: Development of mechanical and thermal hypersensitivity in rats after VZV ORF9cDHFR footpad
inoculation under permissive and nonpermissive growth conditions.

Male Sprague-Dawley rats (n=6/group) were acclimated to measurement conditions and a baseline response was
established the day of inoculation. Rats were inoculated in one rear footpad with 2x10°%PFU TRPE-associated pOka
(blue circle), VZV ORF9cDHFR in PBS with 500 nM TMP (green triangle) or without TMP (purple triangle), or
uninfected TRPE cell equivalent (red square). Mechanical hypersensitivity (A) was measured by von Frey
monofilamentsand the Up-Down method. MAassessment of the inoculated footpad was measured as 50% withdrawal
threshold in grams (g) in the inoculated footpad (top) and the contra lateral, uninoculated footpad (bottom) of the same
rats. Thermal hypersensitivity (B) was assessed by Hargreaves apparatusasdetailed in the methodsand is presented

astime-to-withdrawal post-light activation (seconds). The responses of the inoculated footpad (top) and contralateral
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footpad of the same rats (bottom) is shown. Error bars: SD. Statistics: Two-way ANOVA with Bonferroni multiple

comparison to uninfected cell control, where *=p<.05 and is color coded by group.

We also evaluated the ability of these viruses to induce affective pain responses in the rat
facial model (Fig 15). Rats were inoculated at the whisker pad in the same groupings as the footpad
experiments, and rats were assessed for nocifensive behaviors in a fully blinded manner using the
Fuchs’ PEAP assay [237,239]. This physiological test evaluates animal behaviors resulting from
noxious stimuli, in which rats show reluctance to locate to preferred locations if the stimulus
evokes higher levels of pain or sensitivity. Animals receiving uninfected cells showed no
behavioral indicators of aversion to stimulation of the inoculated whisker pad and remained
predominantly on the dark or preferred side of the enclosure over the course of the experiment.
However, stimulated animals that received pOka showed a considerable reduction of time spent
on the dark side of the enclosure. Such behaviors began to return to baseline by 28-dpi and were
no longer significant. While VZV-induced affective pain indicators at the whisker pad were
shorter-lasting than the mechanical and thermal hypersensitivities detected at the footpad, the
behavior of rats inoculated at the whisker pad with different viruses were consistent with the
footpad data, in that VZV ORF9cDHFR induced hypersensitivity responses when inoculated with
or without TMP. These data support the hypothesis that VZV ORFIcDHFR retains the ability to
induce hypersensitivity with or without conditional replication and is consistent with the

conclusion that ongoing replication of VZV is not required for the induction of pain behaviors.
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Figure 15: Affective pain develops in rat whisker pad following inoculation with replication conditional VZV
ORF9cDHFR under both growth-permissive and nonpermissive conditions.

Male Sprague-Dawley rats (n=7/group) received inoculation into the whisker pad of 2x105PFU TRPE-associated
pOka (blue circle), VZV ORFIcDHFR in bufferwith 500 nM TMP (green triangle) or without TMP (purple triangle),
or uninfected TRPE cell equivalent without TMP (red square). Hypersensitivity was measured at the times indicated
by days (d) post-infection above each graph usinga PEAP method detailed in methods. Time spent in the dark side
(y-axis) of the enclosures is shown after repeated stimulation with a 60g (5.88) von Frey hair every 15 seconds,
assessed over 5-min bin periods fora totalof 30 min (x-axis). The side of the face stimulated depended on the position
of the rat’s head, with facial stimulation at the inoculated side if its head is in the dark side of the enclosure, and
stimulation of the uninoculated side of the face if in the light side of the enclosure. Error bars: SEM. Statistics: Two -

way ANOVA with Bonferronimultiple comparison to TRPE negative controlwhere *p<.05 and color coded by group.

5.2.2 Analyses of VZV ORF4nDHFR indicates production of the VZV IE4 is required for

development of VZV-induced hypersensitivity

A similar set of studies were performed in the footpad and facial models to examine how
VZV ORF4nDHFR stimulates hypersensitivity when replication is permitted or prohibited. In
footpad model studies (Fig 16a), responses indicating mechanical hypersensitivity developed by

22-dpi in pOka inoculated rats. The timing of onset of hypersensitivity was later than that seen in
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the ORFIcDHFR study, but such variability has been seen previously [100,236,245,246]. No
measurable hypersensitivity developed in rat footpads injected with uninfected cells or developed
in the contralateral uninoculated footpads. In contrast to the results obtained from animals
inoculated with VZV ORF9cDHFR, hypersensitivity developed in rats that received VZV
ORF4nDHFR supplemented with 500 nM TMP, but animals did not develop hypersensitivity if
TMP was not included in the inoculum. Rather, animals showed withdrawal responses similar to
uninfected cell equivalent groups (Fig 16a). Hypersensitivity in animals inoculated with VZV
ORF4nDHFR with TMP was detected throughout the entirety of the assessment period (the study
was terminated at 55 dpi). Thermal hypersensitivity responses followed a similar pattern so that
by 24-dpi, significant hypersensitivity was seen at select times in rat groups that received pOka or
VZV ORF4nDHFR containing TMP (Fig 16b). Quicker withdrawal times did not develop in
contralateral footpads, footpadsinoculated with uninfected cells, or in footpadsthat received VZV
ORF4nDHFR without TMP supplementation. Rat groups that developed hypersensitivity
remained significant at most measurement times until to the end of the experiment when compared
to the negative control. We did see some significant responses in the contralateral footpad at certain
timepoints, but this is not unusual and has been observed at random and on occasion in previous
thermal hypersensitivity assessments. However, these contralateral measurements did not form a
consistent pattern of continued hypersensitivity, as observed on the ipsilateral side, and generally

resembled the responses of the negative control group.
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Figure 16: Footpad inoculation by VZV ORF4nDHFR induces mechanical and thermal hypersensitivity only
if IE4 is stabilized under growth-permissive conditions.

Male Sprague-Dawley rats (n=6/group) were inoculated with 2x10% PFU pOka (blue circle), VZV ORF4nDHFR with
500 nM TMP (green triangle) or without TMP (purple triangle), or uninfected TRPE equivalents (red square). (A)
MA of inoculated footpad (top) vs contralateral (bottom). (B) The same group of rats were tested for TH of the
inoculated footpad (top) vs contralateral, uninoculated footpad (bottom). Error bars: SD. Statistics: Two-way ANOVA

with Bonferroni multiple comparison to TRPE negative control where *p<.05 and color coded by group.

Inthe rat facial model of affective pain, the pOkaand VZV ORF4nDHFR with TMP groups
were found to spend significantly more time on the light side of the enclosure at 7-dpi when
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compared to the uninfected cell equivalent group (Fig 17). Consistent with the footpad studies,
animals that received VZV ORF4nDHFR without TMP continued to spend a majority of time on
the dark side as seen for the uninfected cell group. The trend continued over the course of the 5-
week experiment, at which time nocifensive behaviors of the hypersensitive groups waned, as seen
previously [237]. Post-hoc analysis indicates significance for the pOka group during all
measurement groups, while the VZV ORFAnDHFR TMP supplemented group lost significance
during the final measurement timepoint. At no point did the VZV ORF4AnDHFR without TMP
group show any significant indication of hypersensitivity. We highlight that these results contrast
with the responses of animals receiving VZV ORF9cDHFR, in which pain behaviors developed
with or without TMP. The results suggest that the degron mediated removal of 1E4 prevents the
development of pain behaviors and suggests that IE4 is necessary for the induction of pain

responses after VZV inoculation.
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Figure 17: Affective pain develops following whisker pad inoculation with replication conditional VZV
ORF4nDHFR only under permissive conditions.

Male Sprague-Dawley rats (n=6/group) received 2x105 PFU pOka (blue circle), VZV ORF4AnDHFR with 500 nM
TMP (green triangle) or without (purple triangle), or uninfected TRPE cell equivalent (red square). Hypersensitivity
was measured at times post-infection (d) indicated above each graph using the same methodsasFig 7 and detailed in
the methods section. Error bars: SEM. Statistics: Two-way ANOVA with Bonferroni multiple comparison to TRPE

negative control where *p<.05.

5.2.3 Analyses of additional VZV mutants confirms the requirement for gene expression,

but not full viral replication for the development of pain behaviors in rats

We sought to confirm the contrasting outcomes of the VZV ORF9cDHFR and
ORF4nDHFR in the rat footpad model through the analyses of additional VZV recombinants
containing mutations in different genes. We evaluated animals inoculated with VZV
ORF63cDHFR in the same manner (Fig 18). In parallel, we examined the responses in the footpad
model of animals that were inoculated with a recently described recombinant VZV that is deleted
for expression of ORF54 (VZV A54S) [30]. ORF54 encodes the portal protein involved in the
packaging of viral DNA into preassembled capsids in the nucleus, and VZV lacking ORF54 cannot

replicate beyond the initial round of replication in non-complementing cells. To grow VZV A54S,
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an ARPE-19 based complementing cell line was used (A54). Following footpad inoculation, the
behavioral responses of rats receiving these viruses and controls were assessed for mechanical (Fig
18a) and thermal hypersensitivities (Fig 18b). In these studies, the negative control group was
divided into two, with one group of rats inoculated with uninfected A54 (n=3) and the second with
uninfected TRPE (n=3) cells. The behavioral responses of the two uninfected cell controls were
indistinguishable from each other (and thus combined in the graph) or historical uninfected cell
controls, indicating that the complementing cell line did not induce a significant pain response.
pOka infected cell inoculated animals developed significant mechanical hypersensitivities from
18-dpi onwards that lasted through to the end of the study (Fig 18a). Thermal hypersensitivities
for pOka inoculated animals also trended towards a response, although the measurements in this
study were not significant at times other than 40 days (Fig 18b). Animals that received VZV
ORF63cDHFR with a bolus of TMP at the footpad developed significant mechanical
hypersensitivity at a time similar to those animals receiving pOka, but animals receiving the virus
without TMP did not develop any significant hypersensitivity behaviors and showed responses
similar to those of animals receiving uninfected controls at all timepoints. This result indicates that
the production of 1E63 is critical for the induction of a prolonged mechanical hypersensitivity
response in the rat model. In contrast, significant and long-lasting mechanical pain responses
developed in animals inoculated with the genetic mutant VZV A54S. While this virus was
administered with its complementing cells, the subsequent infection of any cells in the rat host
would not be expected to progress to infectious virus production. These studies further support our
previous conclusions involving VZV ORF9cDHFR (Figs 14 and 15) and ORF4nDHFR (Figs 16

and 17) and denote that hypersensitivity in the rat models of PHN require early infectious
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processes and the expression of regulatory proteins, but that this occurs duringa single and abortive

round of infection in the rat host.
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Figure 18: Induction of mechanical and thermal hypersensitivity by VZV with conditionally stabilized IE63 or
by VZV lacking the production of the ORF54 portal protein.

Male Sprague-Dawley rats (n=6/group) were inoculated with 2x105 PFU pOka (blue circle), VZV ORF63cDHFR
with 500 nM TMP (green triangle) or without TMP (purple triangle), VZV A54S (yellow diamond), or uninfected cell
equivalents (red square) and subjected to the same testing methods in Fig 6. (A) Mechanical hypersensitivity of
inoculated footpad (top) vs contralateral (bottom). (B) The same group of ratswere tested forthermalhypersensitivity
of inoculated footpad (top) vs contralateral (bottom). Error bars: SD. Statistics: Two-way ANOVA with Bonferroni
multiple comparison to TRPE negative control where *p<.05. Note: The uninfected cell equivalents (red square) in
this figure represent inoculated rats n=3 A54 cells and n=3 TRPE cells. This data hasbeen combined for clarity and

was deemed appropriate asthe cell lines are from a common lineage.
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5.2.4 Detection of gene expression following inoculation of rat footpads with replication

conditional VZV

We next sought to determine if these genes were expressed at detectable levels in DRG of
inoculated rats. Previous studies have found that VZV transcripts [260,261] and proteins
[100,236,244] can be detected by in situ hybridization or immunohistochemistry in ganglia after
inoculation. We used a set of described PCR primer/probes to detect ORF62 and ORF63 [83], and
additional sets to identify ORF4 and the DHFR degron domain by RT-gPCR. The TMP-dependent
virus stocks were generated as detailed in the methods and were the same used throughout all
animal studies. Titrated virus was inoculated into rat footpads. The L4, L5, and L6 DRG of animals
harvested at days 4-, 5-, and 7-dpi was used to prepare total RNA and then converted to cDNA for
assessment of VZV gene expression in DRG (Fig 19). We were unable to obtain statistically
significant increases in gene expression for the probed VZV genes. This indicates that levels of
transcripts for ORF62, ORF4, and ORF63, or the DHFR sequence are too low for consistent
detection by this approach in rats infected with wild-type VZV, VZV ORF4AnDHFR, and VZV
ORF63cDHFR. The lack of significance when compared to relative changes in GAPDH is similar
to our previous study [246] and is generally consistent with sparse detection of VZV transcripts
by in situ hybridization studies. Despite low detection levels for VZV ORF63cDHFR infected rats,
the similar pattern that formed in the detection of ORF63 and DHFR, which should identify the
same transcript, may suggest these data are consistent with the ORF63 transcript being detectable

in rat ganglia at low levels [260].
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Figure 19: Detection of ORF4, ORF62 and ORF63 transcripts in rat DRG tissues after inoculation of wild-type
VZV or VZV containing DHFR degrons.

L4, L5, L6 DRG were isolated from VZV pOka (left), ORFAnNDHFR (middle), or ORF63cDHFR (right) inoculated
ratsat 4-, 5-, and 7-dpiand used to prepare total RNA. RNAs were quantified by TagMan probe for expression of
ORF62 (blue), ORF4 (red), ORF63 (green), DHFR (yellow) and GAPDH transcripts. RNA quantification was
analyzed by the 2-2ACt method relative to GAPDH expression. The dotted line (=1) represents no change over the
GAPDH control from naive uninoculated animals. Data represents two similar experiments combined and averaged.

Error bars: SD.

5.3 Discussion

In this work, we developed and exploited novel VZV mutants to dissect how components
of the VZV infectious process contribute to the development of nocifensive behaviors in rat models
of PHN. The data establish that presence of two VZV regulatory proteins, 1E4 and 1E63, are
required for the development of hypersensitivity, but that production of infectious progeny virus
in cells of the rat host is dispensable. The results imply that development of hypersensitivities in
rats inoculated with VZV are the consequence of a single round, abortive infection in cells of the

rat host but require some level of viral gene expression. These data also suggest that
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hypersensitivities are not the result of a reaction to the VZV-associated cell antigens injected but
require VZV to initiate an infection in cells of the rat host. The studies have implications for the
induction of hypersensitivity and PHN in humans: we speculate that the partial VZV expression
program could occur in human ganglia after an HZ event, in which infected but surviving neurons
have a destabilized host neuronal homeostasis that leads to prolonged signaling of pain that may
underlie PHN.

The data show that productive VZV replication in the rat PHN model is not required to
cause VZV-induced pain in those models. This fits with our suspicion that the high species
specificity of VZV prevents viral replication in vivo at some post-entry phase in rats. While rats
have long been used as both models of pain and as models of latency, VZV permissivity in the rat
has never been fully resolved. Numerous studies report the detection of viral transcripts and some
proteins in VZV infected rat ganglia that were hypothesized to reflect the VZV latent state
[100,236,246,260,261,302,303]. The long-term pain behaviors have been useful to examine
potential pain alleviating drugs [100,235,236,245,247,249,304]. Dalziel et al. (2004) found that
that pain induced by VZV infection was not alleviated by a 10-day treatment with systemic ACV
administration to rats [235]. ACV inhibits herpesvirus DNA replication, and blocked pain
responses generated in rats receiving HSV, suggesting these two related herpesviruses induced
pain by different mechanisms. Our work showed that UV-irradiation of the VZV infected cell
inoculate (to reduce infectivity by more than 2-logs) prevented development of most pain
behaviors [245]. However, we reasoned that neither approach was definitive in determining if VZV
replication was required for induction of pain behaviors. The minimum inhibitory concentration
of ACV for VZV is considerably higher than for HSV and the results of Dalziel et al. may have

reflected insufficient levels to block VZV. UV-irradiation may have caused considerable damage
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to the inoculum. However, our finding that two mutants unable to fully replicate under our
inoculation conditions (VZV ORF9¢DHFR and VZV A54S) allows us to conclude that potential
ongoing VZV productive replication, should it occur in rats, is not needed for development of
nocifensive behaviors. Both mutants would likely be blocked at late stages of infection and express
most VZV genes; ORF9p is essential and primarily involved in tegument assembly and secondary
envelopment [59,101], while VZV lacking ORF54 would not be able to package DNA into capsids.
Though VZV A54S was administered in complementing cells, the virus produced would be unable
to form assembled virions in cells of the rat. A54 cells induced responses that were similar to
uninfected cells in the same experiment and in historical studies [237,238,244-246]. Thus, the rat
pain models appear to reflect a nonpermissive host in which abortive infection by VZV is sufficient
for pain indicators.

In contrast, studies withthe ORF4 and ORF63 conditionally replicating VZV establish that
some VZV gene expression is essential for the induction of mechanical hypersensitivities. ORF4
is expressed as an IE gene based on classic cycloheximide-actinomycin D reversal experiments
after cell-free VZV infections [292-294]. The protein has post-transcriptional regulatory activities
suspected to be involved in nuclear export of intronless mMRNA, in a manner similar to HSV ICP27
[305]. Removal of this protein from the infectious process would likely severely limit downstream
VZV gene expression programs, as most VZV lytic transcripts are not spliced. Similarly, ORF63
was shown to be IE expressed using cycloheximide-actinomycin D approaches, and studies
indicate it is a regulatory protein that is critically involved in early infectious processes [295]. Rats
inoculated under conditions of TMP-permitted replication with each virus developed long-lasting
hypersensitivities, establishing that the viruses themselves were not defective, but under

nonpermissive replication conditions, neither induced significant behavioral responses in both the
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footpad and facial models. The data solidifies that some VZV genes and proteins with regulatory
function are needed in rats for prolonged pain indicators. Presumably, VZV lacking IE4 would not
shuttle intronless VZV messenger RNA to the cytoplasm for translation [294]. What the
consequences of ORF63 are on the rest of the VZV expression program is less clear. The lack of
any response without permission to replicate also indicates that antigen load in the inoculate, and
components contained in the infecting virus tegument and capsid, are not sufficient to drive the
signaling processes associated with hypersensitivity.

At this stage, there are some questions that remain to be resolved. We do not yet know
whether the production of 1E4 and/or IE63 are the actual drivers of the pain responses, or if their
roles are to permit the expression of downstream genes that induce nocifensive behaviors. The
resolution of this would require the study of additional mutants, such as a mutant that would enable
us to prevent DNA replication in the rat host. Based on our previous work, where we did not see
DNA replication in primary rat cell cultures, we would predict thata VZV with conditional degron-
controlled essential DNA replication protein might show the same type of hypersensitivity
induction seen for VZV ORF9cDHFR and induce hypersensitivity without DNA replication. Such
mutants are being developed. It is also not yet clear as to what tissues the VZV limited expression
program is needed to induce the hypersensitivity responses. We hypothesized that VZV proteins
are produced within a few neurons of a sensory ganglion that innervate the site of inoculation, and
that these trigger altered neuronal signaling. However, studies to determine significantly increased
expression of VZV transcripts in rat ganglia have not been successful here and in a previous report
beyond 5-7 days [246]. This indicates that VZV gene expression within innervating neurons is low
and could be transient. Others have reported the detection of IE62 and 1E63 in ganglia obtained

after in vivo inoculation at sparse levels [100,259-261] and gene array studies suggest there are
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some changes in the respective ganglia [246]. We postulate that further studies of transcripts at the
single cell level of the ganglia may allow the correlation of host with viral genes expression, but
we considered them outside of the scope of the current work. It is even possible that the essential
components of VZV gene expression is in non-neuronal cell types, such as glia and support cells
proximal the sensory nerve endings at the periphery. These studies are planned or in progress.
Taken together, the dataare consistent with the hypothesis that a partial gene expression
program is required and sufficient for the induction of hypersensitivity in rat models of PHN. We
speculate that this may be quite relevant to clinical HZ and the development of PHN, despite the
fact that PHN follows reactivation whereas the rat model reflects events after a primary
inoculation. However, when VZV reactivates in sensory ganglia, it probably starts within one or a
small fraction of neurons, usually within a single ganglion. VZV then undergoes intraganglionic
spread by cell-cell fusion, spreading to other neurons that are, therefore, newly infected [177,306].
These deliver virus to the periphery via innervating axons that terminate throughout the
dermatome. There is neuropathic damage in many neurons and a reduction of nerve fibers in the
afflicted dermatome [216]. Ganglionitis has been proposed to partly account for acute pain
associated with HZ [191]. However, the ganglionic replication of VZV is usually limited, probably
because of intrinsic, innate, and VZV -specific adaptive immune responses. We know that in HSV
ganglionic infection models, ganglia resident CD8+ T cells limit virus gene expression and can
suppress active neuronal replication through non-cytolytic means [307,308]. As such, the neuron
survives, despite having initiated some viral gene expression. We propose this occurs on a much
larger scale in the human ganglion hosting the HZ reactivation event, and clinical PHN may reflect
the activity of neurons that have been infected, have made some VZV proteins (that induce host

cellular changes) but then become subjected to multiple noncytolytic effectors such as mediated
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by ganglion resident VVZV-specific T cells that halt the full infectious program in a non-cytolytic
manner. We postulate that a limited viral protein expression program (and/or the immune effectors
targeting them) in surviving neurons may have undergone altered host gene expression programs
that involve genes of pain signaling. We are currently examining how individual VZV gene
productsmay induce development of PHN-like behaviors in the rat models and the host expression
programs that result. This may identify mechanisms that can be therapeutically targeted to limit

the development of PHN.
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6.0 A Transgenic Reporter Rat to Study VZV Infection In Vivo

6.1 Introduction

Several questions remain about VZV infection in the rat host despite being used extensively
as models of induced pain and latency. Early studies indicated that immediate-early VZV
transcripts could be detected by ISH in ganglia of VZV inoculated rats at 9-months [243,257] and
18-months after subcutaneous inoculation [260,261]. VZV reactivation was achieved ex vivo by
repeated passage of 30-dpirat DRGs with human fibroblasts [243,257]. Subsequent studies using
the cotton rat model supported many of these initial findings and characterized several VZV genes
that were dispensable for establishing latency [24,99,303]. While these rat models appear to
reproduce some aspects of VZV genome persistence observed in human cadaver ganglia, it is
difficult to differentiate persisting VZV genomes as abortive or latent infections because
reactivation has never been demonstrated in vivo. Previous studies from our lab suggested that
VZV does not fully replicate in any primary rat cultures, but can support limited gene expression
and protein translation [246]. In vitro infection of primary rat lung fibroblasts showed that the
major transcriptional activator from ORF62 was detectable by 1-dpi. Despite initiating
transcription and translation, rat cells cultured from the eye, paw, liver, kidney, and lung showed
no increase in VZV DNA consistent with active DNA replication [246]. Much of these findings
are consistent with the early rat studies. However, RT-gPCR analyses of rat ganglia after
subcutaneous inoculation were unable to conclusively detect ORF4, -62, or -63 transcripts (Fig
19) [109,246] as previously reported by ISH detection. Our understanding of VZV latency has

changed since many of the early infection studies in rats, such as the detection of VLT in latently
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infected human ganglia [83] and detection of VLT-ORF63 isoforms upon in vitro reactivation
[84]. Thus, evidence for VZV latent or abortive infection of the rat host in vivo remains
inconclusive could benefit from reevaluation considering new evidence.

Recently, a Long-Evans transgenic rat was made commercially available that uses Cre-Lox
recombination for conditional expression of a bright red fluorescent protein (tdTomato) [278].
Upon exposure to Cre recombinase, recombination at loxP recognition sites removes repressive
DNA sequences to enable tdTomato gene expression and permanently marks tissues exposed to
Cre. Here, we developed VZV that expresses a Cre recombinase gene to explore in vitro and in
vivo infections in this rat model. Induction of tdTomato expression occurred readily in tissue
culture but in vivo detection thus far has been limited to 28-dpi footpad tissue. While the
experiments reported here are ongoing and will be expanded in the future, they establish the
reagents in this reporter rat model. Further analyses may help clarify what tissues become infected

and if VZV undergoes a latent or abortive infection in the rat ganglia.

6.2 Results

6.2.1 Development of VZV containing Cre recombinase

We first developed a recombinant VZV that expresses a Cre recombinase gene. An
insertion cassette was generated by PCR amplification of a sequence that combined a CMV IE
promoter with a turquoise2 (Turg2) fluorescent gene linked to Cre using an in-frame 2A peptide
sequence (T2A) (Fig 20a). The addition of a T2A sequence between Turg2 and Cre provided a

method to easily determine if Cre was being produced. The cassette is expressed as a single
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message under the CMV promoter, but the T2A sequence allows Turg2 and Cre proteins to be
translated as separate proteins due to ribosomal skipping at the T2A sequence and therefore Turg2
florescence should indicate Cre production. This cassette was recombined into a non-coding gap
between two nonessential genes in tissue culture, ORF13 (thymidylate synthetase) and ORF14
(glycoprotein C), of the self-excisable VZV BAC [101] with or without the N-terminal GFP on
ORF23 [85]. The resulting recombinant virus (VZV aT2C) was verified by Sanger sequencing and
virus was derived by TRPE cell transfection. ARPE monolayers were then infected for 48-h with
cell associated VZV aT2C to determine if Turg2 fluorescence was observable and if Cre protein
could be detected by antibody probe. Turg2 fluorescence was abundant (data not shown), and the
viruses produced Cre protein (~38 kDA) (Fig 20b). VZV aT2C.1 and aT2C.2 are technical
replicates and aT2C.3 contains a GFP on the N-terminus of ORF23. Here forward, the experiments

described were carried out with VZV aT2C.1.
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Figure 20: Construction of recombinant VZV containing Cre recombinase.

(A) A single cassette containing a cytomegalovirus (CMV) promoter, turquoise2 (Turg2) fluorescent gene,
multicistronic linker T2A, a modified NLS-Cre recombinase from bacteriophage P1, and a kan'cassette was inserted
between VZV ORFs -13 and-14 in the self-excisable VZV BAC. (B) Recombinant VZV were derived, passaged in

TRPE cells, and tested for production of Cre following a 48-h infection of ARPE-19 cells.

6.2.2 In vitro inoculation of primary rat cells harvested from tdTomato transgenic rat

We next tested VZV aT2C for Turg2 fluorescence and Cre recombinase activity in reporter
rat cells. Skin cells were first harvested from the ears of reporter rats to establish primary cell
cultures for in vitro infection studies. Cell associated infections were initiated at 1:1000 VZV to
cell and were fixed for imaging at 1-, 2- or 7-dpi (Fig 21). Turg2 fluorescence was immediately
observable because many of the infecting human cells were fluorescent. td Tomato fluorescence
was visible after 1-d. Both Turg2 and tdTomato increased in fluorescence by 48-hpi. By 7-dpi,
Turg2 fluorescence reduced to mostly single infected cells. This likely indicated that the VZV-
infected TRPE cells used to initiate infections had succumbed to VZV infection and lysed, and
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expression in the rat cells had ended. tdTomato fluorescence was abundant after 48-h and lasted
throughout the 7-d experiment. Any loss of tdTomato was expected to be the result of cell death
rather than inhibition of tdTomato gene expression as Cre-mediated recombination is not
reversable in this model. While Turg2 fluorescent cells were regularly adjacent to td Tomato, cells
producing both fluorescent proteins were infrequent. When found, tdTomato fluorescence was
relatively weak suggesting low levels of expression, but this is consistent with our understanding
of VZV infection of rat cells. This is most readily observed at the center of the 1-dpi images but
will require a quantification study to determine the frequency of dual fluorescent cells. As these
were plated from dissociated skin cells, there is likely an abundance of different cell types
represented in the monolayer. This may indicate differences in susceptibility of rat cell types to
VZV. As infections were initiated with cell associated virus, this analysis does not rule out the
possibility Cre protein produced within the infected TRPE cells was taken up by rat cells and led
to tdTomato fluorescence. Dual fluorescent cells are a better indication of VZV gene expression

within the rat cells.
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Figure 21: VZV aT2C infection of transgenic rat primary skin cultures induces tdTomato fluorescence.

Skin cells dissociated from reporter ratears were cultured and infected at low multiplicity (1:1000)with VZV aT2C
and fixedat1-, 2-, or 7-dpi. Turquoise2 (Turg2) fluoresence is shown in the left column, tdTomato fluoresence in the
center column, and a merge of the panels with the phase channel on the right. Images were acquired with a 10X (NA

0.3) air objectiveand are representative of at least ten images per infection sample. Scale bar =100 puM.

We next sought to determine if our embedding and cryosection procedure could influence
Turg2 and td Tomato fluorescence, and for optimization prior toin vivo infection analyses. Primary
rat monolayers were infected for 48-h with VZV aT2C, pOka, or uninfected TRPE cells. Samples
were then pelleted, fixed, OCT embedded, and cryosectioned. Observation showed that td Tomato

fluorescence was a direct result of VZV aT2C and could not be influenced by wild type pOka or
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associated TRPE cells (Fig 22). Cryosectioning did not inadvertently activate td Tomato expression
but showed some increase in background fluorescence of the cell sections. This background did
not surpass actual Turg2 or td Tomato fluorescence and suggested additional antibody detection of
the reporter proteins should not be necessary after in vivo infection samples were harvested and
cryosectioned. Also note that in many of the rat cells infected by VZV, the production of the
tdTomato is readily visible, but the expression of Turg2 is not. This suggests that there is minimal
VZV gene expression in rat cells, but it is sufficient to induce the recombination of the td Tomato

gene and enable its expression.
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Figure 22: Cryosectioned cell pellets from VZV infected rat primary cultures show Cre is necessary to initate
tdTomato production.

VZV aT2C (top), pOka (middle), or uninfected TRPE cells (bottom)were used to inoculate reporter rat primary skin
cells for 48-h. Samples were then pelleted, crysectioned, and imaged with a 10X (NA 0.3) air objective.Scale bar =

100 uM.

6.2.3 Analysis of skin and innervating ganglia of transgenic rats inoculated with VZV aT2C

at the foot- and whisker pad

We next sought to determine if VZV aT2C was able to initiate td Tomato production after

foot- or whisker pad inoculation in the transgenic rat. Rats were inoculated with 2x10° PFU VZV
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aT2C in the foot-and whisker pad or left uninoculated for negative control tissue. Necropsies were
performed at 14- and 28-dpi for skin from the site of inoculation and the innervating ganglion.
Tissues were embedded and cryosectioned identically to the cell pellet experiment. Initially, all
tissues were analyzed without additional antibody detection to look for Turg2 produced from the
virus or tdTomato produced from the transgenic rat cells. Unfortunately, no Turg2 or td Tomato
fluorescence was found in any tissues analyzed from either timepoint or tissue type. We considered
that fluorescence may have been lost during tissue processing despite results from the cell pellet
experiments, so we probed with a primary antibody to td Tomato with a red fluorescent secondary
to amplify the signal and primary antibody to NeuN (Fox-3) with a green fluorescent secondary to
identify neurons. Tissue sections were imaged on an inverted confocal microscope. In studies to
date, we have located td Tomato fluorescence only in one 28-dpi footpad tissue sample and have
not yet found tdTomato co-staining with NeuN in ganglia (Fig 23). The fluorescence attributed to
tdTomato was obvious (Fig 23a) and control samples that received only 2° antibody showed little
background fluorescence in the tdTomato channel (Fig 23b). NeuN antibody mediated
fluorescence staining was less convincing for unclear reasons, and analysis of tissues stained only
with 2° antibody showed substantial background florescence. Tissues that received no primary or

secondary antibodies showed almost no background fluorescence (Fig 23b).
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Figure 23: Footpad tissue from a transgenic rat infected with VZV aT2C and analyzed at 28 -dpi.

(A) 28-dpi footpad tissues stained with primary antibodies against neuronal marker NeuN (left) and tdTomato
(middle). The green and red fluorescent channels were merged with a phase image of the tissue section (right). (B)
Tissues were alternatively stained with secondary antibody only (top) or no antibodies (bottom) to reveal possible

tissue autofluoresence. Imageswere acquired at 60X (NA 1.25). Scale bar =100 puM.
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6.3 Discussion

In this continuing work, we developed the principal methods to examine the infection of
reporter rats with a VZV capable of inducing reporter gene expression. We first developed a
recombinant VZV that expresses the Cre recombinase gene. VZV aT2C derived from the self-
excisable VZV BAC produced infectious VZV that reliably produced Turg2 and Cre recombinase
from a cassette inserted at the ORF13/14 locus. We then demonstrated that primary rat cells
cultured from the skin of the transgenic reporter rat conditionally produced td Tomato after VZV
aT2C infection at 1-d and fluorescence increased by 2-dpi. At these timepoints, Turg2 fluorescence
was abundant though only limited dual fluorescent cells were observed. After 7-d, Turg2
fluorescence was nearly absent and limited to mostly single infected cells. This suggested the
infected human cells that delivered VZV to the primary rat cultures had died over the course of
the infection, but the induction of td Tomato fluorescence remained throughout the 7-d experiment
as a result of the virus induced expression. The loss of Turg2 suggested that VZV aT2C was not
capable of a continued productive infection of the Cre gene in rat cells, which is consistent with
past in vitro infection analyses [246]. However, it is clearly sufficient to switch on the expression
of tdTomato. One caveat of this study is that since VZV can express the Cre gene in any infected
cell that supportsa CMV IE promoter, it is possible that Cre produced in human cells was secreted
and influenced Cre-Lox recombination in the rat cells. This is a complication of cell associated
infections detailed earlier and an NLS was added to Cre to ensure nuclear localization, but we have
no proven Cre is not secreted from infected TRPE cells. The presence of dual fluorescent cells is
a much better indicator of VZV aT2C infection of the rat cells and warrants quantification. In vitro

infections with cell free VZV aT2C could also provide insight. A potential modification of this
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system would be to replace the CMV IE promoter with a rat specific promoter so that Turg2 and
Cre can only be expressed in rat cells.

We then showed that the Turq2 and tdTomato fluorescence was not influenced by our
tissue embedding and cryosection protocol. The process did generate some background
fluorescence, but this was easily discernable from the true fluorescence of Turg2 and tdTomato.
Cryosectioning and infection with pOka or uninfected TRPE cells did not elicit any tdTomato
production showing that presence of VZV aT2C was required for tdTomato production. We then
inoculated rat foot- and whisker pads with VZV aT2C and harvested tissues from the site of
inoculation and innervating ganglia at 14- and 28-dpi. Despite the simplicity withwhich td Tomato
was detected after in vitro infection studies, we found no indication of Turg2 or tdTomato
fluorescence from ganglionic tissues infected in vivo. Considering that internal fluorescence was
found to be partially lost during tissue processing, we used a primary antibody against td Tomato
combined with a red fluorescent secondary antibody. We additionally used a primary antibody
against NeuN with a green secondary, a putative neuronal biomarker. We located tdTomato
fluorescence only in 28-dpi footpadsof one of our inoculated groups. While we expected that VZV
infection would be sparse in the innervating ganglion, we expected to find much more fluorescence
at the site of inoculation. About 120 tissue sections from all four tissue types (footpad, DRG and
whisker pad, TG) have been analyzed so farand td Tomato was located from just three sections of
28-dpi footpad tissues from one rat. The contrast between the in vitro and in vivo experiments was
unexpected. Again, secreted Cre protein from infected human cells may account for the
fluorescence in foot pad tissues, but the scarcity of fluorescence indicates this is not likely a major
concern. Alternatively, VZV aT2C may have initiated an immunologic response that quickly

removed the infecting VZV and associated human cells from the rat.
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As tdTomato was rare at the site of inoculation, finding fluorescence in the TG or DRG
from this experiment is unlikely. Cre-mediated recombination in DRG and TG are expected to
require VZV infection and de novo protein synthesis to induce tdTomato. Previous evidence has
suggested VZV infection of the rat ganglion is sparse [109,246,257,260]. It may be beneficial to
insert the CMV-Turg2-T2A-Cre cassette into an HSV or AAV vector for a positive control to
determine if the lack of tdTomato production is a function of the infecting VZV. Stereotactic
inoculation of cell-free VZV into the TG has also been previously shown to induce hypersensitivity
and could be used here to study infection of the ganglion without waiting a month afterinoculation
for tissue analysis [238]. Analysis of inoculation site tissues at 1- to 3-dpi could determine if any
Turg2 fluorescence can be located and may also give insight into how long the infected human
cells remain present after subcutaneous inoculation. One of the greatest benefits of this system is
that tdTomato fluorescence should be permanent after Cre-Lox recombination. This could help
determine how widespread VZV infection is after subcutaneous inoculation without concern for
timing tissue necropsies for maximal detection of VZV. These studies may also reveal rat tissues
that are exposed to VZV that have not been previously explored such the spinal cord and brain.
The reporter rats may also be used in pain studies as the Long-Evans strain has been characterized

for VZV-induced hypersensitivity [237].
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7.0 Development of Growth Conditional VZV for Gene Functional Domain Studies and

Suppression of Lytic Growth in the Establishment of Latency in Neurons

This chapter contains ongoing work by Benjamin E. Warner, Michael B. Yee, and Paul R.
Kinchington in collaboration with Marielle Lebrun and Catherine Sadzot at the University of
Liege, Liege, Belgium and Biswajit Das, Punam Bisht, and Ron Goldstein at Bar-llan University,
Ramat-Gan, Israel. The data presented in section 6.2.1 can be attributed to BEW, MBY, PRKi,

ML, and CS. The datain section 6.2.2 can be attributed to BEW, PRKi, BD, PB, and RG.

7.1 Introduction

The highly cell-associated nature of VZV and limited breadth of fully permissive cell lines
continues to complicate VZV infection and gene studies. Initiating a cell-associated infection
delivers a large number of host and viral antigens to the newly infected cells that may influence
the infection outcome. For instance, infections with VZV mutants that are deleted for an essential
gene that have been generated using classical cell complementation also delivers associated cell
contents with the capability of producing the wild-type protein of interest. The use of cell-free
VZV is desirable but is hindered by difficulties in its generation, and a considerable loss of
infectivity when infected cells are lysed [280]. This substantially reduces the utility of cell-free
preparations when studies with high infectious titers are required as has been the case for rat
models of PHN. The DHFR degron system provides a simplified method for studying essential
gene mutations in virtually any VZV permissive cell line [108,109,289]. Here, we used VZV
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ORF9cDHFR (Fig 10) as a strategy to investigate the genetic requirements of the essential ORF9
tegument protein in VZV growth. This is done by placing otherwise detrimental ORF9 mutants at
a second locus within the ORF9cDHFR virus. Infectious VZV may be prepared under TMP
stabilizing conditions to provide functional ORF9cDHFRp, and later withdrawn to study the
effects of the ectopic ORF9 mutant. Such experiments have demonstrated the C-terminal residues
of ORF9p are important for VZV growth.

Secondly, we evaluated the DHFR degron system as a method to prevent sporadic lytic
infections that occur when establishing experimental latency withwild-type VZV in hESC-derived
neuron cultures. Current methods for establishing VZV latency in hESC-derived neurons require
the use of ACV or low-MOI infection of axon termini in microfluidic chambers to prevent most
lytic infections [85,128]. Infections in the presence of ACV inhibits VZV DNA replication thus
preventing a fully productive infection. However, the activation of ACV by thymidine kinase
results in the molecule being incorporated into genomes where it acts as a DNA chain terminator
[226]. This leads to an abundance of VZV genomes that are damaged and likely unable to
reactivate, thus reducing the efficiency of the system. Low-MOI infections reduces the likelihood
of VZV entering lytic replication upon reaching neuronal nuclei by minimizing the presence of
VZV lytic transactivators and processes that overcome host DNA silencing mechanisms. However,
achieving latency by these methodsis not absolute, and lytic replication may initiate spontaneously
or when acyclovir is withdrawn [128]. Here, we show that infection of hESC-derived neurons with
VZV ORF4nDHFR in the absence of TMP strongly favors a quiescent infection. Addition of TMP
alone is not sufficient to simulate reactivation suggesting the virus is not undergoing an abortive
infection. Instead, a reactivation stimulus is required in additionto TMP to initiate lytic replication

which implies experimental latency has been achieved.
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7.2 Results

7.2.1 Development and characterization of recombinant VZV ORF9cDHFR with a second

ectopic ORF9 copy downstream at the ORF56/57 locus

To determine if the DHFR degron system was amenable for use in gene function studies,
we first developed a method of inserting a second copy of ORF9 within VZV ORF9cDHFR. The
wild-type ORF9 promoter, ORF9 gene, and poly(A) tail were amplified from the VZV genome.
ORF9 was fused in-frame with a C-terminal V5-tag as a method to detect this protein
independently from ORF9cDHFRp, which has previously been shown to work in ORF9 studies
[59,309]. A Zeo' cassette was added downstream of the expression cassette for selection during
BAC recombineering (Fig 24a). Several mutants were then constructed that included stepwise
deletions from the carboxy-terminus and amino-terminus, or deletions from both termini (Fig
24b). These were generated by further modification of the wild-type ORF9 fragment that was
recombined into the ORF56/57 locus. Mutant generation was guided by important features have
been previously identified in ORF9p, including a nuclear localization signal (NLS) from amino
acids (aa) 16-32 [290], an ORF47 kinase binding and phosphorylation consensus sequence from
aa 84-87 [59,310], an acidic cluster from aa 85-93 [309], a nuclear export signal (NES) from aa
103-117 [290], an IE62 interaction region from aa 117-186 [311], a highly conserved region of
homology to HSV-1 VP22 from aa 141-236 [311], and finally a predicted second NLS from aa
272-275 [290]. The exact function of these features requires further assessment as has been
completed for the ORF9/ORF47 phosphorylation interaction and overlapping acidic cluster by

Riva et. al. [59,309].
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9c.9-WT | 1-302 control

9c.9-C1 1-250 C-term deletion small
9c.9-C2 | 1-200 C-term deletion large
9c.9-N1 50-302 N-term deletion small
9c.9-N2 | 100-302 N-term deletion large
9c.9-CR | 136-250 | conserved homology region

Figure 24: Ectopic insertion of ORF9 gene mutants in VZV ORF9cDHFR.

(A) A PCR generated fragment containingthe ORF9 promoter, an ORF9 gene with anin-frame C-terminal VV5-tag, a
poly(A) sequence,and a zeocin resistance cassette (ZeoR) was inserted atthe ORF56/57 locus in VZV ORF9cDHFR
by BAC recombineering. (B) Further modification of the wild-type ORF9 (9¢.9-WT) inserted at the 56/57 locus
include, a small 52 residue (9¢.9-C1) or large 102 residue (9¢.9-C2) carboxy-terminal deletion, a small 49 residue
(9¢.9-N1) or large 99 residue (9¢.9-N2) amino-terminaldeletion, and one mutant with deletions at both termini so the
ORF contained only the conserved homolgy region (9¢.9-CR). The “residues” column lists the amino acids that will

be translated accordingto the specific mutations. Created with BioRender.com.

We then prepared whole cell lysates from MeWo cells infected with each ectopic mutant
virus in the presence and absence of 100 nM TMP. We probed the same blot for ORFOcDHFRp
with a rabbit antibody to ORF9 and the second copy of ORF9-V5p with a mouse antibody to V5
(Fig 25). In the presence of TMP, ORFOcDHFRp could be readily detected by an ORF9 antibody
at the expected size of about 55 kDa for all but the C2 (1-250) mutant. This was consistent with

our previous protein analysis (Fig 10) in which we observed multiple bands and a slightly leaky
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phenotype for ORF9cDHFRp in the absence of TMP. The multi-banding pattern of ORF9 is
expected due to multiple phosphorylation states of ORF9p, though the intensity of the lower bands
indicated a much lower concentration compared to Fig 10. Lower molecular weight bands in the
C2 and N1 lanes corresponding to the protein from the ectopic ORF9-V5 gene are observable at
very low concentrations and do not appear to be affected by TMP presence. The lack of bands in
the other lanes might suggest the ORF9 antibody is not capable of binding the mutant protein or
the protein concentrations are below the level of detection.

Probing with an antibody against the V5-tag revealed imperfect results and the image
contrast has been raised considerably so bands were visible. Proteins bands were inconsistent and
appeared to be very low in concentration. 9¢.9-WT did not show identical sized bands under both
TMP conditions which was unexpected because production of the ectopic mutant should not be
influenced by TMP. 9¢.9-CR did not show a clear band under either TMP condition which may
indicate the combined N- and C-terminal deletions generated an unstable protein that was rapidly
turned over. Protein bands corresponding to mutants 9¢.9-C2, -C1, and -N1 were visible and
matched the approximate protein sizes according to the deleted residues and addition of the V5-
tag (see Fig 25 caption) but were rather low in concentration making the results difficult to discern.
The 9¢.9-N2 mutant showed bands slightly larger and smaller than the expected size and the
discrepancy is unclear. Bands in the 9¢.9-C1 mutant were unexpected because there was no
ORF9cDHFRp detected top blot to indicate the virus replicating and produce sufficient protein
concentrations for detection. 9¢.9-N1 was the only mutant to show the multiple bands that is
expected of ORF9. The ORF47 phosphorylation site remains intact in this mutant from aa 84-87

and multiple bands were shown. 9¢.9-C1 and -C2 were expected to show multiple bands as they
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also include these amino acids, but it is possible these bands are below the concentrations required

for detection.

VZV ORF9cDHFR ectopic mutants

WT CR G2 C1 N1 N2  MeWo
- + — + — + — + — + — + — + T™MP
kDa
- . . - ORF9cDHFRp
50 —
= ORF9-V5p
25 —
15 —
50 = ".’._ o
37 — o “‘8 : ORF9-V5p
. —
25 — s
15 —

Figure 25: Protein analysis of ORF9 genetic mutants expressed from ORF56/57 locus.

Whole cell lysates were probed with an ORF9 antibody (top) or V5 antibody (bottom) aftera 1000 PFU VZV
infections for 72-h in MeWo cells in the presence (+) and absence (-) of 200nM TMP. The mutantsare descibed in
Fig 20b and uninfected MeWo cell lysates were prepared as an uninfected cell control. Both top and bottom panek
were acquired from the sameblot on a linear scale. The contrast of the bottom panelwas increased to better display
the low concentration protein bands from the ectopic ORF9-V5 mutated genes. Estimated mutant protein sizes are

9¢.9-WT (40 kDa), -CR (19 kDa), -C2 (29 kDa), -C1 (35 kDa), -N1 (35 kDa), and -N2 (30 kDa).

We next determined the growth capacity of each mutant in the presence and absence of
TMP. The parent virus in these growth curves was derived from the VZV BAC containing a GFP

fusion to ORF23 (VZV GFP-ORF23) [85]. Growth of VZV ORF9cDHFR was shown previously
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and reached approximately 5x10 plaques over the 4-d infection with TMP (Fig 7a) which is
consistent with parent VZV GFP-ORF23 here with or without TMP (Fig 26). The 9¢.9-WT virus
showed a 2x reduction in growth compared to the parent virus under both TMP conditions (Fig
26a). C-terminal deletion mutants 9¢.9-C1 and -C2 showed similar growth capacities under 100
nM TMP conditions and reached plaque counts nearly equivalent to the parent virus, though this
might have been an artifact of the 0-d infecting virus concentrations (Fig 26b/c). Although each
virus was titered and thought to be initiated at 100 pfu/well (diluted from enumerated stock
concentrations of C1 - 2400 pfu/ul and C2 — 1500 pfu/ul), the actual starting concentrations of the
C1 and C2 virus appeared to be about 10x higher. Despite this, the growth kinetics thereafter
appear to fall in with the expected growth kinetics and may indicate a titration error in the 0-d
samples alone. In the absence of TMP, both 9¢.9-C1 and -C2 showed 2x reduced growth by 4-d.
The N-terminal mutants 9¢.9-N1 and -N2 showed fewer plaques under both TMP conditions by 4-
d, corresponding to a 2x reduction with TMP and 4x reduction without TMP (Fig 26d/e). Finally,
the 9¢.9-CR mutant grew similar to the parent when TMP was present and showed 3x reduced
growth in the absence of TMP (Fig 26f). Post-hoc analysis suggested none of the reductions in

growth were significant when compared to the parent with or without TMP.
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Figure 26: Growth analysis of ORF9 ectopic mutants derived fromVVZV ORF9cDHFR.

Conditionalgrowth analysisof ORF9 ectopic mutants from Fig 20b or parent virus (VZV GFP-ORF23) afterinitating
low multiplicity infections in the presence and absence of 100 nM TMP. Growth over a 4-d period shows VZV
ORF9cDHFR with ectopically inserted (A) WT ORF9, (B) C1 small or (C) C2 large C-terminal deletion from ORF9,
(D) N1 small or (E) N2 large N-terminal from ORF9, and (F) C- and N-terminal deletions (CR) leaving only the
conserved homology region of ORF9. Infections by the mutants in the presence of TMP (green) are compared to
infections without TMP (purple), and also compared to parentwith (blue) or without (red) TMP. Mutants are described

in Fig 20b.

7.2.2 Establishing latent VZV infection in hESC-neurons without acyclovir

The essential function of ORF4p in VZV replication has been documented [286,292]. Our
studiesshowed VZV ORF4nDHFR was effectiveat inhibiting VZV growth in the absence of TMP,
showing little to no spread of infectious virus (Fig 7b/d and 11). We considered this virus might

be used to initiate a quiescent infection for the study of VZV latency and reactivation as an
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alternative to past methods that used ACV to inhibit sporadic lytic infections. ARPE cells infected
with cell-free VZV ORF4nDHFR were first examined to differentiate infection in the presence
and absence of TMP over a 7-d infection (Fig 27). In VZV ORF4AnDHFR, GFP is fused to the
protein from ORF23 which encodes the minor capsid protein and therefore should not reach high
concentrations until later infection times. The presence of GFP fluorescence therefore indicates
the virus is undergoing lytic replication. Without TMP, no GFP fluorescence was detectable after
a 7-d infection in ARPE cells (Fig 27a). In contrast, cell cultures that were infected with 100nM
TMP produced large infectious centers with indications of syncytia that form after extensive lytic
infection (Fig 27b). Additionally, a 10-d infection was initiated in the absence of TMP, then
100nM TMP was added tothe media. Adding TMP resulted in the expression of GFP fluorescence
by 2-d, indicating that lytic replication had resumed (Fig 27c). This suggests that in the absence
of TMP, the genome persists but is not silenced as heterochromatin in ARPE cells. We suggest
this means VZV DNA remained present in host nuclei, but only initiated abortive infections that
never underwent a complete replication cycle due to the absence of ORFAnNDHFRp. Once TMP
was added to the medium, the stabilization of ORF4nDHFRp allowed VZV replication to resume

unabated.
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-TMP 7 dpi +TMP 7 dpi -TMP 10 dpi - +TMP 2d

Figure 27: Cell-free VZV ORF4nDHFR establishes a quiescent infection in skin cells without TMP.

ARPE-19 cells are infected with 500 PFU cell-free VZV ORFAnNDHFR for7-days (A) without TMP, (B) with 100 nM
TMP, or (C) without TMP for 10-daysfollowed by addition of TMP to growth media for 2-days thatinitates a lytic
infection asshown by increase in fluorescent GFP fused VZV ORF23 protein. Imagesacquired with a 10X (NA 0.3)

air objective. Scale bar =100 pM.

We next sought to determine if VZV ORF4AnDHFR could initiate lytic and quiescent
infections in hESC-derived neurons depending on the provision of TMP. hESC-derived
neuospheres were first plated for 21-d so the neuospheres could adhere, differentiate into terminal
neuron cultures, and develop axonal and dendritic projections. Low multiplicity cell-free infections
were then initiated on the hESC-derived neurons (Fig 28). By 5-dpi in the presence of 100 nM
TMP, GFP fluoresence was observable in many large and small neurons and indicated possible
trafficking of virus between neuron clusters by neurite connections and an expansion of virus
growth (Fig 28a). Fluoresence remained observable at 8-d (Fig 28b) and continued to expand,
eventually resulting in morphological changes suggestive of cytopathic effects in the infected
neurons by 10-d (Fig 28c), similar to that reported in our previous studies [85]. In contrast, all
cultures infected with cell free VZV ORF4AnDHFR in the absence of TMP resulted in no

fluoresence over the entire 10-d infection in both large neuron clusters (Fig 28d/e) and in the
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network of projecting axons (Fig 28f). This suggested that VZV ORFAnDHFR did not replicate

under nonpermissive conditions.

+VZV +TMP

+VZV -TMP

Figure 28: Cell-free VZV ORF4nDHFR initiates a quiescent infection in hESC-derived neurons without

TMP.

Cultures hESC-derived neurons were infected with cell-free VZV ORF4AnDHFR with 100 nM TMP (A-C) or without
TMP (D-F) and were live imaged at5-, 8-, or 10-dpi. VZV infection is demostrated by GFP fluoresence from a fusion
to the capsid protein from ORF23. Panels A-C represent the same culture imaged at different times and D-F are
different regions to the same culture to show a lack of GFP. Imagesacquired with a 10X (NA 0.3) air objective. Scale

bar=100 uM.

A lack of GFP expression did not confirm that experimental latency had been established.
In the case of the ARPE cell infections (Fig 28c), the reversal of halted lytic replication by TMP
addition to the media resulted in renewed growth and GFP expression. This suggested that the
virus was undergoing a continuous abortive infection in ARPE cells resulting from destabilized

ORF4nDHFRp without a complete silencing as heterochromatin. To determine if hESC-derived
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neurons were undergoing a similar abortive infection or had established experimental latency in
neurons, neurons were again plated 21-d to allow differentiation and infections were initiated with
1000 PFU of cell-free VZV ORF4AnDHFR in the absence of TMP. Aftera 15-d infection without
TMP, the neuron cultures were treated in two ways. One group received new neuron basal growth
media containing 100 nM TMP, which was then visualized for GFP fluorescence at 2-d (Fig 29a)
and 5-d (Fig 29b). None of these cultures developed visible fluorescence, suggesting the virus
unable to initiate a lytic infection as was the case in ARPE cells. The other treatment group
received media containing 100nM TMP and 20mM sodium butyrate (NaB). NaB is a type-1
histone deacetylase inhibitor that acts to counter the formation of repressive heterochromatin and
has been shown to reactivate latent VZV DNA and initiate a lytic replication [128]. When TMP
and NaB were applied to infected neuron cultures together, observation at 2-d (Fig 29b) and 5-d
(Fig 29d) resulted in several positions in 9 of 12 cultures that developed GFP fluorescence as early
as 2-d, suggesting that lytic VZV replication was initiated. By 5-d, the infection had spread within
the neuron sphere to indicates productive replication was underway and capable of undergoing

cell-cell spread.
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+VZV -TMP > +TMP +VZV -TMP - +TMP +NaB

Figure 29: VZV ORF4nDHFR reactivation on neurons requires TMP and NaB.

hESC-derived neurospheres were seeded in 24-well plates for 21-d before infection with 1000 PFU cell-free VZV
ORF4nDHFR for 15-d without TMP. To 12-wells, 100 nM TMP was added to growth media and observed at (A) 2-d
and (C) 5-d and displayed no GFP fluoresence to indicate VZV lytic growth. To the other 12-wells, 100 nM TMP and
20 mM sobium butyrate (NaB) was added and observed at (B) 2-d and (D) 5-d and showed GFP fluoresence in 9 of

12 wells that indicated lytic replication was initated and spreading.

7.3 Discussion

The study of VZV essential gene function and the mechanisms governing latency and

reactivation are traditionally difficult to study for VZV. Application of the growth conditional
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viruses generated by the DHFR degron system may help simplify such studies. To determine if
gene function analyses with this system were feasible, we developed several ORF9 recombinant
mutants in the VZV ORF9cDHFR background. Overall, the approach showed some success,
although the slight leakiness of VZV ORF9cDHFR and poor detection of the ectopic ORF9 mutant
proteins complicated interpretation of the results. Detection of the ectopic gene productswith a V5
antibody was not immediately clear and requires optimization, though most the bands that were
visible fell within the expected protein sizes. This suggested some production of the ectopic
proteins occurred. Itis unclear if issues that contributed to reduced protein concentrations occurred
at the level of transcription or translation. Growth of 9¢.9-WT under both TMP conditions was
considerably reduced compared to the control, suggesting ORF9 expression from two loci may be
having an inhibitory effect on virus replication. The N-terminal mutants 9¢.9-N1 and -N2 also
showed reduced growth even in the presence of TMP which suggests that the ectopic mutants
interfered with virus growth, possibly by a dominant negative effect. Their growth defectsin the
absence of TMP were therefore less clear compared to the C-terminal mutants. The putative NLS
is within the first 50 residues and its removal might initiate excessive accumulation of mutated
protein in the cytoplasm that interfered with cytoplasmic processes. The 9¢.9-CR mutant, which
is missing similar residues at both N- and C-termini, did not show the most severe growth reduction
as expected and may indicate that the severely truncated protein was inactive.

While experiments may be designed where both ORF9 proteins functionally compete, for
the purpose of investigating ORF9 mutants in the context of infection, modifying the system for
conditional expression of the ectopic mutants could be beneficial. A tetracycline on system where
the mutant gene is conditionally expressed could prevent co-expression of the DHFR modified

ORF9 with the downstream mutant. Alternatively, other degron systems have been described that
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rely on ligand-induced destabilization [312] rather than the induced stabilization method of the
DHFR system. Theoretically, these systems may be combined to swap protein stabilization
allowing only one protein to be active at a time. This, however, would not overcome the leakiness
of ORF9cDHFRp without TMP which is a critical step for such experiments. While the studies
here were not as successful as we had hoped, they give context to using the DHFR system for the
study of gene functional domains and identify important considerations for modifying this system.

VZV ORF4nDHFR infection of hESC-derived neurons represents the first time DHFR
degron VZV have been used to study latency and reactivation. VZV ORFAnDHFR is considerably
more tightly regulated by TMP than VZV ORF9cDHFR and ORF63cDHFR and provides a novel
method for preventing sporadic lytic infections when establishing model latency. Upon infection
with this virus, non-lytic infections are default in non-neuronal cells which traditionally undergo
lytic replication in both cell culture and SCID-hu mouse studies [17,40,122,313]. Lytic replication
can be conditionally initiated by TMP that is capable of cell-cell spread and morphological changes
associated with advanced VZV infections. Quiescent and lytic infections were also demonstrated
in neuron cultures, but one major difference between the cell types was apparent; infection of non-
neuronal cells was abortive whereas neuron infections suggested experimental latency had been
established. This was demonstrated by addition of TMP alone or in combination with a putative
reactivation stimulus.

While these experiments can conclude the ability of VZV ORF4ANDHFR to establish
experimental latency, we acknowledge that quantitative assessment is lacking in these studies.
Transcriptome profiling of infected skin cells and neurons under both TMP conditions may provide
more conclusive evidence of the level of viral gene expression in non-neuronal and neuronal cells.

If our suspicion is correct, we may find that in the absence of TMP, the non-neuronal cells would
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still express some lytic immediate-early and early transcripts and possibly proteins, while the latent
state would rather express the VLT RNAs. It would be beneficial to determine if latency is virus-
dose dependent, as appears to be the case for establishing latency by axonal tip infections in
microfluidic chambers [128]. Reactivation efficiency should also be compared between VZV
ORF4nDHFR and classic methods of experimental latency/reactivation, and gene expression may

be compared between these methods before and after experimental reactivation.
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8.0 Summary and Future Perspectives

We have presented a novel method for generating recombinant VZV with essential gene
mutations. The DHFR degron system simplifies mutant virus derivation over traditional
complementation methods. The relatively few cell lines that support robust VZV replication
severely limits options for generating complementing cell lines and only a few mutants by this
method have been described [30,101,107]. The degron system allows mutant generation in any
cell line that supports VZV growth. The highly cell-associated nature of VZV has also restricted
use of complementing cells for many applications in which the complementing cell might interfere.
Conditional degradation of individual proteins provides more acute control over presence and
function of the target protein. Using a self-excisable VZV BAC [101], DHFR degron mutants were
described for essential immediate-early regulatory proteins 1E4 and IE63, and late tegument
protein ORF9p. However, the DHFR degron system is not without caveats. Attempts to target
other essential proteins involved in transcriptional activation and DNA replication generated VZV
that were not replication-conditional or not viable, which indicated that the DHFR degron system
is gene dependent. Although, we reported that 1E62 was not replication conditional when the
DHFR was fused to either terminus, slight modifications to virus development have been made
and we now appear to have a working VZV ORF62nDHFR that is undergoing characterization
(Kinchington, unpublished data). VZV ORF9cDHFR and ORF63cDHFR exhibited slightly leaky
phenotypes where the protein was detectable by antibody probed even in the absence of TMP. This
may result from poor access of ubiquitin ligases to the protein or sequestration of the protein away
from the proteasome. Nevertheless, the DHFR degron system is a promising method for mutant

VZV generation but is only one of several degrons currently available [312]. Other systems utilize
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ligand-induced degradation or auxin-inducible degrons which may provide and alternative
approach for genes that did not work with DHFR. The ligand-induced degron developed by the
Wandless group works much the same as DHFR, but instead relies on providing the Shield-1
ligand, which generates a confirmational change in the degron that reveals key residues necessary
for proteasomal degradation [314]. This degronis only 19 aa and therefore much smaller than the
160 aa of DHFR but has been shown to only work efficiently at C-termini. Auxin-inducible
systems were derived from plants and requires the introduction of a component of the plant E3
ubiquitin ligase complex, F-box transport inhibitor response protein 1 (TIR1), to be functional in
eukaryotes [315]. Given our ability to extensively modify the VZV genome in BACs, we may be
able to generate VZV that contain all the necessary components to make this system functional in
the rat. Versions of these degrons range from about 65-130 aa and proteins appear to be depleted
about 1-h after providing auxin [315]. Currently, however, the DHFR system remains the best
characterized for use in mammalian cells and rat models.

We then exploited the three growth conditional VZV in rat models of postherpetic
neuralgia. Foot- and whisker pad inoculation with VZV ORF9cDHFR indicated that productive
replication was not required for induction of pain behaviors. However, gene expression events
during early infection played a critical role in generating hypersensitivity as shown by the VZV
ORF4nDHFR animal experiments. These findings were reproduced in an additional footpad
experiment that used alternative assembly deficient mutant VZV AS54S [30] and early
transcriptional mutant VZV ORF63cDHFR. Future experiments might determine if DNA
replication is essential for the induction of pain behaviors. Based on past evidence, we
hypothesized DNA replication is dispensable for pain induction as VZV DNA replication did not

occur in several rat tissues [246] and ACV does not affect the pain outcome in VZV-inoculated

123



rats [235]. We inserted degron sequences on several essential genes involved in DNA replication
but have not yet derived a working virus. Two genes we have not yet explored are the DNA
polymerase subunit from ORF28 and processivity factor from ORF16. If our hypothesis that DNA
replication is dispensable for hypersensitivity is correct, it would narrow the window of VZV
infection processes required for pain induction to those preceding DNA replication. This would
also substantially reduce the protein candidates for direct involvement in establishing a pain
phenotype. The experiments here only established that IE4 and 1E63 are involved in pain processes
but did not establish a direct role for either protein. Direct involvement could be addressed by
insertion of these genes into an HSV or AAV vector that allows for protein activity outside the
context of VZV infection. HSV vectors have been previously exploited by our lab for delivery of
human proenkephalin in the rat footpad model [245]. It is important to note that while we continue
to limit VZV by blocking critical stages in the life cycle, we cannot rule out that proteins produced
at later infection times do not contribute to or enhance pain mechanisms during clinical
reactivation. Another question we have not yet addressed in the rat model is: how does VZV
activity at the periphery affect pain outcomes? Stereotactic inoculation of VZV into the TG and
subsequent assessment of pain at the whisker pad has concluded that events in the ganglion are
involved in establishing pain behaviors [238]. Could VZV that are unable to traffic to ganglia still
develop a limited pain phenotype? Developing a such virus that replicates efficiently might prove
difficult, though herpesvirus axonal trafficking is starting to be understood through PRV
experiments that have identified components involved in retrograde transport [50,316,317]. A
much easier solution may be to purify proteins that have been identified as essential to the pain
outcome, such as 1E4 and 1E63, and inject them into the foot- or whisker pad and assess pain

behavior development. Alternatively, AAV vectors that replicate efficiently in skin may deliver
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genes of interest. These studies may give context to the contribution of signals originating from
the periphery in pain development.

We have been unable to conclusively detect the VZV transcription of ORF4, ORF63, and
ORF63 within the ganglia of peripherally inoculated rats. Analysis of host gene expression in the
DRG after footpad inoculation clearly indicates marked shift in certain genes associated with pain
pathways [246]. It is possible these changes were transduced by signals originating at the
periphery, but pain assessment after stereotactic inoculation of the TG provides the most
compelling evidence that ganglionic infection events directly contribute to pain behaviors [238].
The lack of VZV detection in innervating ganglia is a major shortcoming for our analyses because
we do not have conclusive evidence that the VZV ORF4ANDHFR and ORF63cDHFR reach the
ganglion in the absence of TMP. As part of the tegument it is possible 1E4 and IE63 support capsid
motility [37], though neither protein has been assigned any such function. Possibly, transcript
purification methods such as SureSelect or single-cell transcriptomics in combination with next
generation sequencing can overcome the limitations of the gPCR methods we have described to
definitively locate these genes in the rat ganglion. The newly available transgenic reporter rat that
expresses a tdTomato gene after Cre recombinase exposure may provide a model for clarification
of the distribution of VZV in the rat TG and DRG and may reveal non-neuronal tissues that become
infected. We have generated a recombinant VZV that expresses Cre recombinase to work with this
model and have begun characterizing in vitro and in vivo infections. Although in vitro infections
have resulted in tdTomato detection, in vivo analyses have not been successful. Because the
delivery of infectious VZV includes associated cells that have made abundant Cre protein, it is
possible that the expression of td Tomato in cell culture results from secreted Cre protein acting on

rat cells independent of VZV infection. This is also a concern for analysis of the inoculation site
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tissues in which we have detected tdTomato in 28-dpi footpad tissue. A cell-free infection
experiment would be necessary to explore these concerns and would be simple to do in vitro,
though reaching sufficient titers for in vivo use may be limiting. Detection of td Tomato within TG
or DRG would also validate VZV infection in vivo as the cells delivered with the inoculum cannot
reach the ganglion, but we have been unable to locate any instance of tdTomato in these tissues so
far. In future experiments we may start by simply increasing the infectious titer and harvest ganglia
at timepoints later than 28-dpi. If ganglia detection still proves difficult, we may also use cell
sorting techniques to isolate tdTomato fluorescent rat cells following in vivo inoculation. This
would be particularly relevant for ganglia because it may allow quantification of infected rat cells
which is expected to be low and thus difficult to detect by screening tissue sections. Sorted
tdTomato cells may then be analyzed by modern transcriptomic techniques as have been detailed
in recent years for herpesviruses [55,318]. Finally, as an alternative approach to determine if
specific VZV transcripts are made within rat tissues, we may recombine the T2A/Cre expression
cassette after immediate-early and early genes of interest. In these recombinant VZV, tdTomato
fluorescence would report transcription of the specific VZV genes from their wild-type promoters.

The use of the DHFR degron system for gene function studies presents a step forward for
essential VZV gene experimentation. The ectopic mutant viruses generated from VzZV
ORF9cDHFR are a proof of principle but will require further modification to be effective. One
current drawback is the concurrent production of ORFOcDHFRp and the mutated ORF9p under
TMP conditions. Growth analysis of the ectopic N-terminal mutants suggest the deletion mutants
may be interfering with ORFOcDHFRp required for growth. This is shown by a considerable
growth reduction under both TMP conditions for 9¢.9-N1 and -N2. It may be beneficial to place

the ectopic mutant gene under an inducible promoter to avoid potential mutant protein interference
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or dominant negative effects. Alternatively, it may be possible to recombine a different degron
onto the ectopic mutants in place of the V5-tag, which would function by ligand-induced
degradation [312]. This would allow for swapping of the stabilized proteins. While either method
would add complexity, it is likely unavoidable to reduce pitfalls uncontrolled from dual protein
function. The growth analysis here may have revealed dominant negative effects of the mutant
ORF9p and if a dual degron system were used competitive binding experiments would still be
available. Pulldown assays may be completed to determine if N-terminal mutants 9¢.9-N1 or -N2
have a greater binding affinity and may reveal other important sequences in the protein. Because
of the DHFR system success in SVV and now VZV, the opportunity for application to other related
viruses should not be overlooked. This system might benefit some of the neuroinvasive studies
that are carried out with PRV.

Finally, the use of VZV ORF4nNDHFR for the establishment of experimental latency and
reactivation in hESC-derived neurons is encouraging. Established methods of establishing latency
suffer from sporadic lytic infections and potential lower reactivation efficiency with ACV. The
studies presented here show that VZV ORF4nDHFR is efficient at establishing quiescent
infections in both skin and neuronal cell types. Infection in skin cells appears to be abortive while
neurons appear to establish a latent infection that is capable of reactivating. However, these
analyses were only qualitative and quantitative assessments are required to confirm these
conclusions. Quantitative studies may indicate if establishing experimental latency with VZV
ORF4nDHFR is dose-dependent and how dose might affect reactivation frequency and efficiency.
It is also important to establish a transcriptional profile for different TMP conditions to further
assess differences in abortive versus latent infections in this model. Alternative neuron culture

systems have been described using induced pluripotent stem cells and may provide more pure
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compositions of certain neuron cell types for assessment [319]. Recent studies using such neurons
have suggested that the neurons may first undergo an initial lytic infection that is less severe and
may facilitate establishment of latency. It would be interesting to determine the infection outcome
of a virus like VZV ORFANDHFR that cannot undertake the initial lytic infection and how that

might affect latency.
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