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Abstract

Varicella zoster virus (VZV) is an exclusively human neurotropic alphaherpesvirus. Primary
infection causes varicella (chickenpox), after which the virus becomes latent in ganglionic neurons
along the entire neuraxis. With advancing age or immunosuppression, cell-mediated immunity to
VZV declines, and the virus reactivates to cause zoster (shingles), dermatomal distribution, pain,
and rash. Zoster is often followed by chronic pain (postherpetic neuralgia), cranial nerve palsies,
zoster paresis, vasculopathy, meningoencephalitis, and multiple ocular disorders. This review
covers clinical, laboratory, and pathological features of neurological complications of VZV
reactivation, including diagnostic testing to verify active VZV infection in the nervous system.
Additional perspectives are provided by discussions of VZV latency, animal models to study
varicella pathogenesis and immunity, and of the value of vaccination of elderly individuals to
boost cell-mediated immunity to VZV and prevent VZV reactivation.
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Introduction

Varicella zoster virus (VZV), an exclusively human neurotropic alphaherpesvirus, causes
varicella (chickenpox). The virus then becomes latent in ganglionic neurons along the entire
neuraxis. With advancing age or immunosuppression, cell-mediated immunity to VZV
declines and the virus reactivates to cause herpes zoster (shingles), which is often
complicated by chronic pain [postherpetic neuralgia (PHN)], cranial nerve palsies, zoster
paresis, vasculopathy, meningoencephalitis and cerebellitis, myelopathy and multiple ocular
disorders (Fig. 1). VZV reactivation also produces chronic radicular pain without rash
(zoster sine herpete).

Neurological Complications of VZV Reactivation

Zoster

VZV reactivation is usually manifest by a painful dermatomal distribution vesicular eruption
on an erythematous base, as well as unpleasant sensations (dysesthesias) produced by touch
(allodynia). Rash and pain usually develop within a few days of each other, although pain
can precede rash by weeks to months [1] Because VZV becomes latent in cranial nerve
ganglia, dorsal root ganglia, and autonomic ganglia, zoster can develop anywhere on the
body. Zoster most frequently occurs in the elderly [2] as cell-mediated immunity to VZV
declines. Other groups at risk for zoster are organ transplant recipients and
immunocompromised patients with cancer or AIDS [3]. Zoster in an otherwise healthy
young person may be the first manifestation of HIV infection [4]. Varicella in infancy also
predisposes to zoster in early adulthood.

Zoster is associated with optic neuritis and ophthalmoplegia. Involvement of the maxillary
and mandibular distribution of the trigeminal nerve can produce osteonecrosis and
spontaneous tooth exfoliation. Geniculate zoster causes weakness or paralysis of ipsilateral
facial muscles. Facial palsy and vesicles in the external auditory canal or on the tympanic
membrane (zoster oticus), or on the ipsilateral anterior two-thirds of the tongue or hard
palate constitutes Ramsay Hunt syndrome; Ramsay Hunt syndrome is frequently associated
with tinnitus, hearing loss, nausea, vomiting, vertigo, and nystagmus, indicating
involvement of cranial nerve V11 within the bony facial canal. Zoster is also followed by
involvement of cranial nerves IX, X, XI, and XII.

Cranial neuropathies occur days to weeks after zoster and multiple cranial nerves are
frequently affected. This is best explained by the likelihood that virus particles spread
transaxonally along trigeminal and other ganglionic afferent fibers to cause occlusion of
small vessels supplying cranial nerves in the same manner that produces VZV vasculopathy
in larger arteries (see “VZV vasculopathy’ section). Because cranial neuropathies frequently
occur weeks after zoster, disease may be due to micro-infarction of cranial nerves. The
blood supply of cranial nerves 111, IV, V1 and VI comes from the internal carotid circulation,
while V5, V3 and VII, IX, X, Xl and XII are supplied by the external carotid circulation [5].
Trigeminal- [6e¢] and facial-distribution zoster, as well as polyneuritis cranialis due to VZV,
may occur in the absence of rash.

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2014 June 10.
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Zoster paresis (weakness) may present with arm weakness or diaphragmatic paralysis after
cervical distribution rash; leg weakness after lumbar or sacral distribution rash; or urinary
retention after sacral distribution zoster. Magnetic resonance imaging (MRI) of patients with
zoster paresis reveals involvement of both anterior and posterior roots at spinal levels,
corresponding to clinical deficit. Rarely, clinical deficit in cervical zoster paresis extends to
the brachial plexus, confirmed by both electrodiagnostic testing and MRI. Thoracic zoster
has been associated with abdominal muscle weakness, resulting in abdominal hernia.

The cardinal pathological features of zoster are characterized by inflammation and
hemorrhagic necrosis with associated neuritis, localized leptomeningitis, unilateral
segmental poliomyelitis, and degeneration of related motor and sensory roots [7¢¢].
Demyelination is seen in areas with mononuclear cell (MNC) infiltration and microglial
proliferation. Intranuclear inclusions, viral antigen, and herpesvirus particles are found in
acutely infected ganglia. Antiviral drugs speed healing of rash and shorten the duration of
acute pain. Immunocompromised patients should be treated with valacyclovir (1 g three
times daily for 7 days); if rash does not resolve within a few days, these patients may need
intravenous acyclovir (5-10 mg/kg three times daily for 5-7 days).

Dermatomal distribution pain persisting for more than 3 months after zoster constitutes
PHN. Age is the most important factor in predicting the development of PHN. More than 40
% of zoster patients >60 years of age experience chronic pain. Analysis of ganglia from an
early case of PHN of 2.5 months’ duration revealed diffuse and focal infiltration by chronic
inflammatory cells—an observation confirmed by Watson et al. [8¢], who found prominent
collections of lymphocytes in ganglia from a patient with PHN of 2 years’ duration. The
inflammatory response in ganglia raised the possibility of prolonged viral infection. Further
evidence that PHN may be produced by low-level ganglionitis has come from the detection
of VZV DNA and proteins in blood MNCs of many patients with PHN and from the
favorable response of some PHN patients to antiviral treatment.

PHN is difficult to manage, and no universal treatment exists. First-line therapies include
tricyclic antidepressants, gabapentin and pregabalin, and topical lidocaine patches. Opioids,
tramadol, capsaicin cream, and the capsaicin 8 % patch are second- or third-line therapies. A
newer, potentially promising treatment for PHN is percutaneous peripheral nerve field
stimulation. Rare reports indicate its effectiveness for refractory PHN. Patients became pain-
free with minimalto-no medication needed after ophthalmic, cervical, and thoracic
distribution PHN.

VZV Meningitis, Meningoencephalitis, Meningoradiculitis, and Cerebellitis

All these neurological complications of VZV reactivation can occur after zoster. Like VZV
vasculopathy, they also occur in the absence of zoster rash, as demonstrated by reports of
VZV meningitis [9], meningoradiculitis [10], and cerebellitis [11], in which diagnosis was
confirmed by the detection of VZV DNA or anti-VZV antibody or both in CSF.
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VZV myelopathy

VZV myelopathy can present as a self-limiting, monophasic spastic paraparesis, with or
without sensory features and sphincter problems. This so-called post-infectious myelitis
usually occurs in immunocompetent patients, days to weeks after acute varicella or zoster.
Its pathogenesis is unknown. The CSF usually contains a mild mononuclear pleocytosis,
with a normal or slightly elevated protein. Steroids are used to treat these patients, although
some improve spontaneously. VZV can also invade the spinal cord. In such instances, VZV
myelopathy presents as an insidious, progressive, and sometimes fatal myelitis, mostly in
immunocompromised individuals, such as patients with AIDS. MRI reveals longitudinal
serpiginous enhancing lesions. Diagnosis is confirmed by the presence of VZV DNA or
anti-VZV IgG, or both in cerebrospinal fluid (CSF) [12]. Pathological and virological
analyses of the spinal cord from fatal cases have revealed frank invasion of VZV in the
parenchyma [13] and, in some instances, spread of virus to adjacent nerve roots. Early
diagnosis and aggressive treatment with intravenous acyclovir have been helpful, even in
immunocompromised patients [14]. Rarely, VZV myelitis recurs, even in immunocompetent
patients [12]. VZV myelitis also occurs in the absence of zoster rash. VZV can also produce
spinal cord infarction identified by diffusion-weighted MRI and confirmed virologically
[15]. Thus, VZV vasculopathy can cause stroke in the spinal cord, as well as in the brain.

VZV Vasculopathy

VZV vasculopathy is caused by productive infection of cerebral arteries resulting in
transient ischemic attacks, and ischemic and hemorrhagic stroke. While the exact incidence
is unknown, it is most likely more common than previously believed given recent studies
which showed that patients with herpes zoster have a 30 % increased risk of stroke within
the following year [16], and a 4.5-fold increased risk with ophthalmic-distribution zoster
[17].

A study of 30 patients with virologically confirmed VZV vasculopathy [18e¢] revealed that
rash was present in 63 %, CSF pleocytosis in 67 %, and imaging abnormalities in 97 % of
the 30 patients (Fig. 2) Angiography revealed abnormalities in 70 % of patients. Large and
small arteries were involved in 50 %, small arteries in 37 %, and large arteries in only 13 %
of 30 patients. The average time from rash to neurological symptoms and signs was 4.1
months [18e¢]. The CSF of 30 % of patients contained VZV DNA; in contrast, 93 % had
anti-VZV IgG antibody in CSF with a reduced serum/CSF ratio of anti-VZV IgG that
confirmed intrathecal synthesis of anti-VZV IgG. Thus, detection of anti-VZV IgG antibody
in CSF is the best test to diagnose VZV vasculopathy [19]. VZV vasculopathy is treated
with intravenous acyclovir. Importantly, diagnosis of this treatable cause of stroke is often
missed because there is no history of zoster rash in one third of patients, the CSF is normal
in one third of subjects, there is an average 4.2-month delay from zoster to neurological
symptoms and signs, and VZV DNA is often not present in CSF.

When VZV reactivates from cranial nerve ganglia, it most likely spreads transaxonally to
the outermost layer of the artery wall (adventitia, adventitia-media region), a notion
supported by detection of VZV infection in adventitia in early VZV vasculopathy [20e].
VZV infection of cerebral arteries is associated with a thickened intima composed of
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myofibroblasts, which can potentially lead to ischemia, a disrupted internal elastic lamina,
and a paucity of smooth muscle cells, which can result in aneurysm formation and
hemorrhage [20]. Furthermore, inflammatory cells (primarily CD4 and CD8 T-cells, and
CD68 macrophages) are present predominantly in the adventitia and, to a lesser degree, in
the luminal surface of the thickened intima [21¢]. In early VZV vasculopathy, there is a
striking number of neutrophils in the adventitia. A remarkable finding in a VZV-infected
artery was the association of inflammation with a thickened intima, supporting findings in
the cardiovascular and pulmonary vascular fields that inflammation is intimately involved in
vascular remodeling.

Multifocal VZV Vasculopathy with Temporal Artery Infection

Recently, we encountered three patients with a novel variant of multifocal VZV
vasculopathy with temporal artery infection. All three patients presented with ischemic optic
neuropathy, followed by, in one instance, acute retinal necrosis. VZV infection of the
ipsilateral temporal artery was found in all three patients. Importantly, these patients
experienced symptoms, signs, and laboratory abnormalities characteristic of giant cell
arteritis (GCA), a vasculitis of unclear etiology that is treated with corticosteroids;
histopathological examination of their temporal arteries was negative for GCA. These cases
illustrate that patients with suspected GCA, but whose arteries are pathologically negative
for GCA, may have multifocal VZV vasculopathy with temporal artery infection. It is
essential to differentiate GCA from multifocal VZV vasculopathy because treatment with
corticosteroids for presumed GCA may potentiate VZV infection and lead to loss of vision.
In contrast, patients with multifocal VZV vasculopathy require immediate antiviral
treatment.

To further address the incidence of VZV infection in GCA biopsy-negative patients, 24
temporal arteries from patients with clinically suspected GCA, but whose biopsies were
negative, were examined by immunohistochemistry for the presence of VZV antigen.
Remarkably, five (21 %) were found to contain VZV [22¢]. All five patients whose
temporal arteries contained VZV antigen presented with clinical and laboratory features of
GCA and early visual disturbances. Thirteen normal temporal arteries did not contain VZV
antigen. Overall, multifocal VZV vasculopathy can present with the full spectrum of clinical
features and laboratory abnormalities characteristically seen in GCA.

Zoster Sine Herpete (Radicular Pain in the Absence of Rash)

Zoster sine herpete was first described in a report of multiple patients with dermatomal
distribution radicular pain in areas distinct from pain with rash in zoster [23]. The first two
virologically confirmed cases of zoster sine herpete were verified by detection of VZV DNA
in CSF [24¢]. A third case of thoracic-distribution zoster sine herpete, in which
electromyography of paraspinal muscles demonstrated frequent fibrillation potentials
restricted to chronically painful thoracic root segments was confirmed by detection of VZV
DNA in blood MNCs and anti-VZV IgG antibody in CSF [25]. Blumenthal et al. [26]
recently described a patient with zoster sine herpete whose CSF did not contain amplifiable
VZV DNA but did contain anti-VZV IgG with reduced serum/CSF ratios of anti-VZV 1gG
indicative of intrathecal synthesis. Perhaps the most compelling evidence that persistent
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radicular pain without rash can be caused by chronic active VZV ganglionitis came from
analysis of a trigeminal ganglionic mass removed from an immunocompetent adult who had
experienced relentless trigeminal-distribution pain for more than a year; pathological and
virological analyses of the ganglionic mass revealed active VZV ganglionitis [6¢e].

Ocular Disease

VZV infection produces acute retinal necrosis (ARN) or progressive outer retinal necrosis
(PORN). VZV is the most common cause of PORN, although herpes simplex virus (HSV)
and cytomegalovirus can also cause this disease. Most cases are seen in AIDS patients with
CD4+ T-cell counts <10 cells/mm3 of blood, as well as in other immunosuppressed
individuals. PORN may be preceded by retrobulbar optic neuritis and aseptic meningitis
[27], central retinal artery occlusion or ophthalmic-distribution zoster [28], and may occur
together with multifocal vasculopathy or myelitis. PORN patients treated with ganciclovir
alone or in combination with foscarnet had a better final visual acuity than those treated with
acyclovir or foscarnet. The best treatment for PORN in AIDS patients may be prevention
with highly active antiretroviral therapy. Like all neurological disorders caused by VZV,
ocular disease caused by VZV can also occur in the absence of rash.

Diagnostic Tests

Examination of CSF and serum is necessary in patients with neurological disease caused by
VZV, in the absence of rash. Routine cell count can be helpful, as a mild lymphocytic
pleocytosis is characteristically found in VZV vasculopathy, myelitis and
meningoencephalitis. Furthermore, increased red blood cells and neutrophils may also be
seen when VZV infects the nervous system. In the absence of rash, CSF should be examined
for VZV DNA by polymerase chain reaction (PCR), and for anti-VZV I1gG and IgM.
Importantly, many cases of VZV vasculopathy are protracted, and VZV DNA is only found
~30 % of the time [18<¢]. The detection of anti-VZV IgG antibody in CSF with intrathecal
synthesis is superior to detection of VZV DNA in CSF to diagnose VZV vasculopathy [19],
recurrent myelopathy, and brainstem encephalitis produced by VZV [29].

VZV Pathogenesis

VZV is highly contagious. While VZV DNA can be found on surfaces such as door knobs,
toys, air-conditioning filters, and tables in rooms where children or adults have active
varicella or zoster, enveloped VZV is highly sensitive to desiccation such that infection is
typically acquired through inhalation of aerosolized virus. VZV is restricted to humans.
After exposure, VZV infects Langerhans and plasmacytoid dendritic cells of the upper
respiratory mucosa and nasopharyngeal region, with subsequent transfer of virus by these
antigen-presenting cells to CD4 T-cells, which, in turn, transmit virus to dermal endothelial
cells. During primary infection, VZVinfects ganglionic neurons, most likely
hematogenously, as supported by the finding that ganglionic infection with simian varicella
virus, a closely related neurotropic alphaherpesvirus, precedes rash [30¢].

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2014 June 10.
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VZV Latency

The linear double-stranded VZV DNA genome contains ~125,000 base pairs and consists of
two unique regions each bound by invert repeats. Sequence analysis reveals 71 annotated
open reading frames (ORFs) encoding 68 unique genes [31] (Fig. 3). All 68 VZV genes are
transcribed during productive virus infection in tissue culture cells [32] where virus spreads
from cell to cell, resulting in extensive cytopathologic effects and apoptotic cell death in 3-5
days [33]. However, during latency VZV transcription is limited, no cytopathologic effects
are evident, and production of infectious virions is inhibited. Reactivation of latent VZV
results in extensive virus gene expression, assembly, and release of infectious virus, and
causes disease far more serious than primary infection. A full understanding of virus latency
will help in design of therapies to mitigate disease associated with VZV reactivation.

VVZV becomes latent in geniculate, vestibular, trigeminal, cervical, thoracic, and sacral
ganglia [34, 35ee, 36, 37]. During latency, the virus DNA termini join to form an “endless”
molecule [38] with 35-3,500 copies present per 100 ng ganglionic DNA [39, 40¢]. Owing to
the paucity of virus mRNA in human ganglia, identification of the full extent of VZV gene
transcription during latency required development of multiplex PCR analysis capable of
detecting all 68 unique virus gene transcripts in five reactions [41]. Application of this novel
technology to human trigeminal ganglia shows that VZV transcription during latency is
unique among alphaherpesviruses. While all other neurotropic alphaherpesviruses, i.e., HSV
types 1 and 2, bovine herpesvirus, equine herpesvirus, and pseudorabies virus, encode
similarly located latency associated transcripts, at least 12 VZV genes located throughout
the genome are transcribed during latency (Fig. 3) [20+]. This genome-wide search of VZV
transcripts confirmed our earlier studies, which showed a unique pattern of latent virus gene
transcription, of which ORF 63 is the VZV gene most abundantly and prevalently
transcribed [42].

Transcription of VZV genes requires assembly of a functional transcription complex on the
virus promoter. The first virus genes transcribed during productive infection belong to the
immediate-early (IE) class and have promoters with weak basal activity. This low abundant
IE gene transcription is enhanced by IE62, the major VZV transcription cofactor located
within the virion. IE62 binds to host transcription factors and enhances VZV gene
transcription. However, during herpesvirus latency, incoming virus is not present to supply
essential IE transcription factors. Additionally, during latency, herpesvirus DNA contains
multiple tightly-bound histone complexes that limit transcription complex access to virus
promoters. Thus, reactivation is initiated when the latent virus genome undergoes
transformation from transcriptionally silent (heterochromatic) to transcriptionally active
(euchromatin).

HSV-1, the prototype human neurotropic alphaherpesvirus, has been studied extensively.
During latency, both HSV-1 DNA and VZV DNA are episomal, and most virus genes are
not transcribed. The mechanism by which transcription of alphaherpesvirus genes is
controlled during latency is under investigation. Current evidence indicates that virus genes
transcribed during latency are associated with histones that contain euchromatic post-
translation modifications [43]. Promoters for VZV and HSV-1 genes not transcribed during
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latency lack histones with euchromatic post-translational modification, and, in the case of
HSV-1, contain histones with heterochromatic post-translational modifications. During
HSV-1 reactivation, heterochromatic histone modifications are lost and euchromatic histone
modifications are gained with increased virus transcription. The transition from
heterochromatin to euchromatin is not localized to a specific region of the HSV-1 genome,
but results in generalized deregulation of latent virus gene transcriptional control and
transcription of multiple virus genes located throughout the latent virus episome. The
general loss of HSV-1 transcription regulation observed early during virus reactivation is
also seen in human ganglia latently infected with VZV (Fig. 4). VZV transcription in human
ganglia removed less than 9 h after death is limited to ORF 63, whereas after 9 h multiple
VZV ORFs are transcribed [44]. Consequently, generalized virus deregulation of gene
transcription seen in human ganglia latently infected with VVZV is similar to generalized
virus deregulation of gene transcription seen in mouse ganglia latently infected with HSV-1.
This generalized deregulation of virus gene transcription, named animation, is the first stage
of virus reactivation and can initiate events leading to release of infectious virus or re-
establishment of virus gene regulation and a return to latency. In either instance, regulation
of latent VZV (and HSV-1) gene transcription is key to virus reactivation, and novel
“epigenetic therapies” could potentially mitigate disease associated with virus reactivation.

VZV-Specific Immunity

Primary VZV infection is followed by production of VZV-specific antibody and VZV-
specific T-cell-mediated immunity. Antibodies to VZV glycoproteins 1-1V and to three
nonglycosylated proteins remain throughout life. VZV-specific antibodies are also present in
some adults with no history of varicella or zoster, indicative of subclinical infection [45]. T-
cell immunity to VZV is more important than the antibody response. For example,
agammaglobulinemic humans who are unable to produce VZV-specific antibodies are
protected against second episodes of varicella because of their ability to mount a VZV-
specific T-cell-mediated immune response. Furthermore, individuals with T-cell immune
deficiency disorders have more severe disease than normal hosts, and in stem cell transplant
recipients who received inactivated VVZV vaccine, protection was correlated with VZV-
specific T-cell immunity, not with anti-VZV antibody.

VZV-specific T-cell-mediated immunity maintains VZV latency in ganglia. The immune
response is also boosted by subclinical reactivation of latent virus or environmental
exposure to virus. Importantly, the incidence of zoster increases with age as VZV-specific
T-cell-mediated immunity declines. The frequency of VZV-specific memory CD4 T-cells is
significantly influenced by age. CD4 T-cells decrease during the first 3 years after varicella.
A comparison of the cell-mediated immune response to VZV antigen in vitro in young
adults and individuals >60 years of age revealed fivefold fewer CD4 cells producing
interferon-gamma or interleukins 4 and 5, as well as fewer CD4 early effectors and CD8
effector memory cells in the older group.

While reduced cell-mediated immunity to VVZV with age or after exposure to
immunosuppressive regimens in cancer patients or bone marrow transplant recipients often
results in VZV reactivation, virus-specific T-cells are rarely seen in human ganglia latently
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infected with VZV. Analysis of human ganglia from donors who had zoster 1-5 months
before death revealed VZV glycoprotein E in neurons and infiltration of non-cytolytic CD8+
T cells, but neurons that were positive for VZV glycoprotein E were neither positive for
major histocompatibility complex class | antigens nor surrounded by T-cells, suggesting that
immune control of virus reactivation may not depend on direct contact with Tcells. As VZV
has been shown to downregulate major histocompatibility complex class I surface
expression, virus latency is probably regulated by an innate immune response involving
cytokines or chemokines. C-X-C motif chemokine 10 has been proposed as a potential
driver of T-cell recruitment, based on its detection and that of its receptor (C-X-C motif
receptor 3) in human ganglia from zoster patients. Recognition of the essential role of cell-
mediated immunity to VZV for protection against and recovery from varicella and zoster has
led to studies designed to boost the cell-mediated immune response to VZV by
immunization of elderly adults (see below).

Prevention of VZV Reactivation

Zostavax (highly potent attenuated VZV) is indicated for prevention of zoster in individuals
aged 60 years and older. Zoster vaccine resulted in increased numbers of CD4 and CD8
cells, CD4 and CDS8 effector memory T-cells, and CD8 early-effector T-cells; the half-life of
the boost in T-cell immunity to VZV is at least 5 years. Zoster vaccine also boosts VZV-
specific immunity in adults with a history of zoster before vaccination or with chronic
illness.

The Shingles Prevention Study (SPS) of the licensed zoster vaccine was a placebo-
controlled, double-blind study of more than 38,000 adults over the age of 60 years, and
randomized to receive either zoster vaccine or placebo. All participants were monitored for
zoster. Endpoints included the burden of illness due to zoster and zoster-associated pain, as
well as the incidence of clinically significant PHN. Participants received a single dose of
Zostavax (n=19,270) or placebo (n=19,276). Racial distribution across both vaccination
groups was similar: Caucasian (95 %), African-American (2 %), Hispanic (1 %), and other
(1 %). The gender distribution was 59 % men and 41 % women in both groups. The most
common side effects reported by participants after zoster vaccination were redness, pain,
itching, swelling, warmth, or bruising at the injection site, and sometimes headache.
Varicella-like rashes at the injection site were more common in zoster vaccine than in
placebo recipients (0.1 % versus 6.4 %; p <0.05).

After a mean follow-up of 3 years, the SPS found that Zostavax vaccine reduced the
incidence of zoster by 51 %. Participants in the immunization group who developed zoster
reported significantly less pain and discomfort than those in the placebo group, and PHN
was less frequent (an overall 61 % lower burden of disease). While the vaccine group had a
significantly greater risk of a serious adverse event (1.9 % versus 1.3 %) and experienced
more adverse events at the injection site (48.3 % versus 16.6 %) than the placebo group
during the first 42 days after vaccination, no significant differences were seen between the
groups in the incidence of serious adverse vaccine-related events (both <0.1 %).
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In the USA, the Center for Disease Control and Prevention Advisory Committee on
Immunization Practices recommended zoster vaccine for all persons over the age of 60
years. By 2008, 3 years after zoster vaccine was licensed and recommended by the Advisory
Committee on Immunization Practices for persons aged 60 years and older, less than 7 % of
the age group in the USA was vaccinated [46]. This was owing to a combination of lack of
patient awareness regarding the availability of a vaccine, physicians’ uncertainty about the
duration of protection, and different cost-sharing plans for immunization. This is
disappointing. The zoster vaccine should be universally administered to all individuals over
the age of 50 years.

Efforts to Produce VZV Infection in Animals

VZV is an exclusively human alphaherpesvirus. Over the last two decades, several
laboratories have attempted to develop experimental animal models that recapitulate the
pathogenesis of VZV in humans. A satisfactory model of VZV latency must fulfill the
following criteria: (i) presence of virus exclusively in ganglia; (ii) presence of virus only in
neurons; (iii) ability to reactivate latent virus; and (iii) limited virus transcription. None of
the small animal models fulfill these criteria. For example, experimental VZV infection of
mice, rats, and rabbits results only in seroconversion in the absence of varicella.
Furthermore, VZV DNA is found in both neurons and non-neuronal cells in ganglia, as well
as in nonganglionic tissues 1 month after corneal inoculation of VZV in mice. Similarly,
VZV DNA is found in both neurons and non-neuronal cells in ganglia of rats 1-3 months
after footpad inoculation. While VZV infects human ganglia implanted under the kidney
capsule of severe combined immunodeficient mice, the absence of an adaptive immune
response in this model makes it difficult to study pathogenesis. Finally, VZV reactivation
has not been demonstrated in any of these models.

Simian Varicella Virus Infection in Nonhuman Primates

Clinical, pathological, immunological, and virological features of simian varicella virus
(SVV) infection of monkeys closely resemble human VVZV infection. Like VZV in humans,
primary SVV infection of monkeys produces varicella, followed by virus latency and
spontaneous reactivation [47]. Experimental infection of monkeys with SVV has been used
to demonstrate hematogenous spread of SVV to ganglia confirmed by the presence of virus
DNA in ganglia in the absence of varicella rash [30e, 44]. Intrabronchial inoculation of
rhesus macaques results in primary infection followed by establishment of latency, the
molecular and immunological features of which closely mimic VZV infection in humans,
including limited SVV transcription 3 months postinfection [48]. Experimental
immunosuppression and stress result in clinical and subclinical reactivation of SVV in
latently-infected African green monkeys and cynomolgus macaques [47, 49e¢]. Subclinical
reactivation is also seen in irradiated, latently-infected rhesus macaques [50]. Recently,
transient T-cell infiltration was found in ganglia with reactivated SVV in cynomolgus
macaques and correlated with expression of CXCL10, a chemokine that recruits activated T-
cells and natural killer cells [51].
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Conclusion

VZV causes varicella (chickenpox). The virus then becomes latent in ganglionic neurons
along the entire neuraxis. With advancing age or immunosuppression, cell-mediated
immunity to VZV declines and the virus reactivates to cause herpes zoster (shingles), which
is often complicated by chronic pain (PHN), cranial nerve palsies, zoster paresis,
vasculopathy, meningoencephalitis and cerebellitis, myelopathy, and multiple ocular
disorders [52].

VZV reactivation also produces chronic radicular pain without rash (zoster sine herpete). In
fact, all the neurologic and ocular complications of VZV reactivation may occur without
rash. Most recently, multifocal VZV vasculopathy with temporal artery infection has been
found in patients with symptoms, signs, and laboratory abnormalities characteristic of GCA,
but whose arteries are pathologically negative for GCA. It is essential to differentiate GCA
from multifocal VZV vasculopathy because treatment with corticosteroids for presumed
GCA may potentiate VZV infection and lead to loss of vision. In contrast, patients with
multifocal VZV vasculopathy require immediate antiviral treatment.

Examination of CSF and serum is necessary in patients with neurological disease caused by
VZV. A CSF lymphocytic pleocytosis is characteristically found in VZV vasculopathy,
myelitis, and meningoencephalitis. Furthermore, increased red blood cells and neutrophils
may also be seen when VZV infects the nervous system. In the absence of rash, CSF should
be examined for VZV DNA by PCR, and for anti-VZV IgG and IgM. Importantly, many
cases of VZV vasculopathy are protracted and VZV DNA is only found ~30%of the time.
The detection of anti-VZV IgG antibody in CSF with intrathecal synthesis is superior to
detection of VZV DNA in CSF to diagnose VZV vasculopathy, recurrent myelopathy, and
brainstem encephalitis produced by VZV.

T-cell immunity to VZV is more important than the antibody response.
Agammaglobulinemic humans unable to produce VZV-specific antibodies are protected
against second episodes of varicella because of their ability to mount a VZV-specific T-cell-
mediated immune response, and individuals with T-cell immune deficiency disorders have
more severe disease than normal hosts. In stem cell transplant recipients who received
inactivated VZV vaccine, protection was correlated with VZV-specific T-cell immunity, not
with anti-VZV antibody.

Zostavax (highly potent attenuated VZV) is indicated for prevention of zoster in individuals
aged 60 years and older. The SPS found that the Zostavax vaccine reduced the incidence of
zoster by 51 %. Serious adverse vaccine-related events were <0.1 %. Zoster vaccine should
be universally administered to all individuals over the age of 50 years.

In latently-infected human ganglia, VZV transcription is limited and VZV ORF 63 is the
most abundant and prevalent VZV gene transcribed. Generalized deregulation of virus gene
transcription is the first stage of virus reactivation and can initiate events leading to release
of infectious virus or re-establishment of virus gene regulation, and a return to latency.
Regulation of latent VZV gene transcription is key to virus reactivation, and novel
epigenetic therapies could potentially mitigate disease associated with virus reactivation.
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SVV infection of monkeys is the best animal model of human VZV infection. Like VZV in
humans, primary SVV infection of monkeys produces varicella followed by virus latency
and spontaneous reactivation. Intrabronchial inoculation of rhesus macaques results in
primary infection followed by establishment of latency, the molecular and immunological
features of which closely mimic VZV infection in humans, including limited SVV
transcription 3 months later. Experimental immunosuppression and stress result in clinical
and subclinical reactivation of SVV in latently-infected African green monkeys and
cynomolgus macagques.
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NEUROLOGICAL COMPLICATIONS OF VZV REACTIVATION
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Fig. 1.

Neurological complications of varicella zoster virus VZV reactivation. (With permission
from Gilden D, Mahalingam R, Nagel MA, Pugazhenthi S, Cohrs RJ. The neurobiology of
varicella zoster virus infection. Neuropathol Appl Neurobiol. 2011;37:441- 63) [52]
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Fig. 2.
Brain magnetic resonance image (MRI) of a patient with varicella zoster virus multifocal

vasculopathy. Proton-density brain MRI scan shows multiple areas of infarction, particularly
involving gray—white matter junctions, in both hemispheres.(With permission from Gilden
DH, Mahalingam R, Cohrs RJ, Kleinschmidt-DeMasters BK, Forghani B. The protean
manifestations of varicella-zoster vasculopathy. J Neurovirol 2002;8(Suppl. 2):75-9) [53]

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2014 June 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gilden et al.

a

o

relative mRNA abundance

TR,

I_I

1345 6 8

Page 18

U, R, IRs Ug TRs

|

7 40 44 4T 45 55
» 41 43 #£ 4

10 13 7 »n
2 Te nw 17 21 2 28 2 N N ¥ 5 82 &5

14 16 1819 ns £ & 5 53 T, 61 82 &
15 20 28 54 58

1B B
7
(%

64 &7
6) &5 &2 m

& 70

160 1
140
120
100
80
60
40

20

lllll”lYII!ll lIll]Il T I1ITII T Illllllllll llll[lll!’lllll[ll’llll

5

10 15 20 25 30 35 40 45 50 55 60

open reading frame

Fig. 3.
The varicella zoster virus (VZV) genome, open reading frames (ORFs), and transcriptome in

productively infected cells. The 125-kbp VZV genome is compose of long and short unique
regions (U,_and Ug), each containing terminally and internally located invert repeats (TR,
IR and TRg, IRg). DNA analysis identifies 71 ORFs numbered consecutively from the left
end of the virus genome. Relative location and direction of transcription is indicated by
arrows, and ORFs transcribed in latently infected human ganglia are identified in red (A).
ORFs 62-64 are located within TRg and are also present in IRS as ORFg 69, 70, and 71. The
abundance of each ORF (except ORF 14) was determined and compared with the abundance
of housekeeping genes actin and GAPdH (B). VZV ORFs transcribed in latently infected
human ganglia are identified by red squares
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Fig. 4.
Herpes simplex virus-1 (HSV-1) and varicella zoster virus (VZV) transcription after death.

Mouse trigeminal ganglia latently infected with HSV-1 were explanted and virus transcripts
detected by reverse-transcription quantitative polymerase chain reaction (PCR). Before 3 h
post-explantation, latency associated transcripts (LAT) are transcribed from the episomal
genome. Three h post-explantation, multiple transcripts are detected. Human trigeminal
ganglia were removed at various times post-mortem and VZV transcripts detected by
reverse transcription multiplex PCR [54+¢]. Before 9 h after death, transcripts for only VZV
ORF 63 were detected from the virus episome. Nine h post-mortem, multiple VZV
transcripts were detected
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