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Chapter 1 | General Introduction

1. Human Herpesviruses

Classification

The order of Herpesvirales consists of evolutionary highly successful viruses that
are widely disseminated throughout nature [1]. To date, over 138 distinct herpesvi-
ruses (HVs) have been identified that can be categorized into three remotely related
families [1-3]. The largest and most well studied is the family of Herpesviridae, which
comprises HVs of mammals, birds and reptiles [1]. HVs of fish and amphibians be-
long to the family of Alloherpesviridae and those of bivalves to the family of Maleco-
herpesviridae [1]. Molecular phylogenetic studies suggest that HVs originated from
an ancestral virus that dated close to the emergence of vertebrates in the Cambrian
period (570 — 500 million years ago) [1]. HVs coevolved with their hosts for extended
periods of time and have adapted extremely well to their host [1]. Consequently,
these viruses have a restricted host range and a single HV typically infects a single
species in nature. HVs are among the largest and most complex viruses and share
several distinctive biological features: (1) HVs express enzymes involved in nucleic
acid metabolism, DNA synthesis and processing of proteins; (2) Viral DNA replica-
tion and synthesis of the capsid take place in the nucleus and complete assembly of
the virion occurs in the cytoplasm; (3) Production of infectious progeny is invariably
accompanied by destruction of the infected cell; and (4) HVs are able to establish a
lifelong latent infection in their natural host, allowing the virus to reactivate intermit-
tingly [4]. Viral latency can be defined as the presence of the viral genome in host
cells without production of infectious progeny, provided that the virus retains the
capacity to reactivate.

Table 1. The Human Herpesviruses.

Designation Common Name Subfamily? Disease®

Human herpesvirus 1  Herpes simplex virus type 1 a Herpes labialis (cold sores)°
Human herpesvirus 2 Herpes simplex virus type 2 a Herpes genitalis®

Human herpesvirus 3  Varicella-zoster virus a Varicella (chickenpox) and

herpes zoster (shingles)

Human herpesvirus 4 Epstein-Barr virus Y Infectious mononucleosis and
cancer (e.g. Burkitt's lymphoma
and nasopharyngeal carcinoma)

Human herpesvirus 5 Human cytomegalovirus B Cytomegalovirus mononucleosis,
birth defects, pneumonia, retinitis

Human herpesvirus 6 B Roseola infantum

Human herpesvirus 7 B Roseola infantum

Human herpesvirus 8 Kaposi’s sarcoma virus % Cancer (e.g. Kaposi’s sarcoma,

primary effusion lymphoma and
Castleman’s disease)

2 a: alphaherpesvirinae; B: betaherpesvirinae and y: gammaherpesvirinae.

® Most common diseases caused by the respective herpesvirus.

¢ Herpes simplex virus type 1 (HSV-1) and HSV-2 can cause both labial and genital herpes, although
classically HSV-1 is associated with oral lesions and HSV-2 with genital lesions [4]
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Figure 1. Schematic representation of the VZV virion and genome. (A) VZV virions are
composed of a double-stranded (ds) DNA core located within the capsid, which is surrounded
by the protein rich tequment layer and the complex is packaged by a lipid envelope carrying
the viral glycoproteins. (B) The VZV genome is about 125,000 base pairs (bp) in length and
most genes are located in the unique long (U,; n = 63 genes) and unique short (U, n = 4
genes) regions. Three VZV genes (ORFs 62/71, 63/70, 64/69) are present in duplicate within
the internal and terminal repeat regions flanking the U region (IRyand TRy, respectively). No
genes are encoded by small repeat regions flanking the U, region (TR, and IR,).

The family of Herpesviridae can be categorized into three subfamilies designated
as Alphaherpesvirinae (aHV), Betaherpesvirinae (BHV) and Gammaherpesvirinae
(YHV), based on the genomic and biological properties of the virus [4]. The aHV have
a short reproductive cycle, rapid spread in cell culture and establish latent infections
primarily in sensory ganglion neurons [4]. The BHV have a restricted host range, rep-
licate slowly in cell culture and establish latency in secretory glands, lymphoreticular
cells and kidneys [4]. The yHV establish latency in B- and T-cells [4]. Humans form
the natural host for eight distinct HVs comprising all three subfamilies, each causing
characteristic disease(s) (Table 1). The aHVs comprise the genera Simplexviruses
and Varicelloviruses [4]. Varicella-zoster virus (VZV) is the only human Varicellovirus
and, among humans, is most similar to the Simplexviruses herpes simplex virus type
1 (HSV-1) and HSV-2 [4].

Structure and Genomic Organization of VZV

Like all other HVs the VZV virion is composed of four elements: a DNA core located
within a nucleocapsid that is surrounded by a layer of tegument and this complex
is packaged within a lipid envelope (Figure 1A). VZV particles are pleomorphic to
spherical and 180 — 200 nm in diameter [5]. The VZV genome is the smallest of
human HVs and consists of approximately 125,000 base pairs (bp) of linear double-
stranded DNA [6]. The VZV genome is composed of two main coding regions termed
unique long (U,) and unique short (U,) (Figure 1B) [6]. The U, region is approxi-
mately 105,000 bp in length and flanked by two small inverted repeats TR, and IR,
(each 88 bp) [5-6]. The Ug region is approximately 5,232 bp long and flanked by two
large inverted repeats TR, and IR (each 7,319 bp) [5-6]. VZV encodes for at least
74 open reading frames (ORFs) that constitute 70 unique genes, since transcripts
of ORF42 and ORF45 form a single protein product and three genes are present in
two copies in the TR, and IR regions: ORFs 62/71, 63/70 and 64/69 [5-6]. By anal-
ogy to HSV-1, it is assumed that the VZV genome is arranged as regularly spaced
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concentric layers within the nucleocapsid [5]. The VZV icosahedral nucleocapsid is
composed of 162 capsomers containing 12 pentameric and 150 hexameric capsom-
ers [7]. VZV ORF33.5 and ORF40 encode the nucleocapsid assembly protein and
major nucleocapsid protein, respectively [8-9]. In the absence of experimental data,
VZV proteins encoded by ORFs 20, 23, 33 and 41 have been postulated to be com-
ponents of the nucleocapsid by analogy to homologous HSV proteins [5]. The capsid
is surrounded by a proteinaceous structure, termed tegument, that allows the virus
to release a collection of already synthesized proteins into newly infected cells and
immediately alter the host environment to inhibit antiviral defenses and support viral
replication [5]. The VZV tegument carries viral transcriptional activators encoded
by ORFs 4, 10, 62 and 63, protein kinases ORF47 and ORF66, and the protein
products of ORFs 1, 9, 11 and 12 [5, 10-12], as well as host proteins [13]. The VZV
envelope contains at least 9 different glycoproteins (glycoprotein B (gB), gC, gE, gH,
gl, gL, gK, gM and gN) that are involved in viral attachment and entry into the host
cell, envelopment of the virus, viral egress and cell-to-cell spread [5, 14].

VZV Infection in Cell Culture

VZV enters the host cell by fusion of the viral envelope with the cell membrane or by
endocytosis (Figure 2) [5]. Initial attachment of VZV particles to cells occurs nonspe-
cifically via gB, and possibly gC, that bind cell surface heparan sulfate [15-16]. Three
VZV entry receptors have been identified so far, although none of these appear to be
uniquely expressed on the viral target cells in vivo. The cation-independent mannose
6-phosphate receptor (MPR®), insulin degrading enzyme (IDE) and myelin-associat-
ed glycoprotein (MAG) function as entry receptors for VZV [15, 17-18]. Multiple viral
glycoproteins contain mannose 6-phosphate groups and may bind to MPR® [15-16].
VZV gE and gB engage with IDE and MAG, respectively [17-18]. Both MPR® and
IDE are expressed at low levels on the cell surface and within endosomes on various
cell types [15, 17]. MAG is predominantly expressed on the cell surface of glial cells
in nervous tissue and is absent on both neurons and epithelial cells [18]. Following
binding of VZV to its entry receptor(s), penetration of the host cell occurs by fusion
of the viral envelope with the plasma membrane or endosomal membrane, most
likely mediated by the conserved herpesvirus fusion machinery composed of gB, gH
and gL [18-21]. Fusion releases viral tegument proteins and the nucleocapsid into
the cytoplasm, after which the nucleocapsid is transported to the nuclear membrane
to release the viral genome into the nucleus [5]. The VZV DNA circularizes and vi-
ral genes are transcribed by host cell RNA polymerase Il in combination with viral
proteins [5]. VZV transcription is presumed to occur in a temporal cascaded fashion
analogous to HSV [5]. The inability to culture high-titer cell-free virus has hampered
definitive identification of the temporal classes of individual VZV genes, although
recent studies have identified that VZV genes are also coordinately expressed [22-
23]. Initially, immediate early (IE) genes are expressed that encode transcriptional
regulatory proteins [5]. IE proteins enter the nucleus and initiate expression of early
(E) genes. The E proteins include enzymes involved in DNA and nucleotide metabo-
lism that enter the nucleus and form the viral DNA replication machinery [5]. Late
(L) genes are only expressed after DNA replication has commenced and encode
structural proteins involved in viral genome packaging and formation of the virion,

10
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Figure 2. Schematic representation of lytic VZV infection of the host cell. Initial attachment
of VZV particles to the cell occurs via surface heparan sulfates (1), after which the virus
engages with one or more of its three currently known entry receptors (mannose 6-phosphate
receptor (MPR®), insulin degrading enzyme and myelin-associated glycoprotein) (2). The
virus may enter the cells by direct fusion to the plasma membrane (3a) or via endocytosis
(3b) followed by fusion and release of tequment proteins and capsids into the cytoplasm.
Capsids are transported to the nuclear membrane (4), where viral DNA is released into the
nucleus (5). The viral genome circularizes (6) and gene expression is believed to occur in a
coordinated temporal fashion: first immediate early (IE) are expressed, then early (E) genes
and subsequently late (L) viral genes (7). Following DNA replication nascent viral DNA is
packaged within newly assembled capsids in the nucleus (8). Assembly and egress may
occur by one of two possible routes: Naked nucleocapsids may be released in the cytoplasm
and acquire their tegument proteins, envelope and glycoproteins in the trans-Golgi network
(TGN) (9a). Alternatively, capsids gain their envelope from the nucleus and acquire their
tegument proteins and glycoproteins by fusion with Golgi-derived vesicles (9b). Virus particles
egress by exocytosis, although most particles are degraded in late endosomes through their
association with MPR® (10).

such as capsomers and glycoproteins [5]. Assembly and release of progeny VZV
may occur by two pathways in vitro [5, 24-26]. First, VZV acquires its envelope from
the nuclear membrane and associates with its tegument and glycoproteins in large
cytoplasmatic vesicles, which migrate to the cell surface to release progeny virus by
exocytosis [24]. Second, virions are assembled in the trans-Golgi network (TGN) by
association of nucleocapsids with aggregates of tegument and viral glycoproteins
on TGN membranes. Viral particles are released or are diverted to and degraded in

11
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MPRd-expressing late endosomes [26]. The high titers of intact infectious progeny
VZV particles in aerosols and vesicle fluids of varicella and zoster patients suggest
that virion assembly and release is markedly different in vivo compared to in vitro
infection [5]. The absence of MPR® from superficial, but not basal, epidermal cells
may in part explain the in vivo-in vitro paradox [15].

Clinical Features of VZV Infection

VZV causes two distinct diseases: primary infection causes varicella (chickenpox)
and reactivation of latent virus produces herpes zoster (shingles). Primary VZV in-
fection is usually acquired during childhood and results from inhalation of infectious
virus. The incubation period of primary infection is approximately 14 days (range
10 — 21 days) [5, 27-28]. Clinical illness is characterized by fever, malaise, head-
ache and loss of appetite concurrent with the appearance of a generalized char-
acteristic cutaneous rash referred to as chickenpox [5, 27-28]. The rash starts as
pruritic erythematous macules and rapidly evolves to papules and vesicles, which
crust after 24 — 72 hours [5, 27-28]. First lesions usually appear on the face and
scalp, after which additional “crops” of vesicles continue to form on the trunk and,
to a lesser extent, the limbs [5, 27-28]. New lesion are produced for 3 — 5 days,
eventually leveling off at about 250 — 500 lesions in immunocompetent individuals
[5, 27-28]. Additional lesions may be present on mucous membranes of orophar-
ynx and conjunctivae [5, 27-28]. Varicella patients have a transient lymphopenia
and granulocytopenia and frequently develop a mild hepatitis [5, 27-28]. Whereas
primary VZV infections are commonly benign, some individuals may suffer from seri-
ous complications. The most common complications of varicella include secondary
bacterial infections, mainly caused by group A B-haemolytic streptococci, pneumonia
and central nervous system (CNS) disease [5, 27-28]. CNS complications range
from relatively mild cerebellar ataxia to life-threatening meningoencephalitis, menin-
gitis or large- and small-vessel vasculitis [29]. Older age at onset of infection and a
compromised immune system are associated with increased severity of primary VZV
infection [5, 27-28]. Immunocompromised children have prolonged lesion formation,
many cutaneous lesions and are at increased risk of visceral VZV dissemination and
associated complications (e.g. pneumonia, hepatitis and CNS disease) [5, 27-28].
Varicella during pregnancy is associated with morbidity and mortality in both mother
and infant [5, 27-28]. Note that not all individuals develop skin rash following primary
VZV infection, as evidenced by the detection of virus-specific humoral immunity in
individuals without a history of varicella [30]. This issue was studied in Chapter 2.

Herpes zoster, also referred to as shingles, occurs most frequently in elderly indi-
viduals. Herpes zoster is a localized vesicular skin rash in the dermatomal distribu-
tion of one or more adjacent sensory nerves [5]. Zoster rash progresses from pruritic
erythematous lesions (often missed) through papular and vesicular stages [31]. New
lesions are produced for 3 — 7 days, but complete healing may take up to 6 weeks [5,
27, 31]. Most frequently involved are dermatomes innervated by thoracic, cervical or
the ophthalmic branch of the trigeminal ganglia, the latter results in zoster ophthalmi-
cus [32]. Zoster skin rash is preceded or accompanied by acute neuritis with severe
local pain and hyperesthesia [5, 27, 31]. Pain may persist beyond 4 — 6 weeks fol-

12
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lowing herpes zoster, termed post-herpetic neuralgia (PHN), and is highly resistant
to treatment [5, 27, 29, 31]. Patients may develop PHN in the absence of skin rash,
which is referred to as zoster sine herpete [5, 27, 29, 31]. Zoster ophthalmicus is
associated with ocular complications, such as keratitis and uveitis, in 50% — 72%
of patients [33-34]. The virus-host interactions involved in VZV uveitis were studied
in Chapter 8. Herpes zoster is more severe in immunocompromised individuals,
posing the risk of visceral dissemination (10% — 40% of patients) and consequent
development of pneumonia, hepatitis or CNS disease [5, 27, 29, 31].

Epidemiology of VZV Infection

The majority of the world population is infected with VZV. Annual epidemics of vari-
cella are observed in temperate climates, with peak incidence in late winter and early
spring [5, 27-28]. VZV is highly contagious and transmission rates exceed 90% in
daycare centers or secondary household contacts [5, 27]. Lower transmission rates
(10% — 35%) are observed following less intense exposures (e.g. classroom con-
tacts) [5, 27]. Consequently, over 93% of children in developed countries become
infected with VZV prior to the age of 5 years and more than 97% of adults are la-
tently infected with VZV [35]. Most individuals develop only one episode of varicella,
suggesting that symptomatic VZV superinfection is rare [5, 27-28]. Herpes zoster
results from reactivation of endogenous latent VZV in about 20% — 30% of infected
individuals [36-37]. The overall incidence of herpes zoster in developed countries is
estimated at about 3.2 — 3.4 cases per 1,000 persons/year [5, 27, 31-32]. However,
the risk of developing herpes zoster is strongly correlated with age and immune sta-
tus of the host. The incidence of herpes zoster increases with advancing age to over
7.8 cases per 1,000 persons/year in individuals >60 years old [5, 27, 31-32]. Inci-
dence rates are particularly high in immunocompromised individuals, e.g. transplant
recipients and HIV patients [5, 27, 31]. Most individuals develop zoster only once in
a lifetime, but second or third episodes may occur [5, 27, 31].

2. Pathogenesis of VZV Infection

Primary Infection

VZV is spread from varicella or herpes zoster patients to susceptible individuals
by aerosols or by direct contact with vesicular fluid [38]. Airborne transmission of
VZV, suggested by epidemiological data and case reports, is unique among human
herpesviruses [5, 39]. The initial target cells of VZV are unknown, but most likely
the virus enters the body by infecting mucosal epithelial cells of the upper respira-
tory tract [5, 38]. Depending on the size of the aerosols virus may also reach the
lower respiratory tract [40]. Following primary infection, VZV requires an incubation
period of about 2 weeks (range 10 — 21 days) to cause varicella and establish neu-
ronal latency in sensory ganglia [5]. Infectious virus and VZV DNA can be detected
in peripheral blood mononuclear cells (PBMC) just prior to and immediately after
the onset of varicella [41-44], suggesting viremic spread of VZV to the skin. In the
absence of experimental data, VZV pathogenesis was initially thought to resemble

13
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that of mousepox [38]. Virus replication would take place in regional lymph nodes,
after which virus spreads to reticuloendothelial organs such as liver and spleen via
a primary viremia. Just prior to the onset of varicella a secondary more prominent
viremia was assumed to transport virus to skin. This scenario is supported by the
detection of VZV in various tissues, including lymphoid organs and liver, in immu-
nocompromised patients that died during acute varicella [45]. However, more recent
studies on VZV infections in the SCID-hu mouse model argue for a different route
of virus dissemination of VZV after primary infection [46-47]. The SCID-hu mouse
model studies VZV infection of human fetal tissues that have been transplanted
into severe combined immunodeficient (SCID) mice, which lack an adaptive immune
system [46-47]. In this model, VZV has a tropism for T-cells within thymus and liver
xenografts [48]. These studies argue that VZV initially replicates in respiratory epi-
thelial cells and is transferred to T-cells within tonsilar lymphoid tissue contacting
the upper respiratory tract [38, 48]. Transfer of virus from the airways to the draining
lymph nodes may be mediated by dendritic cells (DC) as VZV productively infects
human DCs in cell culture and VZV-infected DC can transmit virus to fibroblasts
and T-cells [49]. VZV productively infects activated human memory T-cells in vitro,
including T-cells expressing the skin-homing markers C-C type chemokine receptor
type 4 and cutaneous lymphocyte antigen (CLA) [50]. Direct intravenous injection of
cell culture-derived VZV-infected human T-cells into SCID-hu mice resulted in virus
delivery to and infection of human fetal skin or sensory ganglion xenografts [51-52].
Although inoculated VZV-infected T-cells reached the transplanted skin of SCID-hu
mice within 24 hours, skin rash did not develop until 10 — 21 days after inoculation
suggesting that local innate immune responses inhibit VZV replication in the skin at
early time points [51]. However, the VZV SCID-hu mouse model does not reproduce
the complex and dynamic virus-host interactions involved in the dissemination of
VZV to its target organs during primary infection. Therefore, we have used simian
varicella virus (SVV), the nonhuman primate homologue of VZV, infection of African
green monkeys to study the phenotype of SVV-infected cells during primary infection
in Chapter 3.

During primary infection, VZV establishes a persistent latent infection of sensory
neurons within the dorsal root ganglia (DRG) and trigeminal ganglia (TG) (Figure 3)
[53-54]. Two non-mutually exclusive routes have been proposed by which VZV in-
fects sensory ganglion neurons [5]. First, VZV has been hypothesized to enter nerve
endings in the epidermis of cutaneous lesions and gain access to ganglia by retro-
grade axonal transport. Indirect evidence comes from the detection of viral antigens
in nerve endings of skin biopsies and observations that herpes zoster occurs at the
site of varicella vaccine inoculation or sites most severely affected by varicella [32,
55]. More recently, VZV infection of axons and retrograde axonal transport to neu-
ronal cell bodies was demonstrated in cell culture [56-57]. Second, detection of VZV
DNA in ganglia obtained at autopsy from patients in the prodromal stage of varicella
suggests that VZV may also reach ganglia by hematogenous spread [5]. Similarly,
SVV reaches ganglia of infected monkeys prior to the onset of skin rash [58]. The
data are supported by the T-cell-mediated transfer of VZV to ganglia in the SCID-hu
mouse model [59].

14
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Latent Infection

The mechanisms by which VZV latency is established and maintained are largely
unknown. In the SCID-hu mouse model VZV establishes latency in human fetal gan-
glia in the absence of a functional adaptive immune system, suggesting that local
host innate immunity is sufficient to control VZV replication in ganglia and to force
VZV into latency [52]. In the absence of an in vitro model for VZV latency and given
the limitations of the SCID-hu mouse model, the vast majority of studies on VZV
latency analyzed human ganglia obtained at autopsy. VZV establishes latency in
neurons of sensory and autonomic ganglia along the entire neuraxis [60-64]. The
dominant sites of VZV latency are the DRG and TG [63], but viral DNA can also be
detected in other sensory (e.g. geniculate and vestibular ganglia) [61, 64] and auto-
nomic ganglia (e.g. nodose and enteric ganglia) [60, 62]. Sensory ganglia are com-
posed of neuronal cell bodies that are enwrapped by a sheath of neuron-interacting
satellite glial cells (SGC) [65]. Each neuron and its surrounding SGC form a distinct
morphological and functional unit [65]. VZV establishes latency in 0.8% — 6.9% of
TG neurons, but not in SGC [53-54, 66]. The latent viral genome is maintained in a
circular configuration [67] and is associated with histones of the host cell [68]. Indi-
vidual latently infected neurons contain approximately 5 — 7 copies of viral DNA [54,
66]. VZV latency is not associated with morphological changes of neurons in human
DRG and TG. V2V latency differs markedly from that of the much better studied and
closely related human Simplexviruses. Neuronal HSV latency is associated with the
abundant expression of the non-coding latency-associated transcripts (LAT) and mi-
croRNAs [69-70]. The LAT-encoding region is not present in the VZV genome and
no VZV-specific microRNAs have been detected in latently infected human ganglia
[5, 71]. Instead, VZV latency has been associated with the detection of a restricted
set of viral transcripts and even proteins [53, 72-77]. The number and abundance
of individual VZV transcripts varies per study, but a restricted set of transcripts cor-
responding to VZV putative immediate early, early and even late genes have been
detected consistently in latently infected human ganglia [53, 72-77]. VZV ORF63 is
the most frequent and abundant gene transcribed in latently infected human TG [53,
72-77]. Regulation of VZV gene expression during latency may involve epigenetic
modifications of the viral genome [68]. The major confounding factor in these studies
is the long postmortem interval (PMI), frequently >24 hours, at which human DRG
and TG were available for VZV transcript analyses. In Chapter 5 we analyzed the
potential role of PMI on the breadth and extent of VZV transcripts in latently infected
human TG specimens. Expression of VZV proteins in latently infected human gan-
glia is even more unclear. Some groups reported on high frequencies of VZV protein
expressing neurons in ganglia [78-80], whereas others showed that viral protein
expression in human ganglia is rare [76, 81-83]. The latter is also supported by the
lack of chronic immune infiltrates in VZV latently infected ganglia, whereas HSV-1
latency is associated with lymphocytic infiltrates [80, 84]. The majority of the studies
report on expression of IE62 and IE63, but not late VZV proteins, in the cytoplasm of
neurons [78-80]. The staining patterns obtained are unusual and suggest deposition
of VZV proteins in autophagomes or TGN-associated vesicles in neurons during-
latent infection. In Chapter 4 we have analyzed if the immunohistochemical stain-
ing patterns obtained with IE62- and IE63-specific monoclonal antibodies (mAb) on
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Figure 3. Schematic representation of primary, latent and reactivated VZV infection. (A)
Primary VZV infection results in generalized vesicular skin rash (chickenpox) and ganglionic
infection, after which the virus establishes neuronal latency in ganglia along the entire
neuraxis. Later in life, the virus may reactivate to cause recrudescent skin rash (herpes zoster)
in the dermatomal distribution of one or more adjacent sensory nerves. (B) Left panel: during
primary infection, the virus gains access to ganglionic neurons via retrograde axonal transport
from skin lesions (1) and/or by hematogenous transport (2). Upon release into the nucleus
the VZV genome is maintained in a circular configuration (3). Middle panel: during latency
expression of several VZV transcripts and, possibly, their corresponding proteins have been
described. Right panel: upon reactivation, VZV genes of all kinetic classes are expressed
(possibly involving the temporal gene expression associated with lytic infection in vitro; 1)
resulting in DNA replication and assembly of nascent VZV patrticles (2). VZV is believed to
spread within the ganglion and replicate in satellite glial cells, both neuron-surrounding and
neighboring, and neurons (3). VZV reaches the skin by anterograde axonal transport (4).

human ganglia reflect local expression of the corresponding VZV protein or are the
result of nonspecific mAb-binding.

Virus Reactivation

The virus and host factors that underlie VZV reactivation are largely unknown. How-
ever, it is clear that virus-specific T-cell immunity is essential to prevent clinical VZV
reactivation, as demonstrated by the increased risk of developing herpes zoster in
the elderly and in immunocompromised individuals [85-86]. Upon VZV reactivation
the virus replicates and spreads within ganglia before descending down the sensory
nerve axons to the nerve endings at the dermal-epidermal junction (Figure 3). This
scenario is supported by the detection of nuclear inclusion bodies, VZV proteins
and viral nucleic acids in neurons, their surrounding SGC and resident fibroblasts in
ganglia of herpes zoster patients [87-88]. Furthermore, these ganglia contain mature
VZV virions in both neurons and SGC [87-88] and infectious virus [89]. As a result of
VZV replication, ganglia of herpes zoster patients demonstrate profound hemorrhag-
ic necrosis and inflammation [87-88, 90]. Additional virus-induced pathology may
include degeneration of motor and sensory nerve roots, distal peripheral nerves and
spinal cord [5, 87-88, 90]. Ganglia obtained at variable intervals after herpes zoster
may show permanent damage, cells loss and fibrin deposition [90], or demonstrate
complete recovery with intact neurons and SGC [90-91]. Following herpes zoster
immune infiltrates mostly composed of CD8* T-cells are retained in ganglia [91]. In
Chapter 7 we analyzed infiltration of T-cells into ganglia of cynomolgus macaques
at variable times after herpes zoster.

VZV reaches the skin by anterograde axonal transport. This is evidenced by the
characteristic herpes zoster skin rash that is restricted to the dermatomal distribu-
tion of usually one sensory nerve [32, 90]. Also, herpes zoster skin biopsies showed
viral proteins in Schwann cells and dermal sensory nerve fibers [55]. VZV is re-
leased at the dermal-epidermal junction, where nerve endings of sensory nerve ax-
ons are located. It is conceivable that, like during primary infection, the virus needs
to overcome local innate immune responses to produce vesicular skin rash [51].
The prodromal pain and itching in the dermatome where skin lesions will appear
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therefore most likely reflects virus replication and spread within the ganglion and
possibly skin. In addition, VZV DNA is detected in PBMC of zoster patients [92],
suggesting that lymphocytes trafficking through ganglia can become infected and
disseminate the virus to the virus’ target organs (e.g. lung, liver and spleen). VZV
reactivation is a significant cause of neurological disease, most frequently PHN [29].
The mechanisms underlying PHN are poorly understood, but may involve damage
to neuronal cell bodies and axons [90, 93] or persistent ganglionic virus replication
and ganglionitis [94-95]. VZV-induced large- and small-vessel encephalitis may in-
volve direct transfer of virus from ganglia to cerebral arteries [96]. Although most
individuals develop only one episode of herpes zoster [31], the presence of VZV
DNA in PBMC [97-98] and saliva [99-101] of healthy adults without clinical signs of
VZV infection suggests that asymptomatic VZV reactivation may occur more fre-
quently. Notably, neurological complications of VZV reactivation frequently occur in
the absence of rash (e.g. zoster sine herpete) [102]. These findings suggest that
the host immune system may contain VZV replication and spread in ganglia or skin
prior to development of rash. In Chapter 6 we compared the incidence and extent
of asymptomatic HSV-1 and VZV shedding in the saliva of HIV-infected individuals.

3. Immune Response to VZV Infection

Innate Immunity

The fist encounter between pathogen and host involves the local innate immune
response of the infected tissue, which is generally rapid and recognizes pathogen-
associated molecular patterns (PAMPs) shared by many pathogens [103]. PAMPs
interact with pattern recognition receptors (PRRs) expressed by cells of the innate
immune system such as neutrophils, macrophages, natural killer (NK) cells and den-
dritic cells (DCs) [103]. PRRs include the prototypic membrane-associated Toll-like
receptors (TLRs) and cytosolic non-TLRs such as retinoic acid-inducible gene (RIG-
[)-like receptors and nucleotide-binding oligomerization domain (NOD)-like recep-
tors (NLRs) [103]. PAMP recognition by PRRs activates transcription factors such
as nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-kB), interferon
regulatory factor 3 (IRF3) and IRF7, which induce the expression of IFN-a, IFN-3
and pro-inflammatory cytokines that inhibit viral replication and recruit effector cells
of the immune system [103]. VZV particles or virion proteins may interact with TLR-
2 located on the cell surface, resulting in secretion of pro-inflammatory cytokines
including interleukin-6 (IL-6), IL-8 and tumour necrosis factor alpha (TNF-a) [104].
Genomic VZV double-stranded DNA is recognized by TLR-9 in endosomes and in-
duces the production of type 1 interferons like interferon alpha (IFN-a) [105]. By un-
known mechanisms VZV is sensed by NLRP3 resulting in inflammasome formation
and IL-1B production [106]. In addition, PRR-independent intrinsic responses limit
viral replication and spread. Promyelocytic leukemia protein nuclear bodies (PML-
NBs) sense and sequester nuclear aggregates of aberrant proteins, including new-
ly synthesized VZV proteins and/or virions [107]. Further, VZV replication induces
cellular stress responses, endoplasmatic reticulum stress and unfolded protein re-
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sponse, leading to autophagy and degradation of virus particles in autophagosomes
[108-109]. The contribution of innate immune cells inhibition of VZV replication is
unknown, but children with deficiencies in NK and NKT cells commonly develop
more severe varicella [110-113]. NK cells have potent antiviral activity in vitro by pro-
duction of IFN-y and granulysin or direct lysis of VZV-infected fibroblasts [114-115].

VZV has developed multiple mechanisms to block the induction and perpetuation of
innate antiviral responses. VZV encodes three proteins (ORF47, ORF61 and ORF62)
that prevent phosphorylation of IRF3 and the virus inhibits the NF-kB pathway [116-
120]. V2V interferes with IFN-a/f signalling by inhibiting phosphorylation and nu-
clear translocation of signal transducers and activators of transcription 1 (STAT1)
[51]. IFN-a activates protein kinase R (PKR) that phosphorylates the a-subunit of eu-
karyotic initiation factor 2 (elF-2a), thereby preventing initiation of transcription, and
this process can be inhibited by VZV ORF63 [121]. VZV-induced phosphorylation of
STAT3 results in expression of the anti-apoptotic protein survivin, which promotes vi-
rus replication and spread [122]. Nevertheless, IFN-a is detected in serum of healthy
children with varicella and reduces the severity of varicella when administered to
immunocompromised children [123-124]. Furthermore, IFN-a/B receptor blockage
enhances VZV replication and lesion formation in human fetal skin xenografts in
the SCID-hu model [51]. Thus, clinical and experimental data suggest that innate
immunity contributes to the containment of VZV replication during primary infection.

The innate immune response initiates adaptive cellular and humoral immune re-
sponses. In contrast to innate immunity, the adaptive immune response is pathogen-
specific and provides long-term immunological memory. Humoral, or antibody-medi-
ated, immunity contributes predominantly to antiviral immunity by virus neutralization
and antibody-dependent cell-mediated cytotoxicity. CD4* and CD8* T-cells form the
cellular arm of adaptive immunity. CD4* T-cells recognize virus-derived peptides pre-
sented by human leukocyte antigen type Il (HLA-II) molecules, which are mainly
expressed on professional antigen presenting cells (APCs) such as macrophages
and DCs. CD4* T-cells exert direct antiviral activity by secreting anti-viral cytokines
like TNF-a and IFN-y and cytolysis of virus-infected cells. The indirect role of CD4* T-
cells involves the induction of virus-specific B-cell and CD8* T-cell responses. CD8*
T-cells recognize viral peptides in the context of HLA-I molecules, which are ubiqui-
tously expressed on all nucleated cells, and inhibit virus replication through secretion
of cytokines or cytolysis of the virus-infected cells.

B-cell Immunity

The role of humoral immunity in recovery from varicella and for prevention of and
resurgence from herpes zoster appears to be limited. Instead, virus-specific humoral
immunity most likely prevents or limits VZV superinfection. Patients with antibody
deficiency due to agammaglobulinemia have uncomplicated varicella [5]. Maternal
antibodies present in infants during the first 6 months of life protect from or modify
the severity of varicella [125] and passive immunization with varicella-zoster immune
globulin during the early incubation phase (<72 hours after infection) can decrease
VZV pathogenicity [5, 126]. Antibodies may limit VZV replication and spread by
neutralization of the virus — directly or in the presence of complement —, antibody-
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dependent cell-mediated cytotoxicity or by affecting virion production and cell-to-
cell fusion [115, 127-128]. During primary infection VZV-specific IgG, IgM and IgA
antibodies become detectable 1 — 6 days after the onset of skin rash [42, 123]. The
onset and magnitude of the VZV-specific antibody response does not correlate with
the severity of varicella or herpes zoster [123, 129]. The initial antibody response
is predominantly directed to VZV glycoproteins [130], while antibodies recognizing
a large variety of structural and non-structural proteins are detected at later stages
after primary infection [130-131]. VZV-specific IgA antibodies, either nasopharyngeal
or serum, and serum IgM antibody levels decline within a few months after varicella
[132-133]. In contrast, serum VZV-specific IgG antibody levels peak at 4 — 8 weeks
after varicella and persist for decades at relatively stable levels [86, 132]. Exog-
enous re-exposure to VZV and subclinical reactivation induce transient increased
virus-specific IgG, IgA and IgM antibody levels [130, 133-134]. VZV-specific humoral
immunity does not correlate with the risk of developing herpes zoster [86]. VZV re-
activation results in high levels of broadly reactive 1gG, IgA and IgM antibodies [130,
133].

T-cell Immunity

VZV-specific T-cells are considered pivotal for the recovery from varicella and for the
prevention of and resurgence from herpes zoster. VZV-specific T-cells become de-
tectable 1 — 3 days after appearance of skin rash [123]. The magnitude of the VZV-
specific T-cell response initiated during primary infection inversely correlates with the
severity of varicella and termination of viremia [123, 135]. Studies on SVV indicate
that CD4* T-cell immunity plays a more critical role than antibody and CD8* T-cell
responses to control varicella [136]. Compared to HSV, studies on local tissue-re-
stricted VZV-specific T-cells are scarce. Yet, both CD4* and CD8* T-cells are known
to infiltrate the dermis of varicella and HZ patients [137-140], possibly relocating via
skin-homing receptors [135]. T-cells infiltrate the eye of VZV uveitis patients and rec-
ognize a wide variety of VZV proteins, secrete Th1/ThO-like cytokines, have cytolytic
potential, and are able to inhibit virus replication in retinal pigment epithelium cells
[141-143]. The combined data suggest a detrimental role of VZV-specific T-cells in
the pathology of VZV uveitis. In Chapter 8 we identified and characterized the func-
tional properties of human ocular derived HSV/VZV cross-reactive CD4* T-cells.

Memory VZV-specific T-cells are maintained at low frequency [144], likely involving
exogenous re-exposure to VZV or endogenous (subclinical) reactivation, and have a
mixed central and effector memory phenotype [135, 145-147]. Circulating VZV-spe-
cific memory CD4* T-cells are commonly CLA-negative and preferentially express
CD38 and PD-1 [145-146], suggesting recent antigenic stimulation and/or exhaus-
tion. Although similar frequencies of circulating VZV-specific CD4* and CD8* cyto-
toxic T-cells have been reported [148-149], recent studies indicate that VZV-specific
CD8* T-cells are less abundant than CD4* T-cells [147, 150-151]. T-cell reactivity to
VZV antigens include structural proteins including the glycoproteins gB, gC, gE, gH,
gl and the IE proteins IE4, IE62 and IE63 [145-146, 148-149, 151-156]. However,
the latter studies were restricted to the analysis of only a limited set of virus proteins,
which does not allow identification of the immunodominant T-cell antigens involved
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in protection and immunopathogenesis.

It is well established that the risk of herpes zoster increases with age [32]. This
is largely attributed to the decline of VZV-specific T-cell immunity, but not humoral
immunity, with progressing age [85-86, 157]. Notably, the frequency of IL-4 produc-
ing VZV-specific T-cells remains unaltered [147, 152, 157-162]. Whether waning of
VZV-specific T-cell immunity reflects quantitative or qualitative changes in circulating
virus-specific T-cells is unknown. Regardless, herpes zoster induces rapid, profound
and sustained T-cell responses [163-164], so that individuals typically develop zoster
only once during their life. The magnitude of the VZV-specific T-cell immunity after
zoster is inversely correlated with disease severity and the risk of developing PHN
[164]. Despite their protective role in preventing reactivation, VZV-specific T-cells
have not been detected in latently infected ganglia [84].

VZV developed multiple strategies to evade T-cell immunity. VZV decreases the
capacity of DCs to induce specific T-cell responses by reducing surface expression
of both the T-cell co-stimulatory molecules (i.e. CD80, CD83 and CD86) and HLA-I
and —Il molecules [147, 165]. In addition, the virus reduces HLA-I expression and
inhibits IFN-y—induced HLA-Il expression on VZV-infected cells to escape CD8* and
CD4* T-cell recognition, respectively [166-169]. T-cell recognition of VZV is further
impaired by reduction of intercellular adhesion molecule 1 (ICAM-1) expression on
VZV-infected keratinocytes [139].

VZV Vaccine

The only human herpesvirus vaccine available to date is the live-attenuated VZV
vaccine, which induces both B-cell and T-cell mediated immune responses in vac-
cinated children and the elderly, thereby preventing varicella and herpes zoster, re-
spectively [170-173]. The varicella vaccine is administered using a 2-dose regimen,
scheduled for children 12 — 15 months of age and children 4 — 6 years of age [174]
and prevents varicella in up to 98% of vaccinated individuals [175]. The zoster vac-
cine is given to individuals over 60 years of age and effectively prevents the develop-
ment of zoster in 51% and PHN in 67% of individuals over a 5-year follow-up period
[172, 176]. However, the vaccine virus may cause mild varicella and establishes
latency posing the risk of reactivation and dissemination in the population [174].
Furthermore, childhood varicella vaccination may result in an increased incidence of
herpes zoster and at earlier age as a consequence of decreased exogenous boost-
ing of VZV-specific T-cell immunity [177-179].

4. Animal Models of VZV Infection

VZV Infection in Small Animal Models

VZV is a human-restricted pathogen and does not cause disease in experimental
animal models [37], possibly with the exception of Chimpanzees and Gorillas [180-
182]. However, certain aspects of VZV pathogenesis have been studied in small
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animal models. Infection of guinea pigs with VZV results in a transient viremia, sero-
conversion and infection of DRG, TG and enteric ganglia [183-184]. The VZV guinea
pig model has been used to study the immunogenicity of VZV and, more recently,
to investigate VZV infection of enteric ganglia [60, 185]. Inoculation of rats in the
footpad or subcutaneously with VZV results in VZV infection of dorsal root ganglia
[186-187] and behavioral allodynia and hyperalgesia resembling PHN [188-189].
The VZV rat model has been used to study the role of individual viral genes in estab-
lishing latency [190]. However, VZV-infected rat DRG contain virus in both neurons,
satellite glial cells and even axons and frequently express late VZV genes — features
that are markedly different from VZV latency in humans [186-187, 191-192]. Fur-
thermore, the inability of the virus to reactivate in both the guinea pig and rat model
implicate an abortive rather than a latent VZV infection. Nevertheless, the VZV rat
model may prove valuable in studying the mechanisms underlying PHN [188-189].
To circumvent the restricted host range of VZV, a mouse model has been developed
that studies VZV infection of human fetal tissues which have been transplanted in
severe combined immunodeficient (SCID) mice (SCID-hu mouse model) [46, 83].
This model has been successfully used to study the tropism and pathogenesis of
VZV in human fetal thymus, liver, skin and ganglion xenografts [48, 52]. In particular,
the VZV SCID-hu mouse model has contributed significantly to the identification of
virus and host factors involved in VZV pathogenesis in skin and the establishment
of latency [46-47]. However, the use of fetal tissues and, especially, the lack of an
adaptive immune system are likely to affect VZV pathogenesis. Similar to the other
small animal models of VZV infection, the virus is not able to reactivate and cause
zoster.

Simian Varicella Virus Infection of Nonhuman Primates

An outbreak of varicella-like disease in nonhuman primates was first reported in
1967 by Clarkson et al. following the introduction of newly acquired African green
vervet monkeys (Cercopithecus aethiops) into an established colony of vervet mon-
keys [193]. Subsequent epidemic outbreaks of varicella-like disease were reported
in African green monkeys, Patas monkeys (Erythocebus patas) and various species
of macaque monkeys (Macaca nemestrina, M. fascicularis, M. fuscata and M. mu-
latta) at primate centers [194]. The causative agent was isolated and identified as a
herpesvirus, termed SVV, based on both the cytopathic effect observed in affected
tissues and cell culture, and the morphology of the virion by electron microscopy
[193-194]. SVV and VZV share a high degree of antigenic relatedness [195] and im-
munization of monkeys with VZV induces protective cross-reactive immunity [181].
Full genome sequencing showed that SVV and VZV genomes are similar in size
and structure [196]. The SVV genome contains 71 unique ORFs, 68 of which share
extensive homology with the corresponding VZV genes [196-197]. SVV and VZV ge-
nomes deviate most in the leftward terminus of the genome [196-197]. SVV does not
encode a homologue of VZV ORF2, but contains two additional ORFs not present in
the VZV genome (ORF A and ORF LE) [196-197].

SVV causes a natural disease in Old World monkeys with clinical, pathological and
immunological features resembling human varicella infection [194, 198]. SVV caus-
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es varicella as a primary infection, becomes latent in neurons of ganglia along the
entire neuraxis and reactivates after stress or immunosuppression to cause zoster
[194, 199]. Both natural and experimental primary SVV infection result in a general-
ized vesicular cutaneous rash that appears 7 — 14 days after inoculation [194, 199].
Usually the rash first appears in the inguinal area after which the rash becomes
generalized with “crops” of lesions appearing predominantly on the face and trunk
[194, 199]. Lesions may appear on the mucous membranes of the oropharynx [194,
199]. SVV rash starts as macules and rapidly progresses to papules and vesicles
[194, 199]. Additional clinical manifestations include fever, loss of appetite, lethargy
and development of a mild hepatitis [194, 199]. Disease severity varies and pri-
mary SVV infection can give rise to severe disease, associated with hemorrhagic
rash, pneumonia and hepatitis, that may be fatal [194, 199]. Latent SVV infection of
neurons in the DRG and TG is established during primary infection and associated
with restricted viral gene expression [198-200]. In contrast to VZV latency, latent
SVV infections are associated with expression of both sense and anti-sense ORF61
transcripts [198, 201]. Low levels of SVV DNA may persist in peripheral blood and
organs for prolonged periods of time in latently infected African green monkeys [19,
202-203] and cynomolgus macaques [199], but possibly not rhesus macaques [198].
SVV reactivation may occur spontaneously in response to stress [194] or can be
experimentally induced by immunosuppression and irradiation [204-205]. Similar to
VZV reactivation in humans, SVV reactivation results in recrudescent cutaneous
rash restricted to a single sensory dermatome [204]. Severe immunosuppression
may result in disseminated SVV reactivation [205-206], comparable to the general-
ized zoster that is occasionally observed in immunocompromised humans. Thus,
SVV infection of nonhuman primates provides the first experimental animal model
that can be used to study the pathogenesis of varicella, latency and herpes zoster in
its natural and immunocompetent host.

5. Aim and Outline of this Thesis

The human-restricted alphaherpesvirus VZV causes varicella as a primary infection,
establishes latency in ganglionic neurons and can reactive to cause herpes zoster.
The highly cell-associated nature and restricted host range of the virus have seri-
ously hampered the development of in vitro and animal models, respectively. Con-
sequently, the pathogenesis of primary and reactivated VZV infections are largely
unknown and the VZV latent state remains enigmatic. SVV infection of nonhuman
primates mimics VZV in humans and therefore provides a useful model to study the
pathogenesis of varicella and herpes zoster in its natural host. The aim of the studies
presented in this thesis was to provide novel insights into the virus and host factors
involved in the pathogenesis of varicellovirus infections in humans and nonhuman
primates.

Primary VZV infection typically results in varicella after a 10 — 21 day incubation
period, although some infected individuals may never develop rash. During primary

23




Chapter 1 General Introduction

infection the virus establishes a lifelong latent infection of ganglionic neurons and
virus-specific adaptive immune responses are mounted. Most likely, virus is trans-
ported to susceptible organs via a cell-associated viremia. However, the cell types
involved in dissemination of VZV during primary infection are unknown. The patho-
genesis of primary VZV infection cannot be studied in humans and therefore we
have used SVV infection of nonhuman primates as a model. In Chapter 2, the virus-
host interactions involved in asymptomatic primary SVV infection in Chinese rhe-
sus macaques are discussed. Chapter 3 aimed to characterize the kinetics of virus
infection and the cell types involved in the dissemination of SVV to the virus’ target
organs during primary infection of African green monkeys.

The virus and host factors involved in establishment and maintenance of latency
are poorly understood. Studies of VZV latency have been restricted to the analysis
of human ganglia obtained at autopsy and have reported discrepant numbers and
abundance of VZV transcripts. Moreover, several VZV proteins have been described
to be expressed in latently infected human ganglia, demonstrating aberrant cyto-
plasmatic localization in neurons. VZV protein expression in ganglia is under debate.
The study described in Chapter 4 investigated the possibility that VZV-specific mAbs
cross-react with blood group A1-associated antigens in neurons, resulting in false-
positive neuronal VZV staining in snap-frozen human TG and DRG. Discrepancies
in detected VZV transcripts in latently infected human ganglia may be due to meth-
odological differences and/or variable postmortem intervals. Chapter 5 describes
the study on the breadth and magnitude of VZV transcription in human TG obtained
at variable intervals after death.

Symptomatic VZV reactivation, i.e. herpes zoster, due to waning of virus-specific
T-cell immunity typically occurs once in a lifetime. Like VZV, the more extensively
studied human alphaherpesvirus HSV-1 establishes latency in sensory neurons and
both viruses may even establish latency within the same neuron. Symptomatic and
asymptomatic HSV-1 reactivation occurs frequently, but the incidence of subclinical
VZV reactivation and its relation to HSV-1 shedding in the same individual is less
well studied. Chapter 6 describes the prevalence and kinetics of oral HSV-1 and VZV
shedding in HIV patients. The pathogenesis of VZV reactivation is largely unknown
and detailed studies on the pathological changes in ganglia upon herpes zoster are
scarce. Rare ganglia obtained at autopsy from zoster patients showed profound
histopathology and ganglionitis associated with the infiltration of T-cells. However,
the stimulus initiating the infiltration and retention of T-cells in ganglia upon reactiva-
tion is unknown. In Chapter 7 ganglia of cynomolgus macaques with herpes zoster
were analyzed for the presence of T-cell infiltrates, virus replication and the expres-
sion of the T-cell recruiting chemokine CXCL10 at variable times after reactivation.
VZV reactivation may cause acute retinal necrosis, a potentially blinding inflamma-
tory eye disease in which virus-specific T-cells are considered to exert a pathogenic
role. A common target of ocular-derived VZV-specific T-cells is IE62, which shares
extensively sequence homology with the orthologous HSV protein ICP4. Chapter 8
describes the identification and functional characterization of ocular-derived IE62/
ICP4 cross-reactive CD4"* T-cells.
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Abstract

Varicella-zoster virus (VZV) causes varicella (chickenpox), becomes latent in gan-
glia along the entire neuraxis and may reactivate to cause herpes zoster (shingles).
VZV may infect ganglia via retrograde axonal transport from infected skin or through
hematogenous spread. Simian varicella virus (SVV) infection of rhesus macaques
provides a useful model system to study the pathogenesis of human varicella zos-
ter virus (VZV) infection. To dissect the virus and host immune factors during acute
SVV infection, we analyzed four SVV-seronegative Chinese rhesus macaques in-
fected intratracheally with cell-associated 5 x 10° plaque-forming units (pfu) of SVV-
expressing green fluorescent protein (n = 2) or 5 x 10* pfu of wild-type SVV (n = 2).
All monkeys developed viremia and SVV-specific adaptive B- and T-cell immune
responses, but none developed skin rash. At necropsy 21 days postinfection, SVV
DNA was found in ganglia along the entire neuraxis and in viscera, and SVV RNA
was found in ganglia, but not in viscera. The amount of SVV inoculum was associ-
ated with the extent of viremia and the immune response to virus. Our findings dem-
onstrate that acute SVV infection of Chinese rhesus macaques leads to ganglionic
infection by the hematogenous route and the induction of a virus-specific adaptive
memory response in the absence of skin rash.
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Introduction

Varicella-zoster virus (VZV) is an exclusively human ubiquitous neurotropic al-
phaherpesvirus. Primary infection usually causes varicella (chickenpox), after which
the virus becomes latent in neurons of sensory ganglia along the entire neuraxis. Pri-
mary VZV infection typically results in a generalized maculopapular vesicular rash,
although some infected individuals never develop rash [1]. During primary infection,
virus is transported from the respiratory mucosa to sites of secondary replication and
skin via VZV-infected lymphocytes [2-3]. Virus reaches ganglia either by retrograde
axonal transport from infected skin or by hematogenous spread via VZV-infected
lymphocytes [4-5]. Reactivation of latent VZV results from a decline in virus-specific
cellular immunity [6], mostly in elderly individuals as well as in immunocompromised
organ transplant recipients and HIV* patients, resulting in zoster and multiple other
serious neurological and ocular disorders [7-10].

Simian varicella virus (SVV) causes varicella in non-human primates. Like VZV, SVV
becomes latent in ganglionic neurons [11-12] and may reactivate to produce zos-
ter [13]. SVV and VZV antibodies cross-react, and open reading frames (ORFs) of
the two viruses share amino acid identity ranging from 27.3% to 75.4% [14]. Intra-
bronchial inoculation of SVV into seronegative Indian rhesus macaques produces
pathological and immunological features like those seen in primary VZV infection
in humans [15]. The aim of the present study was to dissect virus and host immune
factors after primary SVV infection of Chinese rhesus macaques.

Materials and methods

Cells and viruses

Wild-type SVV (SVV-WT) and SVV expressing green fluorescent protein (SVV-GFP)
were used. SVV-WT (Delta herpesvirus strain) was originally isolated from a natu-
rally infected monkey (Erythrocebus patas) [16]. SVV-GFP is not attenuated in vitro
or in vivo [17-18]. Low-passage SVV isolates were obtained from peripheral blood
mononuclear cells (PBMC) of acutely infected African green monkeys and propa-
gated <5 times either in a fetal rhesus macaque lung fibroblasts (DBS-FRhL-2) to
generate cell-associated SVV-GFP and wild-type stocks for intratracheal inoculation
or in Vero cells to produce wild-type SVV protein lysates for ELISA and functional
T-cell assays [17-18]. Protein lysates were identically prepared from mock-infected
DBS-FRhL-2.

Macaque studies

Four juvenile (3 to 4 years old) SVV-seronegative Chinese rhesus macaques were
inoculated intratracheally at the bronchial bifurcation with 5 X 10° plague-forming
units (pfu) of cell-associated SVV-GFP (animals 0075 and 2135) or 5 X 10* pfu cell-
associated SVV-WT (animals 2207 and 9021) diluted to a volume of 5 ml in phos-
phate-buffered saline (PBS). While the inoculation titers varied slightly, both virus
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titers have been shown to produce viremia and skin rash in Indian rhesus macaques
[19]. Animals were housed in negatively pressurized hepa-filtered BSL-3 isolator
cages. Before inoculation, the abdomen and back of the animals were shaved to
allow careful examination for rash every other day from 1 to 21 days postinfection
(dpi). Heparinized blood samples were collected at 0, 2, 5, 7, 9, 11, 13, 15 and 21
dpi. Plasma separated from the blood by centrifugation was heat-inactivated (30 min
at 56°C) and stored at -20°C. PBMCs were isolated by density-gradient centrifuga-
tion for flow cytometry, DNA and RNA isolation and functional B- and T-cell assays
(see below). Animals were euthanized at 21 dpi by sedation with ketamine (20 mg/
kg body weight) followed by exsanguination. Tissue samples were snap-frozen in
liquid nitrogen and stored at -80°C. The study was approved by the Institutional
Animal Welfare Committee and performed according to Dutch guidelines for animal
experimentation.

Nucleic acid extraction and real-time PCR

DNA was extracted from PBMC, individual or pooled ganglia, and from portions of
liver, lung and spleen using the QlAamp DNA Mini Kit (Qiagen, Valencia, CA, USA).
Total RNA was isolated from the same tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and subsequently with the RNeasy Mini Kit (Qiagen). cDNA
synthesis was performed as described [15] using 1 ug total RNA and Superscript
[l RT (Invitrogen) with random primers. Quantitative real-time PCR (qgPCR) was
performed in triplicate on DNA and cDNA using Tagman 2X PCR Universal Master
Mix (Applied Biosystems, Foster City, CA, USA) with primers and probes specific
for SVV DNA open reading frames (ORFs) 21, and ORFs 9, 61 and 63 (cDNA) as
described [15]. SVV DNA amplicons were included in each gPCR assay and yielded
a consistent inverse relationship between the Ct value and the amount of input tem-
plate DNA. The detection limit of the SVV DNA qPCR assay, based on the ORF21
primers/probe set, was 1 copy SVV DNA/ug DNA (Figure 1A). Single-copy gene on-
costatin-M (OSM) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were
used as endogenous controls for DNA and RNA integrity, respectively, according to
the manufacturer’s instructions and as described [20].

SVV-specific ELISA

Plasma SVV-specific IgG titers were determined by ELISA. Briefly, 96-well flat-bot-
tom plates were coated with protein lysates of mock- and SVV-infected Vero cells
(2 pg/ml) overnight at 4°C, washed twice with distilled water, and blocked with 3%
bovine serum albumin (BSA) diluted in PBS for 1 h at 37°C. Three-fold dilutions of
plasma samples were prepared in PBS containing 1% BSA and incubated for 1 h at
37°C. After 10 washes with 0.05% Tween 20 in PBS, the wells were incubated with
horseradish peroxidase (HRP)-conjugated rabbit anti-human IgG (DakoCytomation)
diluted in 1% BSAin PBS for 1 h. The plates were washed 10 times and incubated
with the substrate 3, 3’, 5, 5’-etramethylbenzidine (TMB) at room temperature. After
10 min, the reaction was stopped by addition of 2 M sulfuric acid, and optical density
(OD) was measured at 405 nm using 620 nm as a reference. End-point titers were
obtained by log-log transformation of the linear proportion of the curve using 0.2 OD
units as a cut-off.
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Figure 1. Detection of SVV DNA in blood leukocytes of SVV-infected Chinese rhesus
macaques. (A) The efficiency of SVV DNA quatitation was determined in real-time PCR using
1 to 10x107° copies of SVV ORF21 mixed with 100 ng of herring sperm DNA. The SVV ORF21
primer set reliably detected 1 to 10x10"° copies of SVV DNA (r? = 0.999). (B) SVV DNA levels
were determined using real-time PCR with primers specific for SVV ORF 21. All monkeys
were positive for SVV DNA, with peak viremia occurring at 5 dpi. SVV DNA copy number
varied from very low (monkeys 0075 and 2135) to high (monkeys 2207 and 9021).

Virus neutralization assay

Plasma SVV neutralization IgG titers were determined by plaque reduction assay
on Vero cells as described [21]. Briefly, serial 2-fold dilutions of heat-inactivated ma-
caque plasma samples were incubated with ~100 pfu of SVV for 1 h at room tem-
perature. Plasma samples were plated in duplicate on confluent Vero cells in 6-well
plates. After 7 days of culture at 37°C, monolayers were fixed in 4% paraformalde-
hyde and stained with 0.2% crystal violet solution to visualize virus plaques. The
SVV neutralizing titer was expressed as the highest dilution showing an 80% reduc-
tion in virus plaques compared to control samples cultured in the absence of plasma.

Flow cytometry

PBMCs were stained with monoclonal antibodies (mAbs) directed against human
CD20 (clone L27; BD Biosciences, San Diego, CA, USA), IgD (Southern Biotech,
Birmingham, AL, USA) and CD27 (0323; BD Biosciences) to discriminate between
naive and memory B-cell subsets [15, 22]. T-cell subsets were identified using mAbs
directed against human CD3 (SP34-2), CD4 (L200), CD8 (SK1), CD28 (CD28.2) and
CD95 (DX2) (all BD Biosciences) to distinguish between naive, central memory and
effector memory T-cells [15, 23]. Cells were fixed in Cytofix/Cytoperm (BD Bioscienc-
es) and stained with antibodies against granzyme B (grB) (GB11; BD Biosciences) to
detect cytotoxic T-cells. To detect proliferating B- and T-cells, the nuclear membrane
was permeabilized using 10% DMSO in Cytofix/Cytoperm (BD Biosciences), and
cells were stained with antibody directed against the cell proliferation marker Ki67
(clone B56; BD Biosciences). Fluorescence was detected on a FACS Canto Il and
analyzed using FACS Diva sofware (BD Biosciences).

Detection of SVV-specific T-cells

PBMCs were stimulated overnight with predefined optimal concentrations of protein
lysates generated from mock and SVV- infected Vero cells, and mock-infected DBS-
FRhL-2 cells, followed by incubation with Golgistop (BD Biosciences) for 6 h at 37°C
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Table 1. Quantification of SVV-Specific DNA and Transcripts in Ganglia from
Chinese Rhesus Macaques at 21 Days Post Infection.

DNA target? RNA target®
Monkey Ganglion ORF 21 OSMe ORF 9 ORF 61 ORF63 GAPDH¢
0075 Trigeminal 6 positive® nd’ nd nd nd
Cervical 0 positive nd nd nd nd
Thoracic 0 positive nd nd nd nd
Lumbar trace? positive und” und positive
Sacral 4 positive und und positive
2135 Trigeminal 28 positive nd nd nd nd
Cervical 8 positive trace 81 trace positive
Thoracic 17 positive trace 372 6 positive
Lum/Sac! 16 positive trace 138 trace positive
2207 Trigeminal 60 positive nd nd nd nd
Cervical 2 positive trace 75 7 positive
Thoracic 73 positive nd nd nd nd
Lumbar 99 positive und 15 trace positive
Sacral 38 positive nd nd nd nd
9021 Trigeminal 860 positive nd nd nd nd
Cervical 230 positive und 582 trace positive
Thoracic 687 positive nd nd nd nd
Lumbar 698 positive trace 692 trace positive
Sacral 64 positive 9 8089 239 positive

a SVV genome copies/ug of total DNA.
b SVV transcript copies/ug of total RNA.

¢ Oncostatin-M.

4 Glyceraldehyde 3-phosphate dehydrogenase.

¢ Specific amplicon detected.

f Not done.

9 >2 copies of SVV DNA or cDNAin 1 or 2 out of 3 reactions.

" SVV DNA or transcript undetectable.
" Pooled lumbar and sacral ganglia

to block cytokine secretion. After stimulation, cells were stained with mAbs directed
against human CD3, CD4, CD8, CD28 and CD95 as described above. Samples
were fixed and permeabilized using Cytofix/Cytoperm and incubated with a human
interferon (IFN)-y-specific mAb B27 (BD Biosciences). Fluorescence was measured
on a FACS Canto Il and analyzed using FACS Diva software.
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Table 2. Quantification of SVV-Specific DNA and Transcripts in Non-Ganglionic
Tissues from Chinese Rhesus Macaques at 21 Days Post Infection.

DNA PCR? cDNA PCR®
Monkey Tissue ORF 21 OSMe ORF 9 ORF 61 ORF 63  GAPDH¢
0075 Lung 3 positive® undf und und positive
Liver und positive und und und positive
Spleen und positive und und und positive
2135 Lung und positive und und und positive
Liver und positive und und und positive
Spleen und positive und und und positive
2207 Lung und positive und und und positive
Liver und positive und und und positive
Spleen und positive und und und positive
9021 Lung und positive und und und positive
Liver 3 positive und und und positive
Spleen 1 positive und und und positive

@ SVV genome copies/ug of total DNA.

® SVV transcript copies/ug of total RNA.

¢ Oncostatin-M.

4 Glyceraldehyde 3-phosphate dehydrogenase.
¢ Specific amplicon detected.

fSVV DNA or transcript undetectable.

Results

Clinical course of acute SVV infection in Chinese rhesus macaques

To investigate the virus and host immune factors during acute SVV infection, four
SVV naive Chinese rhesus macaques were infected intratracheally with 5x10* pfu
cell-associated SVV-WT (n=2) or 5x10% pfu SVV-GFP (n=2). SVV-GFP was used
to enable visualization of SVV-infected cells in blood during viremia and in skin le-
sions. Physical examinations every other day revealed no skin lesions. All animals
developed a viremia. SVV DNA levels were higher in monkeys 2207 and 9021 that
received the highest SVV dose, compared to animals 0075 and 2135 that received
a lower dose of SVV and had trace levels of SVV DNA in peripheral blood mono-
nuclear cells (PBMCs) (Figure 1B). SVV DNA was detected 2 to 15 dpi and peaked
at 5 dpi. No infectious SVV was recovered from PBMCs at any time during viremia,
and no SVV- or GFP-positive cells were detected by flow cytometry in whole-blood
(data not shown).
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Detection of SVV DNA and RNA in ganglionic and non-ganglionic tissues of
SVV-infected rhesus macaques

To determine if SVV ganglionic infection was inhibited by the absence of overt viral
replication in skin, the SVV DNA load in dorsal root ganglia (DRG) and trigeminal
ganglia (TG) at 21 dpi was determined by gPCR (Table 1). SVV DNA was detected
in most pooled ganglia, indicating hematogenous infection. The SVV DNA load was
higher in monkeys infected with higher doses of virus (monkeys 2207 and 9021).
SVV DNA load in non-ganglionic tissues (i.e., lung, liver and spleen) was undetect-
able or lower compared to ganglia of the same monkey (Tables 1 and 2).

Similar to latent VZV infections in humans, SVV latency is associated with the re-
stricted transcription of several immediate early and early transcripts [24-25]. Levels
of the SVV latency-associated ORF 61 and ORF 63 transcripts, as well as the late
SVV ORF 9 transcript were determined in ganglia and non-ganglionic tissues of all
monkeys. No SVV transcripts were detected in lung, liver and spleen (Table 2). SVV
ORF 61 was the most prevalent and abundant SVV transcript found in ganglia (Table
1). Lower levels of SVV ORF 63 transcripts were detected in ganglia from all but one
monkey (0075) that also had a low SVV DNA load. Trace levels of SVV ORF 9 tran-
scripts were detected in ganglia of 3 of 4 monkeys. The detection of low levels of the
late SVV gene ORF 9 transcript, along with higher levels of SVV latency-associated
transcripts in monkey 9021 indicated that latency was not completely established at
21 dpi.

B-cell response in SVV-infected rhesus macaques
All monkeys had detectable plasma SVV-specific 1gG titers at 7 dpi, which peaked
between 9 and 11 dpi and remained high until the end of the 21-day study period

A B Figure 2. Induction of SVV-specific
-8-0075 B-cell response in infected Chinese

2 B rhesus macaques. (A) SVV-infected

——9021 macaques developed a SVV-specific

plasma IgG response starting at 7 dpi,
peaking at 9 to 11 dpi and remaining
high until 21 dpi as determined by
oNE sSsEEe_—* SVV ELISA. (B) SVV neutralizing
0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21 . . . .
dpi dpi antibodies were detected in animals
2207 and 9021 starting at 9 dpi. (C)
Peripheral blood B-cells identified by
flow cytometry based on expression
of CD20 were further distinguished as
naive (IgD*CD27) or memory (MEM;
IgD-CD27*) B-cells. (D) Proliferation
of memory B-cells as assessed by
oD27 oo flow cytometry based on expression
0369 dp1i2 15 18 21 of the cell proliferation marker
Ki67 and given as fold-increase in
Ki67* cells compared to the sample
obtained at 0 dpi
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(Figure 2A). Comparable levels of SVV-specific plasma IgG titers were found in all
monkeys and monkeys 2207 and 9021 developed virus-neutralizing antibody titers
>1:10 (Figure 2B).

Upon antigen recognition, antigen-specific B-cells proliferate and mature into iso-
type-switched memory B-cells and plasma cells [26]. To identify proliferating B-cell
subsets, CD20" cells were divided into naive (IgD*CD27-) and memory (IgD-CD27*)
B-cells using flow cytometry (Figure 2C) and stained for the proliferation marker Ki67
[22, 27]. Compared to 0 dpi, only a marginal increase (1.2- to 1.5-fold) in proliferating
memory B-cells was seen in 3 of 4 monkeys from 9 to 11 dpi (Figure 2D).

T-cell response in SVV-infected rhesus macaques

Primary VZV infection in humans induces a profound T-cell mediated immune
response, which occurs after the onset of varicella skin rash and is essential in
controlling viremia [28]. Upon recognition of the cognate antigen, T-cells prolifer-
ate and mature to memory T-cells. To assess T-cell expansion in SVV-infected rhe-
sus macaques, blood-derived T-cells (CD3* cells) were differentiated into naive
(CD28*CD95), central memory (CD28*CD95*) and effector memory (CD28-CD95%)
[23] and stained for Ki67 (Figure 3Ai and Aii). Intratracheal inoculation with cell-
associated SVV induced proliferation of CD4+ and CD8+ T-cells in the central and
effector memory compartments of all rhesus macaques at 7 dpi (Figure 3B). More
proliferation was induced in CD8* compared to CD4* T-cells, and more proliferating
CD8* T-cells were found in monkeys that received the highest virus dose (monkeys
2207 and 9021). VZV infection also induces virus-specific cytotoxic CD4* and CD8*
T-cells that express granzyme B (grB) and secrete soluble mediators such as IFN-y
[29-30]. Intratracheal inoculation with cell-associated SVV resulted in an increase
in grB-expressing CD4* and CD8* central but not effector memory T-cells, with the
highest numbers seen at 7 dpi; induction of grB*CD8* central memory T-cells was
found only in monkeys 2207 and 9021 (Figure 3C).

The Ki67 and grB response shown in Figures 3B and 3C might have been induced
by either viral proteins or allogeneic major histocompatibility complex (MHC) pro-
teins expressed by uninfected DBS-FRhL-2 cells used to generate the SVV inocu-
lum. Thus, the frequency of antigen-specific T-cells was determined by intracellular
staining for IFN-y at all time points in all monkeys using various control cell lysates
(Figure 3Aiv and 3D). First, we included protein lysates of mock- and SVV-infected
Vero cells to differentiate T-cell reactivity directed against SVV antigens. Second, T-
cell reactivity directed towards proteins lysates of mock-infected DBS-FRhL-2 cells
was assayed to detect the induction of allo-MHC specific T-cell responses after in-
tratracheal inoculation of cell-associated SVV in rhesus macaques. While no MHC
response was detected, the SVV-specific memory CD4* T-cell response was de-
tected starting at 9 dpi (Figure 3D). Analogous to the frequency of grB* T-cells, most
IFN-y-secreting CD4* T-cells had a central memory phenotype (Figure 3Aiv and data
not shown) as was also seen in grB+ T-cells (Figure 3C). Overall, all monkeys de-
veloped a virus-specific CD4* T-cell immune response beginning about 4 days after
the peak in viremia.
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% IFN-y + Memory CD4+

Figure 3. Induction of systemic SVV-specific T-cell response in infected Chinese rhesus
macaques. (Ai) Peripheral blood T-cells were identified based on expression of CD3 and
categorized further based on expression of CD28 and CD95 as naive (CD28'CD95),
central memory (CM; CD28*CD95*) and effector memory (EM; CD28CD95*) T-cells. (Aii)
Proliferating T-cells were identified by flow cytometric detection of cell proliferation marker
Ki67, shown for CM CD4+ T-cells from animal 9021 at O (filled area) and 9 (black line) dpi.
(Aiij) Granzyme B expression in CM CD4* T-cells from animal 2207 at O (filled area) and 7
(black line) dpi. (Aiv) SVV-specific IFN-y-producing memory CD4* T-cells from animal 9021
at 21 dpi. (B) Kinetics of proliferation in T-cell subsets, with a peak in proliferation of CM and
EM CD4* at 7 dpi and peak proliferation in CM and EM CD8* T-cells at 7 to 9 dpi and 7 to 11
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Figure 3 - continued. dpi, respectively. (C) Kinetics of granzyme B expression in T-cell
subsets, showing a relative increase in CM CD4* and CD8* at 7 dpi. (D) Percentage of IFN-y
producing peripheral blood memory CD4* T-cells in response to protein lysates prepared from
mock- and SVV- infected Vero cells (netto responses are shown in black bars) and mock-
infected rhesus macaque FRhL-2 cells (white bars).

Discussion

The present study showed that after primary infection with SVV, Chinese rhesus
macaques developed viremia, ganglionic infection by the hematogenous route and
virus-specific memory B- and T-cell responses in the absence of rash. The absence
of rash contrasts with previous studies, which showed that inoculation of Indian rhe-
sus macaques deep into the bronchial tree with similar virus loads of the same SVV
strain lead to viremia, SVV-specific adaptive immune responses and varicella rash at
7 — 10 dpi [15, 19, 31]. While both the trachea and bronchi harbor cells susceptible
to SVV infection, the anatomic location within the respiratory tract at which the virus
is administrated might affect initial virus replication. Alternatively, the geographic ori-
gin of rhesus macaques may affect their susceptibility to SVV infection. Whole-ge-
nome sequencing has revealed extensive genetic differences in rhesus macaques of
Indian and Chinese origin [32-33] that are likely to play a role in the different disease
progression and host response seen after SIV infection [34-35].

VZV in humans is thought to enter ganglia either via hematogenous transport within
infected lymphocytes or by retrograde axonal transport from varicella skin lesions [3-
4]. The latter notion is based largely on studies with herpes simplex virus, while only
indirect evidence exists for VZV. For example, VZV ORF29 protein is expressed in
Schwann cells and axons of nerves in varicella, but not in zoster lesions [4]. Also,
VZV can infect axons and undergo retrograde transport to neuronal cell bodies in vit-
ro [36]. The data presented herein reveal that SVV replication in the skin of intratra-
cheally infected rhesus macaques is not a prerequisite for virus to infect ganglia. The
association between SVV DNA loads in blood and ganglia further supports the role
of SVV-infected lymphocytes in the establishment of ganglionic infection. Analogous,
the high correlation of VZV serostatus with the presence of VZV DNA in ganglia [37]
indicates subclinical hematogenous infection in VZV seropositive humans without a
history of chickenpox.

Compared to SVV infection of Indian rhesus macaques [15], a dampened adaptive
B- and T-cell response, with reduced peak endpoint SVV-specific IgG titers, a lower
proliferative B-cell response and a lower frequency of proliferating T-cells and SVV-
specific T-cells were seen after SVV infection of Chinese rhesus macaques. Note
that live attenuated VZV Oka vaccine typically does not cause varicella rash in hu-
mans and elicits an immune response that is less robust than that seen after natural
VZV infection [38-39], although it is protective [29, 40-41]. The kinetics of the T-cell
response found herein is similar to that found by Messaoudi et al. [15], who reported
a peak in T-cell proliferation and grB expression shortly after peak viremia in ma-
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caques. However, the SVV-specific immune response herein was dominated by T-
cells exhibiting a central memory rather than an effector memory phenotype, consist-
ent with studies on the phenotype of VZV-specific T-cells in humans which express
the co-stimulatory molecule CD28 and the lymph node-homing receptors CCR7 and
CD62L [42-43]. The close resemblance between SVV infection in rhesus macaques
and humans vaccinated with the varicella vaccine emphasize the applicability of this
animal model to develop novel therapeutic strategies against VZV infection.

Overall, our results demonstrate that acute SVV infection of Chinese rhesus ma-
caques leads to ganglionic infection and the induction of a virus-specific adaptive
B- and T-cell memory response in the absence of skin rash. Importantly, some hu-
mans have serum antibody to VZV without any history of varicella. Yet VZV is latent
in ganglia of nearly all humans. A logical interpretation of these facts is that human
ganglia are infected hematogenously, a notion supported by our demonstration that
ganglia of Chinese rhesus macaques are infected hematogenously by SVV.
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Abstract

Varicella-zoster virus (VZV) causes varicella, establishes a lifelong latent infection
of ganglia and reactivates to cause herpes zoster. The cell types that transport VZV
from the respiratory tract to skin and ganglia during primary infection are unknown.
Clinical, pathological, virological and immunological features of simian varicella virus
(SVV) infection of non-human primates parallel those of primary VZV infection in
humans. To identify the host cell types involved in virus dissemination and pathology,
we infected African green monkeys intratracheally with recombinant SVV expressing
enhanced green fluorescent protein (SVV-EGFP) and with wild-type SVV (SVV-wt)
as a control. The SVV-infected cell types and virus kinetics were determined by flow
cytometry and immunohistochemistry, and virus culture and SVV-specific real-time
PCR, respectively. All monkeys developed fever and skin rash. Except for pneumoni-
tis, pathology produced by SVV-EGFP was less compared to SVV-wt. In lungs, SVV
infected alveolar myeloid cells and T-cells. During viremia the virus preferentially
infected memory T-cells, initially central memory T-cells and subsequently effector
memory T-cells. In early non-vesicular stages of varicella, SVV was seen mainly
in perivascular skin infiltrates composed of macrophages, dendritic cells, dendro-
cytes and memory T-cells, implicating hematogenous spread. In ganglia, SVV was
found primarily in neurons and occasionally in memory T-cells adjacent to neurons.
In conclusion, the data suggest the role of memory T-cells in disseminating SVV to
its target organs during primary infection of its natural and immunocompetent host.

Author Summary

Varicella-zoster virus (VZV) causes varicella, establishes lifelong latent infection in
ganglia and reactivates later in life to cause zoster. VZV is acquired via the respira-
tory route, with skin rash occurring up to 3 weeks after exposure. The cell types
that transport VZV to skin and ganglia during primary infection are unknown. Sim-
ian varicella virus (SVV) infection of non-human primates mimics clinical, patho-
logical and immunological features of human VZV infection. African green monkeys
were infected with recombinant SVV expressing enhanced green fluorescent protein
(SVV-EGFP) or wild-type SVV (SVV-wt) as a control. By visualizing SVV-EGFP-
infected cells in the living animal and in tissue samples, we identified the virus-
infected cell types in blood, lungs, skin and ganglia during primary infection. Our
data demonstrate that during viremia, SVV predominantly infects peripheral blood
memory T-cells. Detection of SVV-infected memory T-cells in lungs, in early varicella
skin lesions and also, albeit to a lesser extent, in ganglia suggests a role for memory
T-cells in transporting virus to these organs. Our study provides novel insights into
the cell types involved in virus dissemination and the overall pathology of varicella in
a non-human primate model.
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Introduction

Varicella-zoster virus (VZV) is a ubiquitous human neurotropic alphaherpesvirus that
causes varicella (chickenpox) as a primary infection and herpes zoster (shingles)
upon reactivation of latent virus [1]. Primary VZV infection is acquired via the res-
piratory route and varicella occurs 2-3 weeks after exposure [2-3]. The pathogen-
esis of varicella is largely unknown, mostly due to the prolonged incubation period
and restricted host range of the virus. VZV is detected in lymphocytes of varicella
patients [4], suggesting that the virus spreads to susceptible organs including skin
and ganglia via a cell-associated viremia. However, the low number of VZV-infected
lymphocytes has precluded their identification during natural infection in humans [5].

Most of the current understanding of VZV pathogenesis is based on experimental
infection of human fetal tissue transplanted in severe combined immunodeficient
mice (SCID-hu model) [6-7]. In this model, VZV has a tropism for T-cells within thy-
mus and liver xenografts [8]. It has been postulated that VZV initially replicates in
respiratory epithelial cells and is transferred to T-cells within tonsilar lymphoid tis-
sue contacting the upper respiratory tract [9-10]. Virus transport to human fetal skin
and ganglia explants in SCID-hu mice can be mediated by T-cells [11-12], most
likely activated memory CD4 T-cells expressing the skin homing markers C-C type
chemokine receptor type 4 (CCR4) and cutaneous lymphocyte antigen (CLA) [10].
However, the VZV SCID-hu mouse model does not reproduce the complex and dy-
namic virus-host interactions involved in the dissemination of VZV to its target or-
gans during primary infection in its natural and immunocompetent host [6-7].

Simian varicella virus (SVV) produces a naturally occurring disease in non-human
primates with clinical, pathological and immunological features that parallel human
VZV infection [13-14]. The prevalence of SVV in free-ranging non-human primates
is largely unknown. However, SVV outbreaks in primate centers have been associ-
ated with the introduction of monkeys captured from the wild into the colony [15]. The
genomes of SVV and VZV are similar in size, structure and genetic organization,
with an estimated 70 — 75% DNA homology [16]. SVV causes varicella, becomes
latent in ganglionic neurons and reactivates after stress and immunosuppression to
cause herpes zoster [17-18]. A cell-associated viremia is detected from 3 days post-
infection (dpi), with the highest number of infected lymphocytes just before the onset
of skin rash [14,19]. SVV reaches the ganglia before skin rash [20-21], indicating
viremic spread to ganglia.

The aim of the present study was to characterize the kinetics of virus infection and
the cell types involved in the dissemination of SVV during primary infection. We
have previously shown that infection of macaques with recombinant measles virus
expressing EGFP (rMV-EGFP) facilitated the identification of the cell types involved
in MV pathogenesis with unprecedented sensitivity [22-25]. To detect SVV-infected
cells at the low frequencies expected in blood and lungs, we infected African green
monkeys (AGMs) with recombinant SVV expressing EGFP (SVV-EGFP) and, as a

53




Chapter 3 | Primary Infection

control, wild-type SVV (SVV-wt) to study SVV pathogenesis at the whole organism,
tissue and cellular levels in its natural and immunocompetent host. The data pre-
sented suggest a crucial role for memory T-cells in the dissemination of SVV during
primary infection.

Materials and Methods

Ethics statement

This study was performed in strict accordance with European guidelines (EU Direc-
tive on Animal Testing 86/609/EEC) and Dutch legislation (Experiments on Animals
Act, 1997). The protocol was approved by the independent animal experimentation
ethical review committee DCC in Driebergen, the Netherlands (Erasmus MC per-
mit number EMC2374). Animals were housed in groups, received standard primate
feed and fresh fruit daily, and had access to water ad libitum. Cages also contained
sources of “environmental enrichment” such as hiding places and hanging ropes,
tires and other toys. During infection, study animals were housed in HEPA-filtered,
negatively pressurized BSL-3 isolator cages. Animal welfare was monitored daily
and all animal handling was performed under light anesthesia (ketamine) or deep
anesthesia (ketamine and medetomidine) to minimize animal discomfort. After deep
anesthesia, atipamezole was administered to antagonize the effect of medetomi-
dine. Animals were euthanized by sedation with ketamine and medetomidine fol-
lowed by exsanguination.

Viruses

Low-passage clinical isolates of the Delta herpesvirus strain of SVV-wt and SVV-
EGFP were obtained from PBMC of acutely infected AGM and propagated less than
5 times in AGM- kidney epithelial cell line BSC-1 (American Tissue Type Culture no.
CCL-26) to generate virus stocks as described [26]. Virus stocks were confirmed as
Mycoplasma-free. SVV-EGFP was generated by insertion of the EGFP gene down-
stream from a Rous sarcoma virus promoter between SVV ORF66 and ORF67 [20,
27].

SVV infection of PBMC in vitro

PBMC from SVV-naive AGM were infected by co-cultivating PBMC (5x10°) with SVV-
EGFP-infected Vero cells (0.5-1x10°), showing 70% virus-induced cytopathic effect
(CPE), in 0.5 ml DMEM supplemented with antibiotics and 10% heat-inactivated fe-
tal bovine serum (FBS) for 24 hr in 24-well plates at 37°C in a CO_-incubator. Mock-
infected PBMC were similarly generated by co-cultivating PBMC with uninfected
Vero cells. SVV-EGFP-infected PBMC were stained and analyzed by flow cytometry
or spotted on microscope slides, fixed and stained by immunofluorescence for SVV
as described below.

Experimental SVV infection of AGM, necropsy and collection of tissues
Five adult (10- to 12-year-old) SVV-seronegative AGMs (Cercopithecus aethiops)
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with intraperitoneally implanted temperature transponders were inoculated intratra-
cheally with ~10° plaque-forming units (pfu) of SVV-EGFP (n=3 animals; 1 male
and 2 females) or SVV-wt (n=2 animals; 1 male and 1 female) diluted in 5 ml of
phosphate-buffered saline [21]. Just before infection, animals were sedated with
ketamine and medetomidine. The abdomen and back of the animals were shaved to
allow careful examination for skin rash every other day until necropsy. Heparinized
blood samples were collected under light ketamine sedation at 0, 2, 7, 11, 13, 17 and
20 dpi. Bronchoalveolar lavage (BAL) samples and peripheral blood (PB) samples
were collected under deep anesthesia at 5 and 9 dpi. Three punch biopsies (3 mm)
of varicella rashes and EGFP fluorescent skin tissue, while showing no characteristic
varicella-like skin rash by the naked eye, were obtained from anesthetized animals
at 9 dpi under anesthesia. SVV-EGFP-infected animals were checked for macro-
scopic EGFP fluorescence using a custom-made lamp containing 6 LEDs (peak
emission 490-495 nm) mounted with D480/40 bandpass filters [22]. Fluorescence
was detected by an amber cover of a UV transilluminator used for screening DNA
gels [22]. Photographs were taken using a Nikon D80 SLR camera. SVV-infected
animals were euthanized at 9 dpi (n=2; one SVV-wt- and one SVV-EGFP-infected
animal), 13 dpi (n=2; one SVV-wt and one SVV-EGFP-infected animal) and 20 dpi
(one SVV-EGFP-infected animal). Multiple tissues including lung, lymph nodes,
spleen, tonsils, skin and ganglia were collected at necropsy and either snap-frozen
or fixed and paraffin-embedded.

Collection and processing of PB and BAL samples

PBMC were isolated by density-gradient centrifugation and used for virus isolation,
DNA isolation and flow cytometry or cryopreserved as viable cells as described [24].
Cells recovered from BAL samples were centrifuged, dissolved in RPMI-1640 me-
dium supplemented with 10% FBS plus antibiotics (R10F medium), and used for
virus isolation, DNA isolation and flow cytometry as described [22].

Virus isolation from PB and BAL samples

Infectious SVV was isolated from PB and BAL cells by incubating 1-2x10° cells in 10-
fold serial dilutions in R10F medium on confluent monolayers of BSC-1 cells in 6-well
plates. Cells were monitored for SVV-induced CPE or EGFP expression after 7 days
of co-cultivation and results were expressed as numbers of SVV-infected cells per
108 input PBMC and BAL cells.

Nucleic acid extraction and quantitative PCR (qPCR)

DNA was isolated from PBMC, BAL cells, pooled ganglia, pooled lymph nodes, ton-
sils and spleen using a QlAamp DNA Mini Kit (Qiagen). g°PCR was performed in
triplicate on a ABI Prism 7500 using Tagman 2x PCR Universal Master Mix (Ap-
plied Biosystems) with primers and probes specific for SVV open reading frame 21
(ORF21) and the pan-primate single-copy gene oncostatin-M (OSM) as described
[14, 21, 28]. DNA dilutions obtained from uninfected PBMC were used to validate the
OSM Tagman assay.
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Flow cytometry

PBMC were either directly used for flow cytometry to detect EGFP* cells or stained
for indicated markers using fluorochrome-conjugated mAbs: CD347¢-%7 (clone SP34-
2), CD4AmCyan (1.200), CD8PeCr (SK1), CD14FE (M5E2), CD164747 (3G8), CD20PECY”
(L27) and HLA-DRPacificBlue (| 243) (all from BD Biosciences) to delineate SVV-infected
PBMC subsets. To identify SVV-infected T-cell subtypes, PBMC from infected AGMs
were stained with mAbs specific for CD3APC-Cy7 (SP34-2), CD4PacificBlue (| 200), CD8™
Gvan (SK1), CD28*"¢ (28.2), CD95Pecr (DX2), CCR4PESY" (1G1) (all from BD Bio-
sciences) and CD137"E (4B4-1; Miltenyi biotec). T-cells were categorized into naive,
central memory (CM) and effector memory (EM) T-cells based on differential expres-
sion of CD28 and CD95 (Fig. S2) [29]. In contrast to humans and macaque species,
AGMs have three distinct CD3r°s T-cell populations based on expression of CD4
and CD8a: CD4rsCD8a" (CD4ros), CD4s CD8ad™ (CD89™m) and CD4sCD8qPe
(CD8PeM) (Fig. S2)[29]. BAL cells were stained as described for PBMC, except for
inclusion of anti-CD4547¢ (MB4-6D6; Miltenyi biotec) instead of anti-CD16 mAb.
Fluorescence was detected on a FACS Canto Il and analyzed using FACS Diva
software (BD Biosciences). At least 10° viable cells were measured to accurately
identify EGFPPes cells.

In situ analyses

Immunohistochemical and immunofluorescence staining was performed using pre-
defined optimal dilutions of primary mAbs directed against: CD3 (clone F7.2.38;
Dako), CD11c (NCL-L-CD11c-563; Novocastra), CD20 (L26; Dako), CD68 (KP1;
Dako), NCAM (123C3.D5; Thermo Fischer Scientific), GFAP (4A11; BD Bioscienc-
es), keratin (AE1/AE3; Thermo Fischer Scientific), a-smooth muscle actin (1A4;
Sigma-Aldrich) and rabbit polyclonal antibodies directed against GFP (IgG fraction;
Invitrogen) and SVV nucleocapsid proteins [19]. As isotype controls, sections were
incubated with mouse 1gG1, IgG2a and IgG2b and rabbit immunoglobulins (Dako).
Paraformaldehyde-fixed (4%), paraffin-embedded tissue sections were deparaffi-
nized, rehydrated, subjected to heat-induced antigen retrieval in citrate buffer (10
mM, pH= 6.0), blocked and incubated with primary antibodies overnight at 4°C as
described [30-31]. Immunohistochemical staining was visualized using the avidin-
biotin system (Dako) in combination with 3-amino-9-ethylcarbazole (AEC) (Sigma-
Aldrich) and sections were counterstained with hematoxylin (Sigma-Aldrich) as de-
scribed [30-31].

For immunofluorescence staining, sections were incubated with secondary Alexa
Fluor 488 (AF488)- or AF594-conjugated goat-anti-mouse and/or goat-anti-rabbit
antibodies and mounted in Prolong Gold Antifade reagent with 4',6-diamidino-2-phe-
nylindole (Invitrogen) [28]. Sections were analyzed on a Zeiss LSM 700 confocal la-
ser scanning microscope fitted on an Axio Observer Z1 inverted microscope (Zeiss).
Images were obtained using 2-4X frame averaging and the pinhole adjusted to 1 airy
unit. ZEN 2010 software (Zeiss) was used to adjust brightness and contrast.
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Results/Discussion

SVV-infected African green monkeys develop transient fever and skin rash
Five SVV-seronegative adult AGMs were infected intratracheally with SVV-wt (n=2)
or SVV-EGFP (n=3). A transient increase in body temperature was seen between
6 and 11 dpi (Fig. 1A and B). SVV-wt-infected animals developed skin rash starting
at 6 dpi, which increased in severity until 9 to 10 dpi and resolved thereafter (Fig.
1C). Macroscopic EGFP fluorescent lesions were detected on the skin and lips of
all SVV-EGFP-infected animals starting at 7 dpi, which increased in severity until 9
dpi and resolved by 13 dpi (Fig. 1D and data not shown). EGFP fluorescent lesions
were also detected on the tongue of SVV-EGFP-infected monkeys, coinciding with
appearance of skin rash (data not shown). No lesions were observed on the lips and
tongues of SVV-wt-infected animals, demonstrating the increased sensitivity of us-
ing SVV-EGFP to study varicella pathogenesis. Skin rash was more severe in SVV-
wt compared to SVV-EGFP-infected monkeys. Collectively, the findings indicate the
close resemblance of the clinical signs associated with experimental SVV-EGFP
infection of AGMs and those of primary VZV infection in humans.

SVV infection of alveolar myeloid cells and T-cells in the lung

All SVV-infected animals became dyspneic at the time of skin rash. Macroscopic ex-
amination of lungs showed multifocal pulmonary consolidation and hemorrhage af-
fecting at least one lobe in all animals euthanized 9 or 13 dpi (Fig. 2A). Diffuse EGFP
fluorescence was detected in an SVV-EGFP-infected monkey at 9 dpi (Fig. 2B and
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Figure 1. Experimental SVV infection of African green monkeys results in transient fever and
Skin rash. (A, B) Fluctuations in body temperature after infection with SVV-wt and SVV-EGFP,
respectively, were measured by intraperitoneally implanted temperature transponders during
primary infection. Arrows indicate time of SVV inoculation; horizontal lines indicate normal
range in body temperature before infection. (C) Vesicular skin rash at 8 dpi with SVV-wt. (D)
Macroscopic detection of EGFP fluorescence on skin at 8 dpi with SVV-EGFP.
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Rabbit Ig

A ; | . X
Figure 2. Macroscopic and microscopic detection of SVV-infected cells in lungs of infected
African green monkeys. (A) Macroscopic appearance of consolidated dark-red lesions (black
arrow) in the lung of an SVV-wt-infected monkey at 13 dpi. (B) Macroscopic detection of
EGFP fluorescence in affected area of lung (white arrow) of an SVV-EGFP-infected monkey
at 9 dpi. (C) Magnification of the affected area in panel B shows EGFP fluorescence. (D-
G) Serial lung sections obtained from an SVV-EGFP-infected monkey at 9 dpi analyzed by
immunohistochemistry (IHC) for SVV antigens (D) or by immunofiuorescence (IF) for EGFP
(E), with two sections analyzed by IHC (F) or IF (G) using normal rabbit serum (NRS) and
isotype control antibodies, respectively. Lung sections obtained from an SVV-wt-infected
monkey at 9 dpi were analyzed using dual IF for SVV (green) and: cytokeratin (red) (H),
CD3 (red) (I), CD68 (red) (J), and CD11c (red) (K) antigens. Arrows indicate double-positive
cells. Asterisks indicate autofluorescent erythrocytes. Dashed lines indicate alveolar septa.
Br: bronchus. Nuclei were counterstained with DAPI. D-G: 100X magnification; H, J: 400X
magnification; I, K: 400X magnification and 2X digital zoom.

C). Combined immunohistochemical (IHC) and immunofluorescence (IF) analyses
for SVV antigens and EGFP on consecutive sections of lung showed that EGFP ex-
pression was restricted to SVV antigen-positive cells (Fig. 2D-G), demonstrating that
EGFP is a valid marker to identify SVV-infected cells in the monkeys. To investigate
SVV-infected cell types in situ, lung tissue sections were analyzed by dual-IF stain-
ing with SVV-specific antiserum and anti-keratin, -CD3, -CD68 and -CD11c mouse
monoclonal antibodies (mAbs). SVV-infected cells were readily detected in lungs at
9 dpi, but not at later times (data not shown). At 9 dpi, abundant SVVr°skeratin®°s lung
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epithelial cells were observed (Fig. 2H), as well as SVVrsCD3s T-cells (Fig. 21). In
addition, SVV antigens were found in intra-alveolar cells that co-expressed CD68
and/or CD11c, consistent with alveolar macrophages (AM), some of which appeared
to have phagocytosed SVV-infected cells (Fig. 2J). Occasionally, SVVrsCD11cPos
dendritic cell (DC)-like cells displaying multiple branched projections were observed
adjacent to bronchi (Fig. 2K).

To define the kinetics of virus replication and the cell types infected in the respira-
tory tract during primary SVV infection, bronchoalveolar lavage (BAL) cells were ob-
tained at 5 dpi, 9 dpi and at necropsy (9, 13 or 20 dpi). SVV DNA load and infectious
virus titers in BAL cells peaked at 5 dpi and declined rapidly thereafter (Fig. 3A and
B). Infectious virus was not recovered from BAL cells at 13 and 20 dpi (Fig. 3B and
data not shown). The viral DNA load and infectious SVV titer in BAL samples were
similar in SVV-wt and SVV-EGFP-infected monkeys at 5 dpi, indicating a similar level
of replication of both viruses in lung.
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Figure 3. SVV preferentially infects myeloid cells and T-cells in lungs of infected African green
monkeys. (A) Bronchoalveolar lavage (BAL) cells obtained at 5, 9 and 13 dpi were analyzed for
viral DNA by SVV-specific real-time qPCR. Data are expressed as genome equivalent copies
(geq) per 10° BAL cells. (B) BAL cells were analyzed for infectious virus by co-cultivation
with BSC-1 cells. (C-F) Percentage of EGFP-positive cells as assessed by flow cytometry
in: all BAL cells (C); leukocytes (CD45r° cells), non-leukocytes (CD45™9 cells) from BAL
samples (D) and leukocyte subsets within BAL (E). Leukocyte subsets were identified based
on the differential expression of the following markers: AM/DC= CD45°CD3"CD20"™MHC-
[IPosCD 14posiim - T-cells= CD45°°sCD3r°¢, B-cells= CD45°°sCD20PsMHC-IIF°s; and the indicated
T-cell subsets (F). AM/DC are BAL-derived lymphocytes expressing markers shared by
dendritic cells (DC) and alveolar macrophages (AM). Horizontal bars indicate median values.
(D-F) BAL cells were obtained at 5 dpi and data are given as means + SEM.
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At 5 dpi, 7.2% of BAL cells from SVV-EGFP-infected monkeys were EGFP**s (Fig.
3C). In EGFPres BAL cells, equal numbers of CD45° (leukocytes) and CD45" cells,
most likely bronchial and alveolar epithelial cells, were detected (Fig. 3D and Fig.
S1). CD45rs BAL cells could be categorized as T-cells, B-cells and alveolar myeloid
cells, i.e. large granular cells expressing high levels of both CD14 and HLA-DR (Fig.
S1). These myeloid cells could be alveolar macrophages (AM) and/or DC. At 5 dpi,
82% of CD45r°s BAL cells were alveolar myeloid cells, 17% were T-cells and only 1%
were B-cells (data not shown). Most EGFPrsCD45r> BAL cells were alveolar my-
eloid cells and T-cells (Fig. 3E). CD4r°s, CD8%m and CD89" T-cells were infected at
equal frequencies (Fig. 3F). The number of BAL-derived T-cells was too low to deter-
mine their differentiation status unequivocally (data not shown). At 9 dpi, frequencies
of EGFPrsCD45r°s BAL cells were too low to conclusively identify the SVV-infected
leukocyte subsets (Fig. 3C).

SVV infection of memory T-cells in blood during viremia

To determine the kinetics of virus infection and identify the blood lymphocyte subsets
infected during the viremic phase of varicella, peripheral blood mononuclear cells
(PBMC) isolated at multiple dpi from SVV-infected monkeys were analyzed. SVV
DNA was detected in PBMC from 2 dpi until necropsy (Fig. 4A). Viral DNA load in
PBMC peaked at 7 dpi and was higher in SVV-wt compared to SVV-EGFP-infected
monkeys (Fig. 4A). Infectious virus was isolated from PBMC of both SVV-EGFP and
SVV-wt-infected monkeys until 9 and 11 dpi (Fig. 4B). EGFP*°s l[ymphocytes were
detected from 5 to 11 dpi, peaking at 7 dpi (Fig. 4C). Together, the data indicate
that the kinetics of viral DNA load and infectious virus titer represent the temporal
change in the number of circulating SVV-infected lymphocytes, but not in the repli-
cation of SVV in blood lymphocytes during viremia. The rapid loss of SVV-infected
lymphocytes from the circulation could be caused by virus-induced apoptosis [32] or,
alternatively, infected lymphocytes may be cleared from the circulation by the SVV-
specific adaptive immune response [14, 21, 33].

At 5 dpi, EGFPrs cells were detected at similar frequencies in all major PBMC sub-
sets (i.e., T-cells, B-cells, natural killer cells, monocytes and dendritic cells) (Fig. 4D
and Fig. S2). However, given that most PBMC are T-cells (Fig. S2), T-cells were
identified as the main SVV-infected lymphocyte subset in blood (Fig. 4D). Moreo-
ver, at the peak of viremia (7 dpi) T-cells were the only SVV-infected cells demon-
strated in blood. Unlike humans and macaques, AGMs have three distinct T-cell
subsets: CD8risht, CD84m and CD4os T-cells (Fig. S2)[29]. While CD8bright T-cells
correspond to classical human CD8* T-cells, CD4r°s T-cells and CD8Y™ T-cells are
considered dynamic populations of AGM T-helper cells functionally equivalent to hu-
man CD4* T-cells [29]. Similar levels of CD8riant CD84m and CD4r° T-cells were
SVV-infected, most of which were memory T-cells (Fig. 4E and F). Importantly, at
5 and 7 dpi, predominantly central memory (CM) T-cells and effector memory (EM)
T-cells, respectively, were infected (Fig. 4F). The apparent dual phase of SVV-in-
fected CM and EM T-cells may reflect the organ in which the T-cells have been
infected. CM T-cells are preferentially found in lymphoid tissues, whereas EM T-cells
are migratory memory T-cells that home to peripheral tissues to orchestrate local
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Figure 4. SVV infects predominantly memory T-cells in blood after infection in African green
monkeys. (A) Average SVV DNA load in PBMC of SVV-wt (closed squares) and SVV-EGFP
(open squares) infected monkeys determined by SVV-specific real-time qPCR. (B) PBMC from
SVV-wt (closed squares) and SVV-EGFP (open squares) infected monkeys were analyzed
for infectious SVV by co-cultivation with BSC-1 cells. (C) PBMC from SVV-EGFP-infected
monkeys were analyzed for EGFP expression by flow cytometry. (D) EGFP expression in
PBMC subsets from SVV-EGFP-infected monkeys. Data are given as percentage of EGFPr*
cells within each lymphocyte subset relative to the total number of PBMC, as determined by
flow cytometry. Lymphocyte subsets were defined by differential expression of the following
markers: T-cells= CD3rsCD16™¢ cells, B-cells= CD20r*SMHC-IIF*s cells, natural killer (NK)
cells = CD3"CD16r¢ cells, dendritic cells (DC)= CD3"9CD14"9CD16"9CD20"*9CD14"¢
MHC-IIFos cells, and monocytes= CD3"°9CD14°sMHC-IIF>s cells. (E and F) Percentage of
EGFPr°s cells among each T-cell subset relative to the number of CD8%9", CD8%™ and CD4r°s
T-cells (E) and in naive, central memory and effector memory T-cells (F) from SVV-EGFP-
infected monkeys as evaluated by flow cytometry. In all panels, data are means + SEM.
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immune responses and may ultimately function as tissue-resident T-cells to sense
the cognate antigen locally for extended periods of time [34-35]. CM T-cells may
have been infected in lymphoid tissues and EM T-cells in lungs. Alternatively, SVV
infection might have altered the expression of membrane markers used herein to
identify AGM-derived CM and EM T-cells. Finally, virus infection may have induced
differentiation of CM T-cells into EM T-cells in vivo.

In vitro infection studies on human tonsil-derived lymphocytes showed that VZV
preferentially infects T-cells expressing the activation marker CD69 and skin-homing
markers CCR4 and CLA[10]. To address this issue in SVV-EGFP-infected monkeys,
peripheral blood-derived EGFPP°s T-cells obtained at 5 and 7 dpi were analyzed for
expression of both CCR4 and the T-cell activation marker CD137, the latter marker
is selectively expressed by T-cells early after recognition of their cognate antigen
[36-37]. No preference of SVV for memory T-cells expressing CCR4 or CD137 was
seen in vivo (Fig. S3), suggesting that SVV did not infect virus-specific T-cells that
recognized SVV-infected antigen presenting cells like macrophages or DCs.

To determine whether the predominant infection of memory T-cells in vivo reflects
viral tropism for a specific lymphocyte subset, PBMC from SVV-naive AGMs were
infected in vitro with SVV-EGFP. Expression of EGFP was restricted to lymphocytes
that expressed SVV antigens (Fig. S4A), supporting the use of EGFP as a surrogate
marker for SVV-infected cells in flow cytometry. While all major PBMC subsets ap-
peared to be equally susceptible to SVV infection, T-cells were the prominent SVV-
infected PBMC subset in vitro (Fig. S4B), with similar infection levels in CD4°, CD-
8dm and CD8 ¢ T-cells (Fig. S4C). In particular, significantly more memory T-cells
were infected compared to naive T-cells (p<0.05; Mann-Whitney test) (Fig. S4D).
Thus, SVV preferentially infects memory T-cells rather than naive T-cells both in vivo
(Fig. 4) and in vitro (Fig. S4).

Detection of SVV in lymphoid organs

Alveolar macrophages and lung-resident DC transport antigens to lung-draining
lymph nodes for presentation to T-cells [38-39], and VZV-infected human DCs can
transfer infectious virus to T-cells in vitro [40]. We hypothesized that SVV-infected
alveolar myeloid cells transport SVV to draining lymph nodes for subsequent virus
transfer to memory T-cells. High SVV DNA loads were detected in lymph nodes,
tonsils and spleens of SVV-infected monkeys at 9 dpi, declining rapidly thereafter
(Fig. 5A). Cells in lymph nodes and tonsils of SVV-infected monkeys contained in-
tranuclear inclusions bodies and SVV antigen (Fig. 5B and C). Tracheobronchial
lymph nodes showed more pronounced SVV-induced histopathology compared to
peripheral lymph nodes (data not shown). However, SVV DNA loads were compa-
rable in different lymph nodes collected at 9 dpi (Fig. 5A), emphasizing the need
to investigate lymph nodes at earlier times after infection. In addition, detection of
SVV-infected memory T-cells in blood may represent lung-resident T-cells involved
in SVV dissemination. SVV infects alveolar epithelial cells leading to alveolar wall
damage (data not shown) [19, 33, 41], which may result in egress of SVV-infected
T-cells into the circulation.
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Figure 5. Detection of SVV in lymphoid organs from infected African green monkeys. (A)
Real-time qPCR analysis of SVV DNA load in tonsil, lymph nodes and spleen from SVV-
wt- (closed squares) and SVV-EGFP- (open squares) infected monkeys at 9, 13 and 20
dpi. Squares indicate individual tissues, i.e., tonsils (red), tracheobronchial lymph nodes
(LN) (green), axillary LN (pink), mandibular LN (blue), inguinal LN (orange) and spleen
(black). Horizontal bar indicates the median value. (B-D) Serial sections of tonsil from an
SVV-wt-infected monkey stained with hematoxylin and eosin (inset shows a Cowdry type A
intranuclear inclusion body) (B) or examined immunohistochemically using rabbit anti-SVV
antibodies (C) or control normal rabbit serum (D). Magnification: 200X. The area of tonsils
containing multiple intranuclear inclusion bodies contained numerous cells expressing SVV
protein. **p<0.01 by Mann-Whitney test.

SVV-infected perivascular lymphocytes in early varicella lesions implicate he-
matogenous spread of SVV to the skin

Detailed in situ analysis was performed to identify the SVV-infected cell types in
varicella skin lesions. Macroscopic detection of EGFP fluorescence corresponded to
SVV infection of the skin, as demonstrated by the co-localization of SVV protein and
EGFP in consecutive skin sections obtained from an SVV-EGFP-infected monkey
(Fig. 6A and B). In vesicular skin lesions, SVV predominantly infected keratinocytes
(Fig. 6C and D). In deeper skin layers, SVV protein was frequently detected in hair
follicles (Fig. 6E and F) and sebaceous glands (Fig. 6G and H).

Analysis of skin biopsies from SVV-EGFP-infected monkeys allowed investigation of
the early stages of varicella, as evidenced on the skin by the appearance of EGFP
fluorescent areas in the absence of lesions visible to the naked eye. In these bi-
opsies, SVV protein expression was consistently located within perivascular lym-
phocytes (Fig. 61-K). Dual-IF staining for EGFP and specific lymphocyte markers
identified SVV-infected perivascular cell subsets as CD68° macrophages (Fig. 6L),
CD11cPes DCs (Fig. 6M) and CD3rs T-cells (Fig. 6N). The remaining SVV-infected
cells, which stained negative for lymphocyte markers, phenotypically resembled
dendrocytes (data not shown) [42]. Interestingly, SVV-infected T-cells were also ob-
served in the epidermis of SVV-wt infected monkeys at 9 dpi (Fig. 60). Flow cy

63




Chapter 3 | Primary Infection

sjuuapida

Figure 6. Detection of SVV-infected cells in varicella skin lesions from infected African green
monkeys. (A, B) Consecutive sections of skin obtained from an SVV-EGFP-infected monkey
at 9 dpi and stained by immunofluorescence (IF) for EGFP (A) and by immunohistochemistry
(IHC) for SVV antigens (B) show co-localization of SVV proteins and EGFP. Squares indicate
the same area of tissue. (C-H) Consecutive sections of skin obtained from an SVV-wt-infected
animal at 9 dpi and examined by staining with hematoxylin and eosin (H&E) or by IHC for
SVV show virus-induced histopathology and viral proteins in epidermal blisters (C and D),
dermal hair follicles (E and F) and dermal sebaceous glands (G and H). (I, J) Consecutive skin
sections obtained from an SVV-EGFP-infected monkey at 9 dpi and stained with H&E (I) or by
IHC for SVV antigens (J) show blood vessels (asterisks) surrounded by SVV protein-positive
cells (arrows). Inset: magnification of the epidermis showing Cowdry type A intranuclear
inclusion bodies in panel | (arrowheads) and SVV protein-positive cells in panel J (arrows).
(K) Skin section from an SVV-EGFP-infected animal obtained at 9 dpi and double-stained for
EGFP (green) and alpha-smooth muscle actin (SMA; red). Asterisks indicate SMA-positive
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Figure 6 - continued. sweat glands, arrowheads indicate SMA-positive blood vessels, and
arrows indicate EGFP-positive cells. (L-N) Skin sections obtained at 9 dpi and double-stained
for EGFP (green) and: CD68 (red) (L); CD11c (red) (M); and CD3 (red) (N). Arrows indicate
dual-stained cells. (O) Skin section obtained at 9 dpi and double-stained for SVV (green)
and CD3 (red). Arrows indicate dual-stained cells. A, B: 100X magnification; C-K: 200X
magnification; L-O: 400X magnification and 2X digital zoom.

tometric analysis of skin-resident T-cells showed exclusively memory T-cells, mostly
EM T-cells (data not shown).

Collectively, these data suggest that SVV reaches the skin hematogenously. Since
the skin vasculature is composed of an upper horizontal superficial vascular plexus
just beneath the epidermal surface and a deep vascular plexus that supplies the hair
bulbs and sweat glands [43], it seems likely that SVV-infected memory T-cells trans-
fer the virus to skin-resident perivascular macrophages, DCs or dendrocytes, which
in turn transfer SVV to adjacent epidermal or hair follicle keratinocytes via cell-to-cell
spread. Alternatively, epidermal SVV-infected T-cells may transfer the virus directly
to skin epithelial cells (Fig. 60).

Neurons are the main SVV-infected cell types in ganglia

The hallmark of primary SVV and VZV infection is the capacity of virus to infect
and establish latency in ganglionic neurons along the entire neuraxis [1, 13, 42].
Virus may reach ganglia hematogenously or by retrograde axonal transport along
axons innervating varicella lesions [12, 20, 48-49]. We determined the kinetics of
virus infection and the cell types infected in ganglia during primary SVV infection.
The SVV DNA load in ganglia was significantly higher in SVV-wt compared to SVV-
EGFP-infected monkeys (p<0.01; Mann-Whitney test) (Fig. 7A), peaking at 9 dpi and
decreasing thereafter (Fig. 7A), as might be expected during the establishment of
latency. Despite high SVV DNA loads, no virus-mediated cytopathology was seen in
ganglia (data not shown). Virus antigen was more abundant at 9 dpi than at 13 and
20 dpi (data not shown). SVV-infected cells in ganglia were detected in situ by IHC
using SVV-specific antiserum (Fig. 7B-D). Dual-IF staining for SVV and the neuron-
specific marker NCAM (neural cell adhesion molecule) showed that most SVVres
cells were neurons (Fig. 7E). Occasionally, SVV antigens were seen at the neuronal
cell surface or potentially within satellite glial cells (SGC) (Fig. 7D). SGC form a
sheet that completely enwraps neuronal cell bodies, providing physical and meta-
bolic support to the neurons and contributing to regulation of the immune response
in the peripheral nervous system [30, 50]. Virus-infected cells located in vicinity to
neurons did not express the SGC-specific marker glial fibrillary acidic protein (GFAP)
[50], implicating that SGC were not infected with SVV at 9, 13 and 20 dpi (Fig. 7F
and data not shown). To address the possibility of T-cell-mediated transfer of SVV
to neurons, ganglia were examined using dual-IF staining for SVV antigens and
CDa3. In an SVV-wt-infected monkey euthanized at 9 dpi, SVV-infected T-cells were
detected in close proximity to neurons (Fig. 7G). Notably, this animal also had the
highest SVV DNA load in blood and ganglia. Flow cytometric analysis of ganglion-
derived single-cell suspensions demonstrated that ganglion-resident T-cells were
memory T-cells, predominantly EM T-cells (Fig. 7H).
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Figure 7. Detection of SVV-infected cells in ganglia of infected African green monkeys.
(A) Virus DNA load was determined in ganglia at 9, 13 and 20 dpi by SVV-specific real-
time qPCR. Filled and open squares represent pooled ganglia from the same level of the
neuraxis from animals infected with SVV-wt and SVV-EGFP, respectively. Colors indicate
level of the neuraxis: trigeminal (black), cervical (red), thoracic (blue), lumbar (green)
and sacral (pink) ganglia. Horizontal bars represent mean viral DNA load per animal. (B)
Immunohistochemical detection of SVV proteins (arrowheads) in a cervical ganglion at 9 dpi.
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Figure 7 - continued. Squares indicate corresponding tissue areas shown at higher
magnification in (C) and (D). (E) Dual-immunofluorescence (IF) staining of a thoracic ganglion
at 9 dpi for SVV proteins (green) and neural cell adhesion molecule (NCAM; red). Arrows
indicate SVV-positive neurons. (F) Dual-IF staining of a thoracic ganglion at 9 dpi for SVV
protein (green) and glial fibrillary acidic protein (GFAP; red). Arrow indicates neuron-adjacent
SVV-positive cell. (G) Dual-IF staining of a thoracic ganglion from a monkey at 9 dpi for
SVV protein (green) and CD3 (red). Arrows indicate SVV-positive T-cells. Asterisks indicate
autofluorescent lipofuscin and the borders of the neuronal cell bodies are indicated with
dashed lines. (H) Ganglion-derived single-cell suspensions were analyzed by flow cytometry
and T-cells were categorized as naive, central memory (CM) and effector memory (EM)
T-cells. E-G: nuclei were counterstained with DAPI (blue). ** p<0.01 by Mann-Whitney test. B:
200X magnification; C, D: 400X magnification, 2X digital zoom,; E: 400X magnification; F, G:
400X magnification, 2X digital zoom.

Our findings in ganglia contrast with the pronounced VZV-induced histopathology
of both SGCs and neurons found in VZV-infected human fetal ganglia xenografts in
the SCID-hu mouse model [21, 51]. Most likely, these differences are due to the use
of fetal human ganglia and the lack of adaptive immune responses in the SCID-hu
mouse model. The absence of SVV-induced histopathology in ganglia is consistent
with previous studies [19,33] and the inability to recover infectious virus from gan-
glia [15] at 10 dpi. Nonetheless, virus-induced cytopathology of ganglia may have
occurred during the peak of viremia (5 — 7 dpi), which will be considered in future
studies. The detection of SVV protein in the cytoplasm of neurons, but not in the
interacting SGC (Fig. 6B-F), supports the notion of retrograde axonal route of virus
entry into ganglia [48-49, 52-53]. In contrast with this hypothesis, the SVV DNA load
did not differ among ganglia, including those that innervated the dermatomes show-
ing varicella rash (Fig. 7A and data not shown). The alternative scenario is that virus
traffics to ganglia during viremia within lymphocytes. Indeed, both SVV and VZV en-
ter ganglia before the onset of rash, arguing for hematogenous virus spread [1, 20,
21]. VZV-infected T-cells infiltrate human ganglion xenografts and transmit VZV to
neurons in the VZV SCID-hu mouse model [12]. The occasional detection of neuron-
interacting, SVV-infected memory T-cells within ganglia (Fig. 7G) supports the role
of memory T-cells in virus dissemination to ganglia. Further studies on ganglia from
SVV-EGFP-infected monkeys euthanized at earlier times after primary infection are
warranted to test this hypothesis.

The current study is the first to present experimental evidence (summarized in Fig. 8)
that supports the role of memory T-cells in the inter-organ dissemination of varicella
virus in its natural and immunocompetent host. Our current hypothesis on the patho-
genesis of primary SVV infection is presented in Figure 9. We hypothesize that upon
intratracheal inoculation, SVV replicates in the respiratory tract and infects epithelial
cells, alveolar myeloid cells (AM and/or DC) and T-cells in the lungs. Subsequently,
the virus enters the circulation as cell-associated virus predominantly within memory
T-cells, first within CM and subsequently within EM T-cells. Most likely, virus-infected
alveolar myeloid cells transport SVV to lung-draining lymph nodes, with subsequent
transfer of SVV to memory T-cells. Peak viremia coincided with onset of fever and
appearance of skin rash. SVV reached the skin by the hematogenous route, most
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Figure 8. Schematic presentation of primary SVV infection. Figure shows the kinetics of SVV
infection and virus-infected cell types in African green monkeys during primary SVV infection.
Horizontal lines indicate the time-frame covered by the sampling days. Width of the black bars
indicates onset and severity of clinical signs, amount of SVV DNA detected in blood and the
sampled organs, and the frequency of SVV-infected cells in peripheral blood during primary
SVV infection. Note that BAL samples were obtained no earlier than 5 dpi and animals were
euthanized no earlier than 9 dpi. BAL: bronchoalveolar lavage; NK cells: natural killer cells;
DC: dendritic cell; T, central memory T-cells; T, effector memory T-cells.

likely via virus-infected memory T-cells. SVV may enter ganglia by retrograde axonal
transport from the infected epithelia and/or by the hematogenous route. In addi-
tion to memory T-cells, other lymphocyte subsets may also contribute to the viremic
spread of SVV. Virus-infected DC, NK cells, B-cells and monocytes were detected in
peripheral blood at 5 dpi, albeit at low frequencies compared to memory T-cells. The
contribution of each lymphocyte population in transfer of SVV to its target organs will
be addressed in future studies by analyzing virus-infected lymphocytes in tissues of
animals euthanized during peak viremia at 5 — 7 dpi.

Like VZV, SVV is considered to spread to naive monkeys via aerosols and therefore
most likely targets mucosal epithelial cells of the upper respiratory tract, although —
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Figure 9. Model of the pathogenesis of primary SVV infection. Upon intratracheal inoculation
of African green monkeys, SVV replicates in the lower respiratory tract and infects lung
epithelial cells, alveolar macrophages (AM), dendritic cells (DC) and T-cells. SVV-infected AM
and DC may transport the virus to draining lymph nodes and subsequently transfer SVV to
local lymphocytes resulting in a cell-associated viremia. Memory T-cells are the predominant
SV V-infected lymphocyte subset during viremia and may play a central role in dissemination
of SVV to its target organs. SVV reaches the skin by the hematogenous route, presumable via
virus-infected memory T-cells, which results in the infection of perivascular macrophages, DC
and dendrocytes. Subsequently, SVV may infect epidermal and hair follicle keratinocytes via
cell-to-cell spread and cause vesicular skin lesions. SVV may enter ganglia by (a) retrograde
axonal transport and/or (b) by viremic spread via virus-infected lymphocytes.

depending on the size of the aerosols — some virus may also directly reach the lower
respiratory tract [1,13,14,25]. In the current study, we have used intratracheal inocu-
lation of monkeys with SVV, bypassing the putative initial site of local SVV replication
in the upper respiratory tract or tonsils [1,13,14]. Primary VZV infections in adults are
more severe than in children and frequently complicated by varicella pneumonia [1].
Consequently, the adult status of SVV-infected AGM may have enhanced disease
severity, although pneumonia is a common feature in SVV-infected monkeys due
to the intratracheal route of inoculation [19,33]. Recombinant SVV-EGFP was at-
tenuated in vivo compared to SVV-wt, possibly due to insertion of the EGFP gene
between open reading frames (ORFs) 66 and ORF67 [27]. Recombinant VZV lack-
ing ORF67 is severely impaired for growth in cell culture [54]. Although attenuated
in severity, SVV-EGFP—-induced disease resembled that of a SVV-wt infection and
attenuation did not alter the cell tropism of SVV-EGFP. Both SVV-wt and SVV-EGFP
infected the same cell types in lung, lymph nodes, ganglia and skin in vivo, and
identical PBMC types in vitro. The recent cloning of the SVV-wt full-length genome
in a bacterial artificial chromosome facilitates the generation of a potentially less at-
tenuated recombinant EGFP-expressing SVV by inserting the EGFP gene adjacent
to SVV genes dispensable for growth in vitro [54,55].

Future studies on juvenile African green monkeys, infected with less-attenuated
SVV-EGFP strains and via alternative inoculation routes (e.g., via the nose or throat),
are warranted. Particularly, analysis of tissues obtained from infected animals eutha-
nized shortly after primary infection are needed to unequivocally determine the early
target cell types of SVV, their role in virus dissemination to the target organs af-
fected during primary infection and the route of SVV entry into sensory ganglia [25].
Our current SVV-EGFP/AGM model, which largely covers the clinical and pathologi-
cal features seen in both SVV-wt-infected monkeys and human varicella patients,
provides novel opportunities to elucidate the virus-host cell interactions involved in
varicella pathogenesis. This will open new avenues to develop and test new VZV
vaccination and therapeutic interventions that limit viremic spread, while inducing
long-lasting adaptive VZV-specific immunity.
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Figure S1. Gating strategy for flow cytometric differentiation of bronchoalveolar lavage
(BAL) cells of African green monkeys. BAL cells were gated on viable cells based on forward
scatter (FSC) and sideward scatter (SSC) properties and defined as CD45"9 cells or CD45°°¢
leukocytes. CD45° BAL leukocyte subsets were defined as follows: CD3"9CD20"9MHC-
[[PosCD14posim =alveolar macrophages (AM) or dendritic cells (DC); CD20P*MHC-IIF°s =B-cells;
CD3ros =T-cells; CD4"9CD8a"s" =CD8%" T-cells, CD4"9CD8a"™ =CD8™ T-cells, and
CD4rosCD8a™9 =CD4°s T-cells.
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Figure S2. Gating strategy for flow cytometric differentiation of PBMC subsets from African
green monkeys. (A) Viable lymphocytes were selected based on forward scatter (FSC) and
sideward scatter (SSC) properties and PBMC subsets were defined as follows: CD3°sCD16"9
=T-cells;, CD3"9CD16r°s =natural killer (NK) cells; CD3"CD14*>MHC-IIF*> =monocytes;
CD20PsMHC-IIP>s =B-cells; CD39CD20"9CD149CD16"°gMHC-IIP°s =dendritic cells (DC). (B)
AGM-specific T-cell subsets were categorized based on the expression of CD8a and CD4:
CD4resCD8aMsh =CD8Ps T-cells, CD4"9CD8a%™ =CD8™ T-cells, and CD4r°sCD8a"e =CD4r°s
T-cells. (C) Based on the differential expression of CD28 and CD95, T-cells were categorized
as naive (CD28°°CD959), central memory (CM; CD28°sCD95r°) and effector memory (EM;
CD28sCD95s) T-cells.
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Figure S4. Memory T-cells were preferentially infected in vitro. (A) SVV-naive African green
monkey peripheral blood mononuclear cells (PBMC) were infected with SVV-EGFP in vitro
and stained 24 hr later for SVV proteins to show that EGFP fluorescence (green) co-localized
with SVV proteins (red). Nuclei were counterstained with DAPI (blue). Magnification: 400X.
(B) African green monkey PBMC were infected with SVV-EGFP in vitro and analyzed 24 hr
later by flow cytometry for EGFP expression in the indicated lymphocyte subsets. Data are
plotted as the frequency of EGFP*s cells within individual PBMC subsets (within subset) or
as the percentage of EGFPr°s cells within each lymphocyte subset relative to the total number
of PBMC (absolute). (C, D) Percentage of EGFPr* cells in the indicated T-cell subsets as
assessed by flow cytometry. The lymphocyte subsets were defined as described in Figure S2.
Data represent means + SEM of three independent experiments performed on PBMC from
three animals. * p<0.05 by Mann-Whitney test.
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Chapter 4 | Latency

Abstract

Varicella-zoster virus (VZV) causes chickenpox, establishes latency in trigeminal
(TG) and dorsal root ganglia (DRG), and can lead to herpes zoster upon reactiva-
tion. The VZV proteome expressed during latency remains ill-defined and previous
studies have shown discordant data on the spectrum and expression pattern of VZV
proteins and transcripts in latently infected human ganglia. Recently, Zerboni and
colleagues have provided new insight into this discrepancy [1]. They showed that
VZV-specific ascites-derived monoclonal antibody (mAb) preparations contain en-
dogenous antibodies directed against blood group A1 proteins, resulting in false-
positive intra-neuronal VZV staining in formalin-fixed human DRG. The aim of the
present study was to confirm and extend this phenomenon to snap-frozen TG (n=30)
and DRG (n=9) specimens of blood group genotyped donors (n=30). The number of
immunohistochemically stained neurons was higher with mAb directed to immediate
early protein 62 (IE62) compared to IE63. The IE63 mAb positive neurons always
co-stained for IE62, but not vice versa. The mAb staining was confined to distinct
large intra-neuronal vacuoles and restricted to A17°S donors. Anti-VZV mAb staining
in neurons, but not in VZV-infected cell monolayers, was obliterated after mAb ad-
sorption against blood group A1 erythrocytes. The data presented demonstrate that
neuronal VZV protein expression detected by ascites-derived mAb in snap-frozen
TG and DRG of blood group A17°S donors can be misinterpreted due to the presence
of endogenous antibodies directed against blood group A1-associated antigens pre-
sent in ascites-derived VZV-specific mAb preparations.
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Introduction

Varicella-zoster virus (VZV) is an endemic human alphaherpesvirus that is typically
acquired in early childhood and is the causative agent of chickenpox [2]. After pri-
mary infection the virus establishes a lifelong latent infection of sensory neurons
of the trigeminal ganglia (TG) and dorsal root ganglia (DRG). In about one in five
latently infected individuals the virus reactivates later in life to cause herpes zos-
ter (shingles), a number that can be approximately halved by VZV vaccination of
adults [3-4]. Individuals with declining VZV-specific cellular immunity, including im-
munocompromised patients and the elderly, are at risk of developing herpes zoster.
Factors such as the host restriction of VZV and the difficulty in obtaining high titers
of cell-free virus have hindered advances in elucidating the virus and host factors
involved in VZV latency and reactivation in humans.

DNA PCR analysis has long been used to identify virus-specific nucleic acids in hu-
man sensory ganglia, with VZV DNA present in about 90% of TG and slightly fewer
DRG [5-6]. The frequency of individual VZV-positive neurons has been determined
at about 4.1% [7]. The exact composition of the VZV latency-associated transcrip-
tome and proteome is still a matter of debate. The VZV genome encompasses 68
unique open reading frames (ORF), which are coordinately expressed during lytic
infection. In contrast to latent herpes simplex virus (HSV) infections, in which pre-
dominantly the non-coding latency-associated transcript (LAT) and no viral protein
is detectable [8-9], transcripts of the VZV genes 21, 29, 62, 63 and 66 have been
consistently detected in latently infected human sensory ganglia using a wide array
of molecular biology techniques such as Northern Blot [10], in situ hybridization [11],
PCR analysis of cDNA libraries [12-13], RT-PCR and qRT-PCR [14], as well as mul-
tiplex RT-PCR and the GeXPS System [15]. Transcripts of the VZV genes 4 and 18
have only incidentally been reported [11,16]. Recently, Nagel and colleagues have
used multiplex RT-PCR to determine the entire VZV transcriptome in latently VZV
infected human TG, reporting on the transcription of additional VZV genes including
11, 41, 43, 57 and 68 [15].

The VZV latency-associated proteome is even more enigmatic, having only been
studied using immunohistochemistry (IHC), and with discordant results on the ex-
pression of viral proteins compared to their corresponding transcripts [17-21]. Also,
a higher frequency of neurons was found positive for VZV protein compared to VZV
DNA [7]. Proteins encoded by VZV ORF 4, 21, 29, 62, 63 and 66 have been de-
tected in the cytoplasm of ganglionic neurons with variable results depending on
the antibody format (rabbit polyclonal and mouse monoclonal antibodies; mAb), the
antibody source (mAb clones) and the tissues examined (DRG and TG being either
formalin-fixed or snap-frozen) [18-23]. The expression of the immediate early pro-
teins 62 (IE62) and IE63 has been most widely studied. The frequency of IE62 and
IE63 expressing neurons varied extensively between studies ranging from incidental
positive neurons to about 1 in 4 neurons positive in human ganglia [18-23].
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Recently, Zerboni and colleagues have provided new insight into the described dis-
crepancies [1]. They showed that VZV-specific ascites-derived mAb and rabbit an-
tibody preparations, but not tissue culture-derived VZV mAb, contain endogenous
anti-human blood group A1 antibodies. Among other cells, sensory neurons express
blood group A1-associated antigens within cytoplasmic vacuoles that are part of
the Golgi apparatus [24-25] resulting in false-positive intra-neuronal VZV staining in
formalin-fixed latently VZV infected human DRG [1]. This aberrant staining pattern
could be attributed to the formalin fixation exposing the respective blood group anti-
genic epitopes for antibody recognition. The aim of the present study was to confirm
and extend this aberrant VZV protein immunohistology finding to snap-frozen TG
and DRG specimens of blood group genotyped donors.

Materials and Methods

Human tissue samples and preparation of VZV-infected cells

The current study was performed on 39 human sensory ganglia comprising 30 TG
from 25 donors and 9 DRG from 7 donors (Table 1). The average age of the donors
was 63.0 + 4 yrs (+ SEM) and the average post-mortem delay was 13.8 £ 1.8 hrs.
Fifteen TG and 9 DRG were autopsy samples obtained at the Ludwig-Maximilians
University (Munich, Germany) and the use thereof was approved by the Ethics Com-
mittee of the Medical Faculty of the Ludwig-Maximilians University in Munich. An ad-
ditional 15 TG were obtained from The Netherlands Brain Bank (NBB) at the Nether-
lands Institute for Neuroscience (Amsterdam, Netherlands). All NBB-derived tissues
have been collected from donors from whom a written informed consent for brain
autopsy and the use of the material and clinical information for research purposes
had been obtained. The cause of death of the donors analyzed was mainly due
to trauma or neurodegenerative diseases but not related to herpesvirus infections.
Ganglia were embedded directly in Tissue Tek compound (Sakura, Zoeterwoude,
Netherlands) and stored at -80°C for subsequent in situ analyses.

The human skin melanoma cell line MeWo was grown to confluent monolayers on
coverslips and infected with the VZV strain pOka. At 16 hrs post-infection the cells
were fixed with acetone and used for immunocytology.

In situ analyses

Immunohistochemical (IHC) stainings were performed using predefined optimal di-
lutions of the following primary antibodies: mouse anti-VZV IE62 (clone MAB8616;
Millipore, Schwalbach, Germany) at a dilution of 1:50 — 1:100, mouse anti-VZV IE63
(clone 9D12; a generous gift of Sebastien Bontems and Catherine Sadzot-Delvaux,
Liege, Belgium) [26] at a dilution of 1:500 and mouse anti-VZV gE (clone MAB8612;
Millipore) at a dilution of 1:200 using previously described protocols [23, 27]. Addi-
tionally hybridoma supernatant-derived IgG1 and IgG2a isotype control mAbs (R&D
Systems, Abingdon, United Kingdom) were used. In brief, frozen tissue sections
were cut, dried, fixed, endogenous peroxidase-blocked for 10 minutes using 1.5 - 3%
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Table 1. Donor Blood Type and VZV Protein Inmunohistochemistry Results on
Human Sensory Ganglia Assayed

Anti-VZV mAb

Nr Ganglion Age (years); Diagnosis at death m ABO ABO
Type? Sex? genotype phenotype

1 TG 93; F Non-demented/Lewy bodies + + A101 - B101 A1B

2 TG 87; F Parkinson + + A101 -A101 A1

3 TG 52; M Pick's disease - - A201 - 001 A2

4 TG 73; F Alzheimer. Lewy bodies + - A101 -A101 A1

5 TG 84; F Alzheimer + + A101 - 001 A1

6 TG 51; M Pick's disease - - A101 - A201 A1A2

7 TG 70; M Pick's disease - - A201 - A201 A2

8 TG 67; M Parkinson + - A101 - A201 A1A2

9 TG 81, F Alzheimer + + A101-B101 A1B

10 TG 70; M Alzheimer - - 001 - 001 (e}

1 TG 68; F Pick's disease - - 001 - 001 O

12 TG 41; F Pick's disease - - A101 - A201 A1A2

13 TG 77; M Parkinson - - A101 - 003 A1

14 TG 93; F non-demented control - - 001 - 001 (0]

15 TG 77, F Alzheimer - - 001 - 001 (e}

16 TG 36; M Pulmonary embolism - - A101 - 001 A1

17 TG (L+R) 81;F Cardiac cause + + A101-B101 A1B

18 TG 44; M Aspiration + + A101 - 001 A1
DRG + +

19 TG (L+R) 63;F Trauma - - 001 - 001 (0}
DRG - -

20 TG 43; M Trauma - - B101 — 001 B

21 TG (L+R) 44, M Cardiac cause + +/- A101 - 001 A1

22 TG (L+R) 81;na. Bleeding from shunt + + A101 - 001 A1

23 TG 48; F Cardiac cause - - 001 - 001 (@]

24 TG 80; F Trauma + + A101 - 001 A1

25 TG (L+R) 78;M Cardiac cause - - B101 - 001 B

26 DRG 60; F Cardiac cause - - 001 - 001

27 DRG 61; M Trauma - - 002 - 002 (6]

28 DRG 17; M Trauma + - A101 - 001 A1
(n=2)

29 DRG 26; M Trauma + - A101 - 001 A1

30 DRG 43; F Trauma - - 001 - 001 (e}
(n=2)

aTG (L), left trigeminal ganglion, TG (R), right trigeminal ganglion and DRG, dorsal root ganglion.
b F, female; M, male, and n.a., info not available.
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H,O, in methanol and incubated with 5-10% normal rabbit or goat serum followed
by incubation with the primary antibody. Primary antibody reactivity was visualized
using the avidin-biotin system (DakoCytomation, Heverlee, Belgium) in combination
with the substrates 3-amino-9-ethylcarbazole (AEC) or 3,3’-diaminobenzidine (DAB)
(both from Sigma-Aldrich, Deisenhofen, Germany). Finally, the tissue sections
were counterstained with hematoxylin (Sigma-Aldrich). Acetone-fixed, VZV-infected
MeWo cells were also stained using this protocol, without counterstaining. In case
of immunofluorescence (IF) staining, sections were incubated with secondary goat
anti-mouse Ig Alexa Fluor 594 (1:500; Invitrogen, Breda, Netherlands) and mounted
in Prolong Gold Antifade Reagent with DAPI (Invitrogen).

All stainings were performed in duplicate or triplicate. For quantification, between
100 and 700 neurons per stained tissue section were assessed by two independent
researchers. IHC stained tissue sections were assessed and imaged on an Olympus
BX41 microscope (Olympus Europa Holding, Hamburg, Germany) with an Olympus
C-4040 Zoom camera. Images were made at 400x magnification with an air objec-
tive. The IF stainings were analyzed on a Zeiss LSM 700 confocal laser scanning
microscope (Zeiss, Sliedrecht, Netherlands). Z-stacks were generated by scanning
21 slices of 0.35 um thick at 1,112X1,112 pixels, with a Plan-Apochromat 40X/1.3 Oil
DIC M27 objective, 2.5X digital zoom, 8X frame averaging and the pinhole adjusted
to 1 airy unit. ZEN 2010 software (Zeiss) was used to adjust brightness and contrast
and to generate the 3D reconstruction.

The anti-VZV IE62 (MAB8616) and anti-VZV gE (MAB8612) mAbs were adsorbed
against human blood group A1 erythrocytes as described [1, 28-29]. In brief, periph-
eral blood was extracted in EDTA, centrifuged to pellet the erythrocytes, which were
then washed several times with physiological saline. Approximately 500ul packed
erythrocytes were incubated with PBS-diluted antibody. After 1 hour at 37°C the
erythrocytes were centrifuged and the respective supernatant was used for IHC as
described [1, 28-29].

ABO genotyping

The ABO blood group genotype of TG and DRG donors studied was defined by de-
termining the allelic variations in exons 6 and 7 of the donors’ ABO gene [30]. DNA
was extracted from tissue using the Qiagen DNA extraction kit (Qiagen, Valencia,
CA, USA). Exons 6 and 7 from the ABO gene were amplified using the high-fidelity
DNA polymerase pfuUltra (Stratagene, Amsterdam, The Netherlands) and primers
Ex6-F, Ex6-R, Ex7-F1 and Ex7-R1 described in Table 2. Amplification conditions in-
cluded denaturation for 2 min 95°C followed by 40 cycles 30 sec 95°C, 30 sec 57°C,
1 min 72°C and a final elongation of 3 min 72°C. The resulting amplicons were puri-
fied from agarose gel using the gel extraction kit from Qiagen and sequenced on the
ABIprism 3130XL genetic analyzer with the BigDye Terminator v.1 cycle sequence
kit using the above mentioned primers and the additional internal primers Ex7-F2
and Ex7-R2 (Table 2) for exon 7. The ABO genotype and resultant phenotype of the
donor was defined on ABO allele-specific nucleotide alterations within exon 6 (nu-
cleotide positions 261 and 297) and exon 7 (nucleotide positions 467, 526, 646, 657,
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Table 2. Primers Used for PCR and Sequencing of ABO Gene Exons 6 and 7.

Primer Sequence Location® Amplicon Reference
size (bp)

PCR + Sequencing

Ex6-F  5-AGCTCAGCTTGCTGTGTGTT-3' Exon 6 528 31

Ex6-R  5-AGATGCTGCATGAATGACC-3' Exon 6 31

Ex7-F1 5-GCCTGCCTTGCAGATACGTG-3' Exon 7 1061° 31

Ex7-R1 5-TATCTGCGATTGCGTGTCTG-3' 3-UTR Exon 7¢

Sequencing

Ex7-F2 5-AGGTGGATTACCTGGTGTGC-3 Exon 7 Not applicable

Ex7-R2 5-GTAGAAATCGCCCTCGTCCT-3 Exon 7 Not applicable

a Location within the ABO gene
> The PCR product size is 1060 bp for A*201 alleles, which have a deletion at position 1060 in exon 7
¢ 3’-untranslated region (UTR) of exon 7

681, 703, 796, 802, 803, 829, 930 and 1059) of the ABO gene [30-31].

Statistical Analyses

Data handling, analysis, and graphical representations were performed by using
GraphPad Prism 4 software (GraphPad, San Diego, CA). All results are given as
mean + SEM. Statistical differences were determined by the paired t and chi-square
test. P values <0.05 were considered significant.

Results

Intra-neuronal expression of VZV IE62 and IE63 in snap-frozen human TG and
DRG

Thirty TG and 9 DRG were stained with mAb against the described latency-as-
sociated VZV proteins IE62 (clone MAB8616) and IE63 (clone 9D12) (Figure 1A
and B). For both TG and DRG, more ganglia and neurons stained positive with
the IE62 mAb compared to IE63. Fourteen of 30 (47%) TG and 4 of 9 (44%)
DRG were IE62 mAb positive, whereas only 11 of 30 (37%) TG and 1 of 9 (11%)
DRG stained positive with the IE63 mAb (Table 1). In TG, the frequency of IE62
mAb reactive neurons was significantly higher compared to IE63 (17.6% * 2.6
vs 3.8% = 1.3; p=0.0006). An equivalent frequency pattern was observed in the
DRG (Figure 1C). Whereas 6 of 39 (15%) ganglia were only IE62 mAb positive,
none of the ganglia stained solely with the IE63 mAb (Table 1). When analyzing
serial sections we observed that IE63 mAb reactive neurons always co-stained
with the IE62 mADb, but not vice versa (Figure1A , B and D). None of the ganglia
stained positive with the appropriate isotype control mAb, which were derived from
hybridoma supernatant of in vitro cultured hybdridoma cells (data not shown).

85




Chapter 4 | Latency

Figure 1. Immunohistochemistry
with anti-VZV IE62 and IE63
mAb on snap-frozen human TG
and DRG. (A and B) Consecutive
human TG sections were stained
with anti-IE62 mAb (A) and
IE63 mAb (B). Sections were
developed and counterstained
with  AEC and hematoxylin
resulting in a red colour and blue
nuclei, respectively. Neurons
reactive with both IE62 and IE63
mAbs, and those that are single
IE62 mAb positive, are indicated
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Figure 2. Intracellular localization of the VZV IE62 mAb signal in human TG neurons. Human
TG sections were stained for VZV IE62 (Alexa Fluor 594, red color) and nuclei were visualized
using DAPI (blue and gray color in left and right panels, respectively). The specimen was
analyzed in a Zeiss LSM 700 confocal microscope and a Z-stack (21 slices, 0.35 um thick)
of images at 400x magnification and 2.5x digital zoom was taken showing one VZV |E62
mAb positive TG neuron. Left panel shows slice 12 from the Z-stack with the smaller side
panels showing the view from X and Y. Note that in the X and Y view the IE62 mAb-positive
vesicles appear to be interconnected. Right panel shows a 3D reconstruction of the Z-stack,
demonstrating that the IE62 mAb signal is located in vesicular-like structures that seem to
be interconnected and are spread throughout the neuronal cytoplasm, consistent with the
Golgi compartment. Long arrows indicate VZV IE62 mAb staining and arrow heads indicate
lipofuscin. N, nucleus.
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Figure 3. Abrogation of neuronal VZV mAb reactivity in snap-frozen TG and DRG upon
adsorption by blood group A1 erythrocytes. Mouse monoclonal ascites-derived VZV IE62-
and glycoprotein E-specific mAbs were adsorbed against blood group A1 erythrocytes or left
untreated. Both non-adsorbed (top row panels) and adsorbed (bottom row panels) anti-VZV
mAbs equally reacted with their respective antigens in VZV-infected MeWo cells. In contrast,
intra-neuronal immunoreactivity of both mAbs in snap-frozen human TG was completely
abrogated by adsorption with blood group A1 erythrocytes.

We determined the spatial distribution of the IE62 and IE63 mAb signal within indi-
vidual neurons by laser scanning microscopy. This revealed that the observed sig-
nal was localized in vesicular-like structures throughout the cytoplasm (Figure 2;
arrow). These structures were clearly discernible from the intracellular deposits of
neuromelanin and lipofuscin that had a more punctuated dense structure and auto-
fluorescent properties (Figure 2; arrowhead). When Z-stacks were examined in both
the X- and Y-axis orientation, the VZV mAb reactive vesicles were partially intercon-
nected within the cytoplasm of VZV latently infected human TG neurons (Figure 2;
arrowhead).

Donor’s blood group A1 status correlates with IE62 and IE63 mAb reactivity
The exclusive cytoplasmic IE62 and IE63 mAb staining pattern in VZV latently in-
fected neurons contrasts with the predominant nuclear localization of both proteins
during lytic infection [19]. The high frequency of VZV-specific mAb reactive neurons
is also discordant with the expected frequency of only 1 to 6.9% VZV DNA containing
neurons in VZV latently infected neurons [7].
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Recently, Zerboni and colleagues have shown that the IHC signal is most likely the
result of a mouse ascites Golgi (MAG) reaction to human blood group A1-associated
antigens [1]. The formalin fixation in that study may, however, have selectively re-
leased the MAG-specific epitopes. To ascertain the causal role of the donor’s blood
type to staining frequency and pattern, the blood group of the 30 donors under inves-
tigation was determined by sequencing exons 6 and 7 of the ABO blood group gene
[31]. Seventeen donors had an A1 phenotype, consisting of donors with the follow-
ing phenotypes A1;A2 (n=3), A1;B (n=3) and A1 (n= 11) (Table 1). Whereas none of
the A1NEC donors had IE62 and IE63 mAb positive neurons, a significant correlation
between the donor’s A1 phenotype and IE62 (p< 0.0001) and IE63 (p= 0.003) mAb
staining was detected. The frequency of VZV mAb positive neurons was not different
between A17°S donors with different A1 genotypes. Among the 22 ganglia from A17°S
donors, 12 of 22 (55%) stained positive with both mAbs and 6 of 22 (27%) were
solely IE62 mAb positive. Notably, 4 of 22 (18%) ganglia from A17°S donors did not
stain with either anti-VZV mAb (Table 1).

To consolidate that the observed anti-VZV mAb IHC signal was due to endogenous
contaminating antibodies directed against blood group A1-associated antigens, anti-
IE62 and glycoprotein E ascites-derived mAb preparations were adsorbed against
blood group A1 erythrocytes. Whereas both the original and adsorbed mAbs stained
VZV-infected cells without discernable differences (Figure 3), intra-neuronal mAb
reactivity was completely eliminated upon adsorption by A1 erythrocytes (Figure 3).

Discussion

Elucidation of the virus and host factors involved during VZV latency in sensory
ganglia is vital to optimize existing treatments and to develop new therapeutic inter-
vention strategies to prevent recrudescent VZV infections. The application of VZV
ORF multiplex RT-PCR, and more recently GeXPS technology covering the whole
VZV transcriptome, has provided a comprehensive overview of the VZV transcripts
expressed during latency [32]. Contrastingly, due to the limited availability of anti-
VZV antibodies for in situ analysis, our knowledge of the VZV latency-associated
proteome is far from complete.

The expression of the VZV proteins IE62 and IE63 has been studied extensively in
latently infected human sensory ganglia since they are considered as the prototypic
latency-associated VZV proteins [18-23]. Several groups have reported on the intra-
neuronal expression of both proteins in human DRG and TG, but with discordant
results on the number of ganglia positive and the frequency of protein expressing
neurons per ganglion. IE62 has been detected in 6-10% neurons of all DRG tested
using mouse ascites mAb and polyclonal rabbit antibodies [19], with 5-10% of neu-
rons positive in all tested TG using a polyclonal antibody [18], and with 2.5-8% of
neurons positive in 8 of 21 TG analyzed using the same mouse IE62 antibody used
in the present study [23]. For IE63 the varying detection frequencies between labo-
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ratories are also significant and can be related to the antibodies used: very rare neu-
rons in 5 of 21 ganglia [20] and 5 of 20 TG [11] were found to be IE63 positive using
the same polyclonal rabbit antibody, while using a different rabbit anti-IE63 antibody
also gave few positive neurons in only 1 of 27 tested ganglia [21]. Other studies,
however, show a more abundant apparent VZV protein expression, with 3-9% of
neurons from all DRG positive using a polyclonal rabbit antibody [19], and using a
mouse monoclonal antibody from ascites in TG from 10 subjects with 5 to 10% of
neurons positive [18, 26]. Herein, we used the same IE62 and IE63 mAb to detect
the respective VZV proteins in snap-frozen human TG and DRG and found a high
number of positive ganglia with relatively high frequencies of mAb reactive neurons.
Notably, IE63 mAb reactivity correlated with IE62, suggesting an interaction between
both stainings (Table 1 and Figure 1).

One important cause for the aforementioned discordant IE62 and IE63 IHC results
was recently highlighted in a study by Zerboni and colleagues [1]. They demonstrated
that VZV-specific ascites-derived mouse mAb and rabbit polyclonal antibodies con-
tain endogenous contaminating antibodies reacting with blood group A1-associated
antigens in formalin-fixed and paraffin-embedded human DRG. The present study
on human snap-frozen DRG and TG supports this concept. First, the intra-neuronal
IE62 and IE63 mAb reactivity correlated significantly with the TG/DRG donor’s blood
group A1 genotype status and second the IHC staining was abolished by adsorption
of VZV mAb against blood group A1 erythrocytes (Table 1 and Figure 3). There was
no correlation between the frequency of neuronal staining and post-mortem delay,
suggesting that neither this variable nor the fixation method is important for the avail-
ability of blood group A1-associated antigens.

Staining of particular tissues and cells from blood group A17°S donors with mouse
ascites-derived mAb is due to the so-called MAG reaction. The MAG epitopes are
considered blood group A1 oligosaccharides [33], which are also expressed by sen-
sory neurons within Golgi-associated vacuoles that closely resemble the VZV mAb
positive vesicular structures shown in Figure 2 [24-25]. The expression of the MAG
epitopes varies between ganglia (e.g. cervical vs thoracic) and is limited to certain
sub-classes of neurons [25]. In the present study, we found differences in IE62 and
IE63 mAD reactivity between ganglia from the same individual, as well as differences
in the percentage of neurons positively stained with each mAb over the studied
population. The limited expression of the MAG epitopes in only certain ganglion and
neuron types, could explain such varying anti-VZV antibody staining frequencies
described previously and those reported here. Alternatively, different antibody prepa-
rations may contain variable concentrations of MAG-reactive antibodies. However,
despite using multiple lots of VZV |E62-specific antibodies we did not observe dif-
ferences in antibody reactivity within donors using different antibody batches (data
not shown).

In conclusion, the data presented here consolidate the previous report by Zerboni

and colleagues [1] and extend the MAG reaction of ascites-derived anti-VZV mAbs
to shap-frozen human sensory ganglion tissues. As a synthesis of both studies it
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emerges that ascites-derived mAb preparations should be screened for reactivity
against blood group A1-associated antigens to avoid misinterpretation of intra-cel-
lular detection of virus and host proteins in both formalin-fixed and snap-frozen hu-
man ganglia. The described blood group A1 erythrocyte adsorption procedure allows
depletion of the MAG reactive contaminating antibodies from ascites-derived mAb
preparations to circumvent aberrant IHC staining patterns in the future. The MAG re-
action is not restricted to sensory ganglia, nor anti-viral antibodies, as highlighted by
several other publications on this phenomenon [33-34]. The extent of VZV transla-
tion during latency remains an important issue, that will require careful re-evaluation
using both current IHC methods and new tools.
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Abstract

We analyzed the varicella-zoster virus (VZV) transcriptome in 43 latently infected
human trigeminal ganglia (TG) with post-mortem intervals (PMIs) ranging from 3.7
to 24 h. Multiplex RT-PCR revealed no VZV transcripts with a PMI <9 h. Real-time
PCR indicated a significant increase (p = 0.02) in VZV ORF63 transcript levels, but
not the virus DNA burden with longer PMI. Overall, both the breadth of the VZV
transcriptome and the VZV ORFG63 transcript levels in human cadaver TG increased
with longer PMI
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Primary varicella-zoster virus (VZV) infection causes varicella, after which the virus
becomes latent in ganglia along the entire neuraxis; reactivation decades later re-
sults in herpes zoster [1]. Studies of VZV latency have been restricted to analysis
of human ganglia obtained at autopsy and have reported discrepant numbers and
abundance of VZV transcripts [2-9]. The discrepancies may be due to methodo-
logical differences and/or the undefined [7-9], inexact (<24 h) [2,4-5,10] and long
post-mortem intervals (PMI) (average 17-25 h) [3,11] in obtaining cadaver ganglia.
Herein, we searched for VZV transcripts in human trigeminal ganglia (TG) acquired
not only at the usual intervals (PMI of 9-24 h), but also at earlier time points after
death (PMI of 3-9 h).

Multiplex RT-PCR reveals no VZV transcripts in human TG with a PMI <9 h.
Our recent use of multiplex RT-PCR to examine human TG with an average PMI
of 17 h revealed a wide variability among the VZV genes transcribed in human TG
[11-12]. Here, we extended the TG cohort with 17 additional samples obtained early
after death (mean PMI: 7.75 h; range: 3.7 - 23.25 h) (Table 1), resulting in a total of
43 TG from 25 donors with PMIs ranging from 3.7 to 24 h (Table 2). Poly(A) mRNA
was extracted from ganglia, and 100 ng mRNA was reverse-transcribed and ampli-
fied in each of five multiplex PCR reactions covering all 68 VZV open reading frames
(ORFs) [11]. No VZV transcripts were detected with a PMI <9 h, while the cellular
control transcripts GAPdH, neurofilament (NF) and B-actin were detected in all sam-
ples by reverse transcriptase-linked real-time PCR (RT-gPCR) (Table 2 and data not
shown). In TG with a PMI of 9 h or more, transcripts mapping to VZV immediate-
early ORFs 63 (65%), 4 (42%) and 62 (39%), early ORF 29 (32%), or late ORFs 11
(23%), 68 (19%), 40 (13%), 43 (6%), 41 (3%) and 57 (3%) were detected (Table 2).
The number of VZV genes transcribed correlated significantly with longer PMI (Fig.
1A) (r= 0.59, p < 0.0001; Pearson’s correlation test).

Table 1. Clinical Features of Human Trigeminal Ganglia Donors

Subject Age; Sex? Cause of death PMI®
A 87; M Cachexia and dehydration ~ 03:40
B 91; F Dementia 03:45
C 83; F Dehydration 04:55
D 90; F Cachexia and dehydration ~ 05:35
E 62; M Brain tumor 07:43
F 74; M Suicide 07:45
G 44; M Cachexia and sedation 10:15
H 51; M Unknown 11:00
| 44: M Pneumonia 12:00
J 59; M Cardiac arrest 12:30
K 90; F Unknown 23:16

a2 M, male; F, female
® PMI, post-mortem interval (hours:minutes).
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Table 2. Detection of VZV Transcripts in Human Trigeminal Ganglia®

Multiplex RT-PCR RT-qPCR
IEb EP Lb Result
PMIc  Subject? Location® 63" 4 62 29 11 68 40 43 41 57 ORF63
03:40 A R - - - - - - — - - — +
L - - - - - - - - - - +
03:45 B R - - - - - - - - — — _
L _ _ _ _ _ _ _ _ _ _ _
04:55 C R - - - - - - - - - — +
L - - - - . +
0535 D R - - - - - - - - — — _
L - - - - - - - - - - +
07:43 E R - - - - - - - — - - +
L - - - - - - - - - - +
07:45 F R - - - - - - - — — - _
L _ _ _ _ _ _ _ _ _ _ _
9:00 12 R - + - - — + + — - — +
L - - - - — + - — + - +
10:15 G L - + + - — - - — - - +
11:00 9 R - - - — - - - — — — +
11:00 H L - + + — — — - — — — +
12:00 6 R + - + + - + — + — — +
L + - - - - + - + - - +
12:00 | L - + + — - — - — _ _ +
12:30  J L + + + — - - — - - — +
14:00 3 R - - - - - - - - — — +
L - - - - - - - - - - +
14:00 13 R + - + — + — - - — - _
L + - + — + - - - - - —
15:00 1 R - - - - - — — - _ + +
L - - = - - - - - - - +
17:00 14 R + - + - + - - - - — +
L + + + - - - — - - — +
18:00 4 R + — - - - — _ _ _ _
L + - - + - - + - - - +
18:00 7 R + + - + - - + - - — +
L + + - + - - + - - — +
18:00 8 R + + + - + - — - - — —
L + + + + + - — - - - -
22:.00 2 R - - - - - - - — - — —
23:00 10 R + — — + + + - — - - +
L + + - + — - - — - - +
23:.00 M R + - - + — + — _ _ _ +
L + + - + - - - - - - -
23116 K L + + + — - - - — — — +
24:00 R + - - + + - - — — - +
L + - - - - - - - - - +

98



Latency Chapter 5

aViral transcripts were determined by VZV transcriptome-wide multiplex RT-PCR and VZV ORF63-specific real-time
quantitative PCR (RT-qPCR; last column) on cDNA generated from human TG-derived RNA. +, transcript detected;
—, transcript not detected.

b Putative kinetic class of the VZV open reading frame with respect to HSV-1 [2, 18]. IE, immediate early.

¢ PMI, post-mortem interval (hours:minutes).

4 See reference 16 for VZV multiplex RT-PCR data on subjects 1-14.

e Left (L) or right (R) trigeminal ganglion.

f\VZV open reading frame.

VZV ORF63 transcript levels in human TG increased with longer PMI. VZV ORF63
is the most frequent and abundant VZV gene transcribed in latently infected human
TG [2-3, 7-9, 11]. To determine whether VZV transcript abundance was affected
by the PMI, cDNA was synthesized from 100 ng poly(A) RNA extracted from all 43
TG and subjected to RT-gPCR analysis using primers and probes specific for VZV
ORF63 along with cellular GAPdH and NF [3,11]. GAPdH and NF were amplified in
all ganglia, but not when reverse transcriptase was omitted from the cDNA synthe-
sis reaction (data not shown). Consistent with earlier findings [2-3, 7-9, 11], ORF63
was the most prevalent VZV transcript detected in latently infected human TG. VZV
ORF63 transcripts were detected in 31 of 43 (72%) ganglia (Table 2; last column),
including those obtained when PMI was <9 h, and the abundance of VZV ORF63
transcripts increased significantly with longer PMIs (Fig. 1B) (r = -0.42, p = 0.02;
Pearson’s correlation test). There was no significant difference (p = 0.27; Fisher’s
exact test) in the number of TG that contained VZV ORF63 transcripts in donors
with a PMI of <9 h (7 of 12 TG; 58%) compared to a PMI >9 h (24 of 31 TG; 77%).
The NF transcript levels were not affected by the PMI (Fig. 1C). There was no sig-
nificant difference in the abundance VZV ORF63 transcription in paired left and right
TG from individual donors (Fig. 1D, p = 0.02; Wilcoxon matched-pairs signed-rank
test) suggesting that the PMI-related increase of VZV ORF63 transcription found in
paired TG reflects a general host response, which may involve cellular stress due to
hypoxia, nutrient deprivation or hypothermia [13]. Vascular endothelial growth factor
(VEGF) is a cellular gene whose transcription is induced by hypoxia [14]. Analysis
of cDNA synthesized from 16 TG mRNAs (12 donors) by RT-gPCR showed that the
number of VEGF transcripts did not correlate with longer PMIs (Fig. 1E) (r = 0.48,
p = 0.06; Pearson’s correlation test) or with VZV ORF63 transcription (Fig. 1F) (r =
-0.21, p = 0.52; Pearson’s correlation test), indicating that the increase in VZV gene
transcription is virus-specific and not likely to be due to hypoxia.

No correlation of VZV DNA load in human TG with longer PMI.

The increased number of VZV transcripts (multiplex RT-PCR) and ORF63 transcript
abundance (RT-gPCR) with longer PMI suggest post-mortem VZV reactivation.
Quantitative PCR analysis confirmed the presence of VZV DNA in 42 of 43 ganglia
(VZV DNA was not detected in subject 1), but the viral DNA load did not correlate with
the PMI (Fig. 1G and data not shown). Thus, if VZV reactivated after death, reactiva-
tion had not yet advanced to virus DNA replication within the time frame investigated.
Finally, the lack of correlation between VZV ORF63 transcript levels and ganglionic
VZV DNA load (Fig. 1H) indicated that ORF63 transcription was independent of the
latent VZV DNA burden.
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Figure 1. VZV ORF63
transcript levels, but not
VZV DNA load, in human

trigeminal  ganglia  (TG)
correlate with the post-
mortem  interval  (PMI).
(A) Correlation between
PMI and number of VZV
transcripts  detected by
multiplex  RT-PCR.  (B)
Correlation between
PMI and abundance of

ORF63 transcripts. (C) No
correlation between PMI and
abundance of neurofilament
(NF) transcripts. (D)
Correlation of the abundance
of ORF63 transcripts in
paired left and right TG.
(E) No correlation between
vascular endothelial growth
factor (VEGF) transcript
levels and PMI. (F) No
correlation between VEGF
and ORF63 transcript levels.
(G) No correlation between
ganglionic VZV DNA load
and PMI or (H) abundance
of  ORF63 transcripts.
Statistical analyses were
performed using Pearson’s
correlation test (A-C, E, and
F-H) and Wilcoxon matched-
pairs signed-rank test (D).
Figures A, and E and F
contain VZV transcript data
and VZV genome load
levels that in part have
been published previously,
respectively (see Table 2
and reference 11).
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This study is the first to investigate the entire VZV transcriptome in human ganglia
with a short PMI. Multiplex RT-PCR did not detect VZV transcription early (<9 h)
after death by, but did reveal multiple VZV transcripts in TG at >9 h post-mortem as
well as an increased abundance of VZV ORF63 transcripts with a longer PMI. The
sensitivity of ORF63 transcript detection was greater for RT-qPCR than for multiplex
RT-PCR. The sensitivity of multiplex RT-PCR is 1 to 10 copies for 82% of VZV tran-
scripts and 100 to 500 copies for the remaining 18% VZV transcripts [11-12]. Table 2
shows that 7 of 10 (70%) VZV genes were detected at a sensitivity of 1 mRNA copy
per sample, 2 of 10 (20%) VZV genes were detected with a sensitivity of 10 mRNA
copies per sample, and 1 of 10 (10%) VZV genes were detected with a sensitivity of
100 mRNA copies per sample [11-12]. Thus, differential VZV gene sensitivity of the
multiplex RT-PCR assay did not account for VZV transcripts detected in the TGs.
The data contrast with a previous study reporting no difference in simian varicella
virus (SVV) transcription in ganglia removed immediately and 30 h after death, al-
though ganglia from just 2 monkeys were analyzed for 7 transcripts and only at 2
post-mortem intervals [15].

The current study raises an important question regarding ongoing low-level VZV
gene transcription during latency or de novo VZV gene transcription after death. Un-
til an appropriate in vitro culture model of VZV latency is developed, studies of VZV
latency must be restricted to human ganglia [2-9]. While our data is consistent with
continued VZV ORF63 transcription during latency with transcription of other VZV
genes initiated only after death, a definitive answer would require analysis of human
ganglia obtained during life, a situation not possible. The SVV non-human primate
model of varicella latency provide an experimental setting to definitively determine
the extent of virus transcription during latency [16].

Our data showed that the VZV immediate early genes are the most frequently tran-
scribed in human TG (Table 2). However, the absence of increasing VZV DNA loads
with longer PMI argues against viral replication that would be expected during VZV
reactivation (Fig 1E). No immediate explanation for the detection of multiple VZV
transcripts at >9 h post-mortem, but not apparent at earlier times, can be provided
but may reflect the epigenetic state of the VZV genome. We have previously shown
that late VZV genes 14 and 36 are epigenetically silenced, whereas genes 63 and
62 are maintained in a euchromatic configuration in human TG [17]. Future studies
will address VZV genome-wide epigenetic modifications along with the detection
and role of specific VZV transcripts, including ORF63, in human ganglia with a short
versus long PMI.
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Abstract

Primary herpes simplex virus 1 (HSV-1) and varicella-zoster virus (VZV) infection
leads to a life-long latent infection of ganglia innervating the oral mucosa. HSV-1 and
VZV reactivation is more common in immunocompromised individuals and may re-
sultin viral shedding in saliva. We determined the kinetics and quantity of oral HSV-1
and VZV shedding in HSV-1 and VZV seropositive individuals infected with HIV and
to assess whether HSV-1 shedding involves reactivation of the same strain intra-in-
dividually. HSV-1 and VZV shedding was determined by real-time PCR of sequential
daily oral swabs (n = 715) collected for a median period of 31 days from 22 individu-
als infected with HIV. HSV-1 was genotyped by sequencing the viral thymidine kinase
gene. Herpesvirus shedding was detected in 18 of 22 participants. Shedding of HSV-
1 occurred frequently, on 14.3% of days, whereas solely VZV shedding was very
rare. Two participants shed VZV. The median HSV-1 load was higher compared to
VZV. HSV-1 DNA positive swabs clustered into 34 shedding episodes with a median
duration of 2 days. The prevalence, duration and viral load of herpesvirus shedding
did not correlate with CD4 counts and HIV load. The genotypes of the HSV-1 viruses
shed were identical between and within shedding episodes of the same person, but
were different between individuals. One-third of the individuals shed an HSV-1 strain
potentially refractory to acyclovir therapy. Compared to HSV-1, oral VZV shedding is
rare in individuals infected with HIV. Recurrent oral HSV-1 shedding is likely due to
reactivation of the same latent HSV-1 strain.
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Introduction

Herpes simplex virus 1 (HSV-1) and varicella-zoster virus (VZV) are closely related
neurotropic human alpha-herpesviruses (aHHV) that are endemic worldwide. A hall-
mark of both viruses is the ability to establish a lifelong latent infection of sensory
ganglia with intermittent reactivation and neuronal spread of the virus to innervating
tissues [1]. aHHV shedding in bodily secretions and fluids, particularly saliva, con-
tributes to virus transmission throughout the population [2-5]. Virus shedding is com-
monly asymptomatic, but may lead to recurrent herpetic lesions most commonly as
cold sores for HSV-1 and as shingles for VZV. Recurrent HSV infections of the same
anatomical location may be due to reactivation of the latent virus strain or superin-
fection with an exogenous strain. Whereas most sequential HSV-1 isolates from the
same anatomical location of an individual are identical, HSV-1 isolates with different
genome profiles have been described in patients with oral, genital and corneal her-
pesvirus infections [6-9]. Alternatively, multiple virus strains may have established
latency in the same ganglion. Indeed, different HSV-1 strains have been detected
in the same latently infected human ganglion, including the oral mucosa innervating
trigeminal ganglion, indicating that recurrent oral HSV-1 shedding may be due to
reactivation of genetically different latent HSV-1 strains [10-11]. The host immune
system is pivotal to limit reactivation from its ganglionic stronghold [12-14]. As such,
individuals infected with HIV experience more severe and persistent herpetic lesions
and may be at risk for central nervous system disease [12, 15-17].

Previous studies have described high oral HSV shedding frequencies in individu-
als infected with HIV compared to healthy persons seropositive for the respective
herpesviruses [15, 18, 19]. Oral lesions present in individuals infected with HIV have
been associated with shedding of herpesviruses in the oral cavity [20-21]. Moreover,
oral detection of herpesviruses is decreased in individuals treated with anti-retroviral
or anti-herpesvirus drugs [22-24]. Limited number of studies have reported on VZV
shedding in saliva or oral swabs of herpes zoster patients [25-26], healthy individu-
als [26] and in one study on individuals infected with HIV [27]. These studies were
mainly restricted to the detection of VZV only and limited to the analysis of one or
a few consecutive saliva samples per individual. The trigeminal ganglion, which in-
nervates the oral mucosa and eye, commonly contains both latent HSV-1 and VZV in
co-infected individuals. Hence, the aim of this study was to determine the prevalence
and kinetics of oral HSV-1 and VZV shedding in HSV-1 and VZV seropositive indi-
viduals infected with HIV and to assess whether HSV-1 shedding involves reactiva-
tion of the same strain intra-individually.

Materials and Methods

Study Population
Individuals infected with HIV-1 were recruited between 1995 and 2007 at the Univer-
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Table 1. Demographic and Clinical Characteristics of Study Subjects.

Baseline Characteristics?

n = 22 subjects

Median age (range) in yrs
Male, n (%)
HSV serostatus, n (%)
HSV-1 only
HSV-1 and HSV-2
Race/ethnicity, n (%)
White
Black
Other
Anti-retroviral use during study, n (%)
Median (IQR) CD4 count, cells/uL
HAART treatment: yes
HAART treatment: no
Median (IQR) HIV RNA, geq/mL
HAART treatment: yes

42 (22-61)
20 (91)

7(32)
15 (68)

18 (82)

2(9)

2(9)

6 (27)

268 (202-476)

367 (153-645)

240 (202-412)

37,900 (15,656-109,316)
7,141 (25-46,608)

HAART treatment: no 59,500 (25,400-113,500)

a HSV-1, herpes simplex virus 1; VZV, varicella-zoster virus; HAART, highly active
anti-retroviral therapy; IQR, interquartile range; geq, genome equivalent copies

sity of Washington Virology Research Clinic (Seattle, WA, USA) from a pool of un-
related research study participants known to comply with an intensive study pro-
tocol and asked to collect oral swab specimens at home daily for at least 30 days
(Table 1). The median duration of HIV infection was 8 years (range 3 months to 18
years). Participants were instructed to rub a Dacron swab across the buccal mucosa
and tongue in the morning prior to showering or brushing their teeth, to place the
oral swab in 1 mL of PCR transport medium and to store the sample at -20°C until
laboratory processing [18]. Participants were eligible if they were HSV-1 and VZV
seropositive, and agreed not to use anti-herpesvirus drugs, such as acyclovir (ACV)
during the study. The use of anti-herpesvirus drugs was only monitored if prescribed
by the University of Washington Virology Research Clinic (Seattle, WA). Participants
#11 and #16 used famciclovir bidaily for 60 days in the year prior to collection of the
oral specimens, but treatment was stopped two weeks before start of the study. At
baseline, plasma HIV RNA load and blood CD4 T-cell counts were determined as
described [18]. A log book recording symptomatic (herpetic) oral lesions was filed.
Participants had routine clinic visits at the start and end of the study and irregularly
during the study. During these visits brief visual oral exams were performed and a
history of suspected herpetic oral lesions since the last visit was reviewed by the
clinician and noted in the participant’s chart. Except for participant #6, no evident ab-
normalities of the mouth (e.g. bleeding gum) or the neck were recorded and reported
by the participants themselves during the sampling period. Written informed consent
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was given by the participants and the protocol was approved by the Institutional Re-
view Board at the University of Washington (Seattle, WA). The study was performed
according to the tenets of the Declaration of Helsinki.

Quantitative aHHV PCR Analyses and HSV-1 Thymidine Kinase Sequencing
from Oral Swabs

DNA was extracted from swab medium as described [18]. Quantitative PCR (qPCR)
assay for HSV-1 and VZV DNA was performed using an ABI prism 7500 and Tagman
Universal Master Mix (both from Applied Biosystems, Foster City, CA) as reported
[28]. The HSV-1 and VZV gPCR used published virus-specific primers and probes
[29]. For standardization of HSV-1 and VZV Tagman assays, electron microscopy
counted high-titer virus preparations and commercially available quantified DNA
control panels (Advanced Biotechnologies) were used [29]. The lower limit of detec-
tion of both qPCR assays was 50 genome equivalent copies (geq)/mL. Cycle thresh-
old values outside the linear range of the gqPCR assay were considered as positive
results, but could not be reliably quantified.

From a selected number of HSV-1 positive swabs (n=39), the entire HSV-1 thy-
midine kinase (TK) gene was amplified and sequenced as described [30]. The TK
sequences were aligned to the consensus TK sequence of reference HSV-1 strain
H129 (GenBank: GU_734772). The obtained HSV-1 TK sequences were deposited
in the GenBank database under accession numbers JQ895543-JQ895556. Phylo-
genetic analysis was performed by estimating a maximum-likelihood unrooted tree
of HSV-1 TK nucleotide sequences under the Kimura 2-parameter model and 1,000
bootstrap replications (MEGA 5.0 software).

Statistical Analysis

Herpesvirus shedding episodes were defined as one virus DNA positive swab or
a series of DNA positive swabs that were collected before and after at least two
negative swabs. Any shedding episode could include one missing or one nega-
tive swab within the episode [18]. Statistical analyses were done using GraphPad
Prism 4. Spearman’s correlation tests were used to determine correlations between
herpesvirus shedding frequency, HIV viral load, CD4 T-cell counts or highly active
anti-retroviral therapy (HAART). Mann-Whitney tests were used to compare shed-
ding rates and median HSV-1 viral loads in HAART versus non-HAART persons and
among shedding episodes of variable length. Differences were considered signifi-
cant if P<0.05.

Results

Oral HSV-1 and VZV Shedding in Individuals Infected with HIV

Twenty-two HSV-1 and VZV seropositive individuals infected with HIV were enrolled
in the study. The median age was 42 years (range 22-61 years) and 20 were male.
Fifteen participants were HSV-2 seropositive, and 6 persons (27%) were taking

109




Chapter 6 | Reactivation

110

Viral load (log geq/mL)

Subject #1 [HAART]
(CD4=49, HIV RNA=14,111)

Subject #2 [HAART]
(CD4=792, HIV RNA=25)

Subject #3 [HAART]
(CD4=454, HIV RNA=79,104)

87 - 8-
79 74 il oy

67 64 6

54 54 51

4 4] 4

39 39 31

3 S | 29 29|
1’ 1 1

01— yy 0 T I 0 7'y

0 5 10 15 20 25 30 35 40 45 50 55 60

0 5 10 15 20 25 30 35 40 45 50 55 60

Subject #4 [HAART] Subject #5 [HAART]
_ (CD4=279, HIV RNA=175) . (CD4=257, HIV RNA=14,107)
7 7
] Y T
51 51
4 4
34 ‘ | 34
24 24l
1 1
i i

[ T 7y T i

0 5 10 15 20 25 30 35 40 45 50 55 60

Subject #6 [HAART]
(CD4=497, HIV RNA=25)

)

0 5 10 15 20 25 30 35 40 45 50 55 60

0 5 10 1520 25 30 35 40 45 50 55 60

0 5 10 15 20 25 30 35 40 45 50 55 60

Subject #7 Subject #8 Subject #9

8- (CD4=71, HIV RNA=111,000) 8- (CD4=184, HIV RNA=17,200) . (CD4=404, HIV RNA=17,700)
7 oo
61 61
51 51
4 4
3 3
24 | 24 .
1 1

0 T x 0 T 'y 0 'y

0 5 10 15 20 25 30 35 40 45 50 55 60

0 5 10 15 20 25 30 35 40 45 50 55 60

0 5 10 15 20 25 30 35 40 45 50 55 60

Subject #10 Subject #11 Subject #12
10 (CD4=231, HIV RNA=25,000) 10, (CD4=735 HIV RNA=42,000) " (CD4=856, HIV RNA=19,000)
o ' o Iy H W
7 7
61 6
51 51
4 4
3 3
24 2
1 i
0 7'y 9 ’ A
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Subject #13 Subject #14 Subject #15
_ (CD4=254, HIV RNA=39,814) g, (CD4=382 HIV RNA=141,210) 5, (CD4=420, HIV RNA=25,800)
7 P 7 7 4
6 64
5 54
4 4
34 3
2

I

0 5 10 15 20 25 30 35 40 45 50 55 60

Subject #16
(CD4=279, HIV RNA=36,000)

'
BT I “
v A

0 5 10 15 20 25 30 35 40 45 50 55 60

Subject #17
(CD4=246, HIV RNA=3,866,000)
Wi '

caNwROON®

0 5 10 15 20 25 30 35 40 45 50 55 60

Subject #18
(CD4=207, HIV RNA=77,000)
| '

0 5 10 15 20 25 30 35 40 45 50 55 60

0 5 10 15 20 25 30 35 40 45 50 55 60

0 5 10 15 20 25 30 35 40 45 50 55 60

Days on study

|



Reactivation Chapter 6

Figure 1 (previous page). Oral herpes simplex virus 1 (HSV-1) and varicella-zoster virus
(VZV) shedding patterns in individuals infected with HIV. Viral loads [genome equivalent
copies (geq) per mL] are plotted on the y-axis and the days on study on the x-axis. For each
patient, CD4 T-cell counts (cells/uL) and HIV RNA loads (geq/mL) are specified. Individuals #1
to #6 were taking anti-retroviral therapy (HAART). The dotted line represents the lower limit of
detection of the qPCR. Blue bars indicate HSV-1 shedding, red bars indicate VZV, and black
bars below the x-axis indicate missing swabs. The solid box (graph of patient #6) indicates the
presence of symptomatic herpetic oral lesions. Arrowheads denote the end of the swabbing
period per individual and arrows indicate swabs that were used for HSV-1 thymidine kinase-
based genotyping (see Table Ili).

HAART (i.e. participants #1 to #6) (Table | and Figure 1). Participants had a median
CD4 T-cell count of 268 cells/mL with an interquartile range (IQR) of 202-476 cells/
mL and a median HIV RNA load of 37,900 copies/mL (IQR: 15,656-109,316 copies/
mL) (Table I). Whereas the CD4 T-cell counts were not different (Mann-Whitney
test; P=0.45), the HIV RNA load was significantly lower in persons taking HAART
compared to those not receiving HAART (Mann-Whitney test; P=0.01), respectively.
A total of 715 oral swabs were obtained and analyzed for the presence and amount
of HSV-1 and VZV DNA by qPCR. Samples were collected for a median of 31 days
(IQR: 28-33 days), with 19 participants collecting for 230 days (Figure 1). Except for
individual #6, none of the participants reported symptomatic herpetic oral lesions
during the study period.

Four of the 22 (18%) persons shed neither HSV-1 nor VZV DNA during the study.
From the 18 remaining persons, HSV-1 DNA was detected on 102 out of 715 sample
days (14.3%) (Table Il). The HSV-1 DNA load was quantified in 97 swabs, with a
median DNA load of 5,603 geg/mL (IQR: 1,073-56,050 geg/mL). Very low VZV DNA
levels were detected in 7 swabs from two persons, and could be quantified in 1 sam-
ple (participant #4; 58 geq/mL). The median number of episodes of HSV-1 shedding
was 2 and 1.5 episodes per 30 days among participants receiving HAART and those
who were not receiving HAART (Mann-Whitney test; P=0.48), respectively. The fre-
quency of HSV-1 and VZV shedding, and the maximum detected HSV-1 load, did
not correlate with the participants’ CD4 T-cell counts or HIV RNA load (Figure 1 and
data not shown). All VZV DNA positive swabs were HSV-1 negative, with the excep-
tion of one swab from participant #17 in which both HSV-1 and VZV were detected
(Figure 1).

The 102 HSV-1 positive swabs clustered into 34 distinct shedding episodes, with a
median duration of 2 days (range 1-20 days) (Table Il). During the study period, 14
episodes (41%) of 1 day duration were detected with a median HSV-1 DNA load of
256 geg/mL (IQR: 124-3,555 geg/mL). Eleven episodes (32%) lasted = 4 days, and
7 episodes where of unknown duration because swabs were positive at the begin-
ning or end of the study (Figure 1 and Table II). The median HSV-1 load of 3-day
episodes (909,842 geq/mL) or = 4-day episodes (106,000 geg/mL) was significantly
higher compared to one-day episodes (Mann-Whitney test; P=0.005 and P=0.0001,
respectively) (Figure 2). One of the participants (#6) reported symptomatic herpetic
oral lesions at days 15 to 20 of the study. HSV-1 DNA was detected in mucosal
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Table 2. Proportion of Days, Time Points, and Study Participants with
HSV-1 or VZV Detected in at Least One Oral Swab.

Baseline Characteristics? n = 22 subjects
Days sample collected, n 715
VZV DNA positive participants, n (%) 2(9)
Days VZV detected, n (%) 7(1)
HSV-1 DNA positive participants, n (%) 18 (82)
Days HSV-1 detected, n (%) 102 (14)
Duration of HSV-1 DNA positive episodes 34

1 day (%) 14 (41)
2 days (%) 5(15)

3 days (%) 4(12)
24 days (%) 11 (32)

@ HSV-1, herpes simplex virus 1; VZV, varicella-zoster virus; n (%), indicates the
number, between parentheses the percentage, of the indicated parameters within the
whole study group or the total number oral swabs obtained.

swabs at the start of symptoms and was undetectable during the resolution phase.
Notably, the participant’s second HSV-1 shedding episode, with a 2-log higher HSV-
1 DNA load, was asymptomatic (Figure 1).

Genotyping of Oral HSV-1 in Individuals Infected with HIV

To determine if oral HSV-1 shedding involves reactivation of the same latent strain
within and between shedding episodes, the entire TK gene from a selected set of
HSV-1 DNA positive oral swabs was sequenced (Figure 1). Besides the causative
role of TK mutations in ACV resistance (ACVR), the hypervariability of the TK gene
provides insight into the genetic composition of a virus isolate [11, 30, 31]. The HSV-
1 TK genotype was determined from 14 participants with a median of 2.5 (range
1-8) oral swabs analyzed per person. The analyzed sequential oral swabs were
obtained during one (n=10 participants) or of two subsequent HSV-1 shedding epi-
sodes (n=4 participants) (Table Ill). Alignment of the TK sequences obtained with
the corresponding sequence of the HSV-1 reference strain H129 revealed numerous
TK gene nucleotide substitutions, including those resulting in amino acid mutations
in the encoding TK protein. Notably, HSV-1 TK sequences of sequential oral swabs
from each individual, both within and between shedding episodes, were identical
suggesting reactivation and subsequent oral shedding of the same endogenous
HSV-1 strain (Table IIl). Most of the viruses shed by each individual had a unique TK
nucleotide sequence clustering into distinct participant-specific phylogenetic clades
(Figure 3). However, HSV-1 shed by participants #2 and #18, and participants #6
and #13, could not be differentiated based on the TK gene genotypes (Table Il and
Figure 3). The TK sequence homology was not due to contamination, since the
participants’ samples were processed at different time points, all sequential swabs
of each participant were identical (Table Ill), and none of the aforementioned partici-
pants were family members or in any way related.
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ACVR HSV-1 is predominantly due to specific mutations in the drug-targeted TK pro-
tein leading to its defective or limited ability to convert ACV to ACV-monophosphate
necessary to block HSV-1 replication [31]. Whereas the majority of the HSV-1 TK
amino acid changes identified in the oral swabs were natural polymorphisms, 4 of 14
(29%) participants (#6, #10, #13 and #17) shed HSV-1 strains expressing ACVR-as-
sociated TK protein variants suggesting that the respective viruses are unresponsive
to ACV therapy (Table IIl) [11, 31-33]. Notably, participants #6 and #17 shed the
respective HSV-1 strain on two subsequent shedding episodes suggesting that this
inferred ACVR virus had reactivated from latency. For participant #6, one of these
shedding episodes coincided with symptomatic oral lesions.

Discussion

The aim of this study was to examine the kinetics and quantity of oral HSV-1 and
VZV shedding during a one-month daily sampling in individuals infected with HIV.
It was found that shedding of HSV-1 occurs frequently, on 14.3% of days, whereas
VZV shedding is very rare and at significantly lower genome copies. Based on the
TK genotypes of sequential HSV-1 DNA positive oral swabs it was demonstrated
that the participants shed genetically identical HSV-1 viruses, within and between
HSV-1 shedding episodes, which were generally patient-unique. One-third of the
participants shed a virus with an ACVR TK genotype that potentially results in an
HSV-1 strain refractory to ACV therapy.

Oral shedding of aHHV likely contributes to the epidemic spread within the human
population [2-5]. Estimates on the frequency of HSV-1 shedding in immunocompe-
tent individuals range from 0.5-76%. The sensitivity of virus detection techniques
used, the number of persons and consecutive swabs sampled, and the time course
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Table 3. Herpes Simplex Virus 1 Thymidine Kinase Variants Detected in Sequential Oral Swabs of HIV Patients.

Subject Sampling day® Thymidine kinase (TK) protein amino acid changes® GenBank
ID Accession No.°
2 16,17 & 19 1138V JQ895543
3 6 S23N, E36K, Q89R, 1138V, G240E & R281Q JQ895544
4 21,25 &29 S23N, E36K, Q89R, 1138V, G240E & R281Q JQ895545
5 2,385 L42P, Q89R, 1138V, G251C, V267L, P268T, D286E & N376H JQ895546
6 17,25 & 26 C6G, R41H, Q89R, 1138V, A192V, G251C, V267L, P268T, D286E & N376H JQ895547
9 8 1138V & A316V JQ895548
10 24 S23N, E36K, Q89R, 1138V, G240E, R281Q & C336R JQ895549
1 25&28 C6G, L42P, Q89R, 1138V, L267T, P268T & D286E JQ895550
12 15,16, 17 & 19 1138V & G240E JQ895551
13 14,16, 19, 22, 23, 27,29 & 31 C6G, R41H, Q89R, 1138V, A192V, G251C, V267L, P268T, D286E, N376H JQ895552
15 218&22 C6G, 1138V & G240E JQ895553
16 54 & 56 1138V JQ895554
17 2,4,78&26 C6G, del36E, R41H, Q89R, 1138V, A192V, G251C, V267L, P268T, D286E  JQ895555
& N376H
18 30, 50 1138V JQ895556

a Sampling day refers to the oral HSV-1 shedding day of which the corresponding TK sequence of the indicated subject was determined.
The analyzed sampling days are also depicted with arrows in Fig. 1.
® Amino acid changes are listed that are different from the HSV-1 TK reference sequence (GenBank No.: GU_734772). All sequential
HSV-1 DNA positive swabs of the indicated days were identical within each subject. Underlined and bold/italic TK residue changes
are unknown to affect acyclovir (ACV) sensitivity and published TK mutations leading to an ACV-resistant phenotype of the respective
HSV-1 strain, respectively [11, 31-33]. All other residue changes are TK polymorphisms that are described not to affect ACV sensitivity.
The mutation “del36E” refers to a deletion of “glutamic acid” at residue position 36 of the TK protein. HSV-1 DNA positive oral swabs
of subjects #2 and #18, and #6 and #13, had identical HSV-1 TK nucleotide and protein sequences, respectively. In contrast, the TK

sequences of the HSV-1 shed by subject #16 was different at the nucleotide level compared to the TK sequences of subjects #2 and #18.

¢ The GenBank Accession numbers of the HSV-1 TK sequences of the indicated oral swabs are provided-
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Figure 3. Distinct oral herpes simplex
virus 1 (HSV-1) thymidine kinase (TK)
genotypes in individuals infected with
HIV.  Maximum likelihood unrooted
phylogenetic tree of HSV-1 TK
sequences was estimated under the
Kimura 2-parameter model. The HSV-
1 TK variants shown are coded by the
participant’s number, episode number
(1 or 2), and swab within an episode
(A to H). Selected bootstrap values are
given. Scale bar represents number of
nucleotide substitutions per site. *The
TK variants from participant #17 are
identical to those of individuals #1 and
#6, except for a 3-nucleotide deletion
(see Table Ill).
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of the studies may have attributed to the high variation reported [3, 34-37]. Studies
that sampled saliva multiple times a day have revealed that 39% of oral HSV-2 re-
activations are cleared within 12 hours [19]. A study in individuals infected with HIV
demonstrated that HSV reactivations are also of short duration and usually resolve
before the onset of symptoms [18]. Consistent with previous reports, the current
study detected HSV-1 shedding in 82% of the individuals infected with HIV at a
frequency comparable to immunocompetent individuals [3, 18, 34-37]. The results
corroborate with earlier data describing that a large proportion of the oral shedding
episodes were cleared within 2 days and maximal viral loads per episode were sig-
nificantly higher in episodes of prolonged duration [18-19]. In this study, one partici-
pant (#6) reported oral lesions during one shedding episode that coincided with the
detection of HSV-1 DNA in the mucosal swabs. Notably, the concurrent shedding
episode of this participant, which was asymptomatic, had 2-log higher HSV-1 DNA

copy numbers suggesting that the viral DNA load was not related to symptomatic
herpetic oral lesions [21].

EE]

—
0.002

Subclinical reactivation of VZV has been less well studied and is largely evident in
the elderly, in immunocompromised individuals and in herpes zoster patients [25-26,
38-39]. One study evaluated the prevalence of VZV in saliva of individuals infected
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with HIV and demonstrated low copy numbers in 3 of 59 (5.1%) participants [27]. A
similarly low incidence and low copy numbers of oral VZV shedding was reported in
the current study. The low prevalence of VZV shedding did not allow investigation
of the potential interrelatedness of oral HSV-1 and VZV reactivation and shedding
in individuals infected with HIV. Deprived VZV-specific T-cell immunity, as seen in
immunocompromised individuals and the elderly, is a risk factor for VZV reactiva-
tion [14]. Future studies on more severe immunocompromised individuals, e.g. stem
cell transplant patients, are warranted to study a potential interrelation between oral
HSV-1 and VZV shedding [12, 27, 38].

HSV-1 and VZV are closely related human herpesviruses that establish a lifelong
latent infection of sensory ganglia, yet HSV-1 shedding is much more frequent com-
pared to VZV shedding. The different patterns in virus shedding resemble the dif-
ferences observed in recurrent symptomatic HSV-1 and VZV infections. Recurrent
HSV-1 lesions occur frequently, whereas individuals typically develop herpes zoster
only once in a life time [40]. In contrast to HSV-1, VZV establishes latency in ganglia
along the entire neuraxis, hence VZV reactivation from ganglia other than the trigem-
inal ganglia may be undetectable in saliva. However, previous studies have shown
that VZV DNA and infectious virus can be detected during asymptomatic reactiva-
tion in astronauts and in zoster patients, irrespective of the affected dermatome [2,
25-26]. Likewise, elderly vaccinated with the live-attenuated VZV vaccine shed viral
DNA in saliva, suggesting that VZV reaches the saliva by viremic spread upon vac-
cination or viral reactivation [41].

It was previously shown that HSV-1/VZV co-infection correlates with the detection of
both viruses in human trigeminal ganglia [42-43]. Both viruses can be detected in the
same trigeminal ganglion and even HSV-1 and VZV double-infected neurons have
been described [44]. The higher ganglionic HSV-1 DNA load compared to VZV DNA
load [43-45] may account for a higher HSV-1 reactivation frequency. Alternatively,
viral determinants of HSV-1 latency, including intra-neuronal expression of latency-
associated transcripts and microRNAs [46-49], which are not shared by VZV, may
contribute to the differential aHHV reactivation patterns. Finally, CD8 T-cells are con-
sidered pivotal to control HSV-1, but not VZV latency in human trigeminal ganglia
suggesting that different immune mechanisms act on the control of latency of both
aHHVs [42-43].

In addition to the genetic hypervariability of the HSV-1 TK gene, ACV resistance
is mostly associated with specific mutations in the drug-targeted viral TK protein
[31]. The current study demonstrated that for each participant the sequential HSV-1
strains shed were identical within and between oral HSV-1 shedding episodes and
expressed an overall individual-unique genotype. The data are in line with a recent
study demonstrating that paired trigeminal ganglia are latently infected with a per-
son-specific HSV-1 strain [11]. Recurrent symptomatic ACVR HSV-1 infections have
been described in ocular infections demonstrating that ACVR HSV-1 can reactivate
from latency [6]. Four of 14 (28.6%) participants shed HSV-1 strains with ACVR-as-
sociated TK protein variants, including 2 patients on two different episodes, suggest-
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ing that the inferred ACVR HSV-1 strains have established latency and reactivated
from latency [6, 11]. Recurrent therapy-induced ACVR HSV-1 have been described
in immunocompromised individuals, illustrating the importance of local immunity in
viral clearance from infected mucosal tissues [50-53]. Due to the low prevalence of
ACVR HSV-1 in the population [54], the participants likely developed ACVR HSV-1
during the course of ACV treatment prior to study entry. Alternatively, ACVR HSV-1
could arise locally as the result of natural variation. HSV-1 TK genotyping can be an
additional diagnostic tool to determine the anti-viral sensitivity of clinical samples
[6, 30]. Rationalized selection of the appropriate antiviral agents may prevent the
development of severe herpetic disease in immunocompromised patients, including
individuals infected with HIV.

The limitations of the current study are the relatively small sample size with male
predominance and the relatively long swabbing interval. Assessment of herpesvi-
rus shedding in the oral cavity in persons infected with HIV can be improved by a
dense time interval of mucosal sampling in addition to a detailed description of clini-
cal symptoms (e.g., cold or flu-like symptoms) and dental procedures that may be
associated with herpesvirus reactivation. Moreover, a next generation sequencing
approach would allow monitoring of drug-resistant minority virus variants present in
the isolate.

In summary, the current study demonstrated that short episodes of oral HSV-1 reac-
tivations occur frequently in individuals infected with HIV. Within a daily swabbing in-
terval, HSV-1 shedding episodes were detected with a median of 2 days. HSV-1 TK
genotyping demonstrated that each individual sheds a unique HSV-1 strain among
episodes, which can express ACVR-associated mutations. VZV shedding was de-
tected in two of 22 participants at very low copy numbers, demonstrating the low
incidence of VZV shedding even in immunocompromised individuals. Future studies
should address the mechanism underlying the different shedding kinetics between
these two closely related human alpha-herpesviruses.
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Abstract

Ganglia of monkeys with reactivated simian varicella virus (SVV) contained more
CD8* than CD4"* T-cells around neurons. The abundance of CD8* T-cells was greater
less than 2 months after reactivation than that at later times and correlated with
CXCL10 RNA but not with SVV protein or open reading frame (ORF61) antisense
RNA. CXCL10 RNA colocalized with T-cell clusters. After SVV reactivation, tran-
sient T-cell infiltration, possibly mediated by CXCL10, parallels varicella-zoster virus
(VZV) reactivation in humans.
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Varicella-zoster virus (VZV) causes varicella (chickenpox) and becomes latent in
ganglia, producing zoster (shingles) upon reactivation. Because VZV infects only
humans, studies of virus latency and reactivation have been restricted to autopsy
tissues. Analyses of ganglia obtained after death from individuals with recent zos-
ter revealed lymphocytic infiltration [1-2], possibly mediated by antigenic stimuli or
chemokines, including CXCL10 (3). VZV-specific T cells have not been identified in
human ganglia latently infected with VZV [4-5]. Simian varicella virus (SVV) infection
in monkeys closely resembles VZV infection in humans [6]. Earlier, we demonstrated
reactivation of latent SVV in immunosuppressed monkeys [7]. Herein, we extend-
ed those studies by examining ganglia containing reactivated SVV for infiltrating T
cells. Four cynomolgus macaques (GP02, -04, -06 and -07) were naturally infected
with SVV [7]. Ten to 14 days later, all monkeys developed varicella (Figure 1). At 4
months postinfection, monkeys were immunosuppressed with tacrolimus, resulting
in a 34% reduction in mean white blood cell counts at 6 weeks posttreatment [7].
Monkeys GP02, -06 and -07 developed zoster at 23, 3 and 10 days, respectively,
after starting tacrolimus treatment. Monkeys were euthanized at monthly intervals
post-tacrolimus treatment (Figure 1). Detection of SVV glycoproteins in lungs and
multiple ganglia in monkey GP04, which did not develop skin rash, confirmed sub-
clinical reactivation [6].

Immunohistochemical analysis of consecutive ganglion tissue sections from these
monkeys and from an uninfected control monkey (CTRL) for CD3, CD4 and CD8 ex-
pression showed that SVV reactivation was associated with T-cell infiltration, mostly
CD8* T-cells, in ganglia along the entire neuraxis (Figure 2). T-cells were dispersed
throughout ganglia. T-cell clusters, both CD4* and CD8* T-cells, were occasionally
detected adjacent to neurons (Figure 2A). Rare granzyme B* (grB) cells, not restricted
to T-cell clusters, were observed in ganglia from all monkeys (Figure 2A), suggesting
that ganglion-infiltrating T-cells did not encounter their cognate antigen [8]. Ganglion-

tacrolimus
A%
infection euthanize
lVaricella
: 4 I
1
1
1
2 GP02 ! v 1 ! l
2 GP04 y
S GP06 | L
g GPO7 ] Y
0 10-14d 4m Sm 6m 7m 8m

Figure 1. Establishment of latent SVV infection in cynomologus macaques and reactivation
by tacrolimus-induced immunosuppression. Four cynomolgus macaques (GP02, GP04, GP06
and GPO07) were exposed to monkeys inoculated intratracheally with 10* plaque forming units
of SVV and developed varicella rash 10 to 14 days later. At 4 months (4m) pos-exposure, all
4 monkeys received tacrolimus for the remainder of their lives. Zoster rash developed 26,
3 and 10 days (closed triangles) after tacrolimus treatment in monkeys GP02, -06 and -07,
respectively. All 4 monkeys were euthanized 1-4 months postimmunosuppression. Subclinical
reactivation of SVV was confirmed in monkey GP04 by detection of SVV glycoproteins in
ganglia removed at necropsy (open triangle) [6].
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Figure 2. Increased number of ganglion-infiltrating T-cells and T-cell clusters early after SVV
reactivation in monkeys. (A) Immunohistochemical staining of consecutive sections of lumbar
ganglia from monkey GP02 at 4 days after zoster rash for CD3, CD4, CD8 and granzyme
B (grB) antigens or IgG1 and IgG2a isotype control antibodies. Staining was enhanced in
sections stained for CD8 and the corresponding IgG1 isotype control using tyramide signal
amplification (TSA). Arrows indicate T-cell clusters. Arrowheads indicate occasional grB+
cells. Stainings were visualized using the substrate 3-amino-9-ethylcarbazole (AEC) (red)
and nuclei were counterstained with hematoxylin (blue). Magnifications: X200 for CD3, CD4,
CD8 and the corresponding isotype controls IgG1 and IgG1 plus TSA, and X400 for grB and
the corresponding isotype control IgG2a. (B) Numbers of positive T-cells and T-cell clusters
(210 T-cells clustered around a single neuron) compared to the number of neurons in the
same section. Stainings were performed as described previously (5). Data are average ratios/
monkey + standard error of the mean. The Mann-Whitney test was used for statistical analysis.

infiltrating CD8* T-cells in zoster patients are also predominantly grB-negative [9].

We analyzed 11 to 19 ganglia from each monkey to determine the number of T cells
per neuron. The number of ganglionic neurons counted in sections from each ana-
tomical level of the neuraxis ranged from 657 to 3,991 (Table 1). Ganglia obtained
from monkey GP02, euthanized at 1 week post-zoster rash, contained significantly
greater numbers of CD3* (p= 0.0005), CD4* (p= 0.015) and CD8* (p<0.0001) T-
cells/neuron compared to those in the control monkey (Fig. 2B) (Table 1). Monkey
GPO02 also contained significantly more CD3* T-cell clusters, defined as >10 T-cells
surrounding a single neuron, compared to the control monkey (p= 0.019). Similarly,
ganglia from monkey GP04, euthanized at 2 months postimmunosuppression, con-
tained significantly more CD8* T-cells (p = 0.008) and had more CD3* cells (p=
0.075) and T-cell clusters (p= 0.095) than the control monkey. In contrast, T-cells and
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Table 1. CXCL10 Transcript Expression and Numbers of Infiltrating T-cells in Sensory Ganglia
from SVV-Infected Cynomolgus Macaques.

Ratio (mean * SD)

Monkey Ganglion No. of copies Total no.of T-cells/ CD4* T-cells CD8*T-cells CD8*/CD4*
of CXCL10/ neurons neurons I neurons I neurons T-cells
ng of GAPDH counted

GP02 Cervical NA? NA NA NA NA NA
Thoracic® 3.6 2,080 1.18+0.18 0.24 +0.44 0.64 +0.09 2.85+0.80
Lumbar 12.0 1,265 1.48 +0.44 0.23+0.11 0.74 £0.17 3.67 £ 1.46
Sacral 11.6 1,766 1.41+0.29 0.28 + 0.09 0.83+0.12 3.31+1.06

GP04 Cervical 1.3 1,684 0.70+0.17 0.11 £ 0.05 0.30+0.08 2.91+1.57
Thoracic 1.5 1,862 0.97+0.24 0.13+0.02 0.43+0.06 3.32+0.84
Lumbar 1.8 1,610 1.91+1.66 0.03 +0.01 0.71+£0.37 3129+

17.18

Sacral 25 709 1.52+£0.19 0.08 + 0.11 0.50+0.15 9.93+1.06

GP06 Cervical 0.4 3,521 0.58+0.13 0.23+0.11 0.23+0.05 1.10 £0.27
Thoracic 0.9 2,514 0.45+0.05 0.11+£0.07 0.14 +0.00 1.56 + 1.05
Lumbar 0.8 3,991 0.70 + 0.07 0.18 £ 0.11 0.29+0.14 2.48 +1.66
Sacral’ 0.9 1,908 0.80+0.14 0.13+0.04 0.18+0.03 1.70 £ 0.71

GP07 Cervical 0.3 704 0.80+0.14 0.19 + 0.09 0.31+0.08 2.11+£1.25
Thoracic® 0.4 2,636 0.82+0.08 0.07 +0.02 0.19+0.05 3.03+0.99
Lumbar 0.4 3,884 1.02 £ 0.25 0.23+0.10 0.41+0.18 1.88 £0.37
Sacral 0.2 1,421 0.68 +£0.28 0.12 £ 0.07 0.33+0.16 2.93 +£0.55

BI79 Cervical NA 657 1.00 £ 0.42 0.30+0.18 0.42+0.10 1.59 £ 0.61
Thoracic ~ NA 1,260 0.83 +£0.11 0.13 +0.03 0.37 £0.07 3.05+1.14
Lumbar NA 2,181 0.68 +0.22 0.10 + 0.03 0.12+0.09 1.09 £ 0.86
Sacral NA 1,854 0.75+0.07 0.18 £ 0.01 0.30 £ 0.01 1.67 £ 0.02

2 NA, not available
b Site of zoster rash [7]

T-cell clusters in monkeys euthanized at 3 and 4 months postimmunosuppression
(monkeys GP06 and GPQ7) were similar to those of the control monkey (Fig. 2B).
Overall, SVV reactivation led to a transient T-cell infiltration of ganglia, predominantly
CD8* T-cells, which clustered around neurons. Notably, T-cell numbers and clusters
were not increased in ganglia corresponding to the site of zoster rash (Table 1).

SVV open reading frame 61 (ORF61) antisense transcripts are abundant in latent-
ly infected ganglia of rhesus macaques [10-11]. Thus, we analyzed consecutive
ganglionic sections after reactivation by in situ hybridization (ISH) for SVV ORF61
antisense RNA and by immunohistochemistry (IHC) for CD3 expression and SVV
antigen to determine if SVV infection might mediate T-cell infiltration of ganglia. T-
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i~ DapB "~ NRS

Figure 3. CD8" T-cell infiltration in ganglia of cynomolgus macaques after SVV reactivation
did not correlate with local expression of SVV antigens or with the ORF61 antisense transcript.
(A) Consecutive ganglionic sections from monkey GP02 at 4 days after zoster rash stained for
the SVV ORF61 antisense transcript by in situ hybridization (ISH) or stained for CD3 and SVV
antigens by immunohistochemistry. (B) Biopsied skin rash sections from an acutely infected
African green monkey stained for the SVV ORF61 antisense transcript by ISH or for SVV
antigens by IHC. Controls were biopsied skin stained for E.coli diaminopimelate B (DapB) and
normal rabbit serum (NRS) by ISH and IHC, respectively. IHC stainings (5) were visualized
using substrate 3-amino-9-ethylcarbazole (AEC) (red), and ISH staining was visualized using
the substrate Fast Red (pink). The ISH probes were designed by Advanced Cell Diagnostics
(Hayward, CA) and ISH was performed according to the manufacturer’s instructions. Nuclei
were counterstained with hematoxylin (blue). Magnification: 200X.

cells did not cluster with neurons expressing SVV ORF61 antisense RNA and SVV
antigens (Figure. 3A). Figure 3B is a positive control showing that SVV ORF61 an-
tisense RNA and SVV antigens were readily detected in skin of an acutely infected
monkey. The absence of SVV ORF61 antisense RNA in ganglia of our cynomolgus
monkeys could reflect a difference in species studied or the well documented vari-
ability of ganglionic infection within a single subject [7]. T-cell infiltration in ganglia
of monkeys after SVV reactivation did not correlate with local expression of SVV
ORF61 antisense transcripts or SVV antigens.

Increased expression of the chemokine CXCL10, which recruits activated T-cells
and NK cells by binding to their receptor CXCR3 [12-13], has been described in
human ganglia after VZV infection in vitro and in situ in human ganglia of deceased
zoster patients [3]. To test the role of CXCL10 in the SVV monkey model, consecu-
tive ganglionic sections were stained for CD3, CD4 and CD8 by IHC and for CXCL10
transcripts by ISH. CXCL10 transcripts were readily detected within T-cell clusters,
but not within neurons (Figure 4A). CXCL10-positive cells were more abundant in
monkeys at 1 or 2 months than at 3 to 4 months postimmunosuppression (data not
shown). The number of CXCR3-positive cells in ganglia at reactivation did not differ
from that in uninfected ganglia (data not shown).

To determine whether CXCL10 transcript levels correlated with infiltrating T-cells,
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Figure 4. T-cell infiltration correlates with CXCL10 mRNA expression in ganglia of
cynomolgus macaques after SVV reactivation. (A) Consecutive tissue sections of ganglia
from monkey GPO02 stained for CD3, CD4 and CD8 antigens by immunohistochemistry
(IHC) as described previously [5] and for CXCL10 transcript by in situ hybridization (ISH)
or stained using the corresponding IgG1 isotype control antibodies by IHC (with or without
tyramide signal amplification [TSA]) and the negative-control probe directed to the E.coli
gene diaminopimelate B (DapB) by ISH. Stainings were TSA enhanced in sections tested
for CD8 and the corresponding IgG1 isotype control. IHC stainings were visualized using the
substrate 3-amino-9-ethylcarbazole (AEC) (red) and ISH staining was visualized using Fast
Red (pink). The ISH probes were designed by Advanced Cell Diagnostics (Hayward, CA) and
ISH was performed according to the manufacturer’s instructions. Nuclei were counterstained
with hematoxylin (blue). Magnification: X400. (B) Average CXCL10 transcript levels (copies of
CXCL10 mRNA/ng of GAPDH mRNA + standard error of the mean) per monkey (C) Scatter
plots of CXCL10 transcript levels versus average number of CD3" T-cells/neuron, CD4*
T-cells/neuron, or CD8* T-cells/neuron and the number of T-cell clusters/1,000 neurons in the
contralateral ganglia of the same monkey. Spearman’s correlation test was used for statistical
analysis. Real-time RT-PCR analysis was performed as described previously [11].

RNA extracted from ganglia contralateral to the ones used for IHC were analyzed for
CXCL10 transcription by quantitative RT-PCR (qPCR) using oligonucleotide prim-
ers specific for human CXCL10 (CXCL10 forward: GCCAATTTTGTCCACGTGTTG;
CXCL10 reverse: GGCCTTCGATTCTGGATTCA; CXCL10 probe: TCATTGCTA-
CAATGAAAAAGAAGGGTGAGAAGAG). Consistent with CXCL10 detection by ISH,

129




Chapter 7 Reactivation

CXCL10 transcript levels were greatest in monkeys GP02 and GP04 at 1 and 2
months after immunosuppression (Figure 4B and Table 1), and correlated signifi-
cantly with the number of T-cells (p= 0.003) and T-cell clusters (p= 0.0046). Note
that the number of CD8* (p=0.0005), but not CD4* T-cells (p=0.47) correlated with
CXCL10 transcript levels (Figure 4C).

Our findings demonstrate that SVV reactivation induced a transient CD8* T-cell infil-
tration in monkey ganglia, possibly mediated by the chemokine CXCL10. The mag-
nitudes of CXCL10 expression and T-cell infiltration did not differ among ganglia,
including those that corresponded to the dermatome associated with zoster rash.
Our study parallels the previous findings that VZV reactivation induces CXCL10 ex-
pression and T-cell infiltration in human ganglia [3] and underscores the usefulness
of equivalent findings in monkey ganglia containing reactivated SVV and SVV infec-
tion of primates as a useful model to study VZV pathogenesis [6]. In both settings,
however, it remains unclear whether CXCL10 is the primary cause of T-cell influx or
secondarily due to interferon-y secreted by activated infiltrating lymphocytes [14-15].
Future studies of latently infected ganglia and ganglia from monkeys with zoster may
help to differentiate between the two possibilities.
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Abstract

Intraocular varicella-zoster virus (VZV) and HSV type 1 (HSV-1) infections cause
sight-threatening uveitis. The disease is characterized by an intraocular inflamma-
tory response involving herpesvirus-specific T-cells. T-cell reactivity to the non-caus-
ative human alphaherpesvirus (aHHV) is commonly detected in the affected eyes of
herpetic uveitis patients, suggesting the role of cross-reactive T-cells in the disease.
This study aimed to identify and functionally characterize intraocular aHHV cross-re-
active T-cells. VZV protein IE62, which shares extensive homology with HSV ICP4,
is @ major T-cell target in VZV uveitis. Two VZV-specific CD4 T-cell clones (TCC),
recovered from the eye of a VZV uveitis patient, recognized the same IE62,,, ..
peptide using different TCR and HLA-DR alleles. The IE62,,, .., peptide bound with
high affinity to multiple HLA-DR alleles and was recognized by blood-derived T-cells
of 5 of 17 HSV-1/VZV-seropositive healthy adults, but not in cord blood donors (n=5).
Despite complete conservation of the IE62 epitope in the orthologous protein ICP4
of HSV-1 and HSV-2, the TCC recognized VZV and HSV-1 but not HSV-2 infected B-
cells. This was not attributed to proximal epitope-flanking amino acid polymorphisms
in HSV-2 ICP4. Notably, VZV/HSV-1 cross-reactive CD4 T-cells controlled VZV, but
not HSV-1 infection of human primary retinal pigment epithelium (RPE) cells. In con-
clusion, we report on the first VZV/HSV-1 cross-reactive CD4 T-cell epitope, which
is HLA-DR promiscuous and immuneprevalent in co-infected individuals. Moreover,
ocular-derived peptide-specific CD4 TCC controlled VZV but not HSV-1 infection of
RPE cells, suggesting that HSV-1 actively inhibits CD4 T-cell activation by infected
human RPE cells.

134



Reactivation Chapter 8

Introduction

Varicella-zoster virus (VZV) and HSV type 1 (HSV-1) are closely related endemic
human alphaherpesviruses (aHHV) [1-2]. Primary VZV and HSV-1 infections are
acquired during childhood and lead to the establishment of a lifelong latent infection
of sensory neurons [1-2]. VZV causes varicella (chickenpox) as a primary infection
and herpes zoster (shingles) upon reactivation [2]. Primary and recurrent HSV-1
infections typically cause oral and ocular lesions [1]. Herpesvirus infections induce
CD4 and CD8 T-cell responses that are essential to control acute infection and to
prevent recrudescent disease [3-6]. T-cell responses are beneficial to the host, but
on occasion and depending on the anatomic site of the body (e.g., brain and eye)
localized aHHV-specific T-cell responses may orchestrate immunopathology leading
to irreversible tissue damage [7].

Acute retinal necrosis (ARN) is a rapidly progressing and potentially blinding uveitis
entity, which is commonly initiated by an intraocular infection with HSV-1 or VZV in
immunecompetent individuals [8-10]. The clinical pictures of HSV-1 and VZV ARN
are identical suggesting a common pathological mechanism [9]. The pathogenesis of
ARN involves the destruction of uveal tissue by both the cytopathic effect of the trig-
gering aHHV and local innate and adaptive inflammatory responses [11-15]. Studies
on the experimental HSV-1 ARN mouse model have demonstrated the pathogenic
role of ocular infiltrating T-cells [11, 16]. The intraocular virus-specific T-cell response
in aHHV uveitis patients, mediated by cytotoxic CD4 and CD8 Th0/Th1-like T-cells,
is preferentially directed to the causative herpesvirus [17-21]. Herpesvirus particles
and antigens have been detected in the neural retina and retinal pigment epithelial
(RPE) cell layer of patients with HSV and VZV posterior uveitis [22-24]. The co-local-
ization of T-cells in these lesions suggests the role of RPE cells as APC in herpetic
uveitis [24].

The VZV and HSV proteomes are highly homologous [25], suggesting that aHHV-
specific T-cells may cross-react with orthologous herpesvirus proteins. Indeed, T-cell
reactivity to the non-causative aHHV is commonly detected, albeit at low frequency,
in affected eyes of both HSV-1 and VZV uveitis patients [19]. We have identified
VZV immediate early protein 62 (IE62) as a major target antigen of the intraocular
VZV-specific T-cell response in VZV uveitis patients [18]. VZV open reading frame
(ORF) 62 encodes for the 175 kDa tegument protein IE62, which is expressed with
immediate early kinetics and functions as the major transactivator protein during
VZV infection [26-27]. VZV IE62 is highly homologous with the orthologous infected
cell polypeptide 4 (ICP4) of HSV-1 and HSV-2 (~30% amino acid homology) and
complements ICP4 in HSV-1 [28]. Consequently, VZV IE6G2 is a promising candidate
antigen of aHHV cross-reactive T-cells in VZV uveitis patients. The aim of this study
was to identify and functionally characterize intraocular aHHV cross-reactive T-cells
in relation to the pathology of aHHV uveitis.
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Materials and Methods

Cell lines and T-cell clones

Human melanoma MeWo cells (American Type Culture collection (ATCC) ID; HTB-
65) and African green monkey kidney epithelial Vero cells (ATCC ID: CCL-81) were
grown in DMEM (Lonza) containing 10% heat-inactivated fetal bovine serum (FBS)
(Sigma) and antibiotics. The human RPE cell line ARPE-19 (ATCC ID: CRL-2302)
was cultured in a 1:1 ratio (vol/vol) of DMEM and Ham’s F12 nutrient mixture (both
Lonza) supplemented with 10% heat-inactivated FBS and antibiotics (hereafter re-
ferred to as S10F). The generation of two primary human RPE cell lines, designated
RPE 171 and 172, has been described [17]. The primary RPE cell lines were used
from passage 6 to 12.

The intraocular fluid (IOF)-derived VZV-specific CD4 T-cell clones (TCC) 7 and TCC
53 were obtained from the affected eye of a VZV ARN patient (patient #3 in reference
18). The I0F-derived HSV-1-specific CD4 TCC 44 was obtained from the affected
eye of a HSV-1 ARN patient (patient #1 in reference 21). Autologous B-cell lines
(BLCL) were obtained by transformation of peripheral blood B-cells with Epstein-Barr
virus as described [19, 21]. TCC were cultured in U-bottom 96-well plates (Greiner
Bio-One) in RPMI-1640 (Lonza) supplemented with 10% heat-inactivated human
pooled serum and antibiotics (hereafter referred to as T-cell medium; TCM) [18, 21].
The study was approved by the local ethical committee and informed consent was
provided by the uveitis patients and blood donors and the parents of the cord blood
donors according to the Declaration of Helsinki.

Viruses and viral antigens

Recombinant HSV-1 (HSV-1.EGFP-VP16) and VZV (VZV.EGFP-ORF66) strains ex-
press enhanced green fluorescent protein (EGFP) conjugated to the viral proteins
VP16 and ORF66 under control of the HSV-1 UL48 and VZV ORF66 promoter, re-
spectively [29-30]. Wild-type VZV (strain Dumas), HSV-1 (strain KOS) and HSV-2
(strain MS) were used. HSV and VZV strains were grown in Vero cells and ARPE-19
cells, respectively [19, 21]. Monolayers of virus-infected cells showing >80% cyto-
pathic effect, and mock-infected cells as controls, were scraped in PBS, lysed by
three successive freeze-thaw cycles and cleared by centrifugation (1000 x g for 5
min). The antigen preparations were inactivated by UV-irradiation (2.5x102mW/mm?)
and stored in aliquots at -80°C.

Flow cytometry

The following fluorochrome-conjugate mouse mAbs were used for flow cytometry:
anti-CD3 (clone SP34-2; APC), anti-CD4 (clone SK3; PerCP) and anti-HLA-DR
(clone L243; PerCP) (all BD Biosciences). The TCR V3 gene usage of TCC 7 and 53
was determined using the flow cytometric IOTest Beta Mark assay according to the
manufacturer’s protocol (Beckman Coulter). Fluorescence intensity was measured
on a BD FACS Canto Il and analyzed using FACS Diva software (BD Biosciences)
and WinMDI 2.9 software.
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Sequence analysis of TCR gene rearrangement

Total RNA and DNA were isolated from TCC 7 and 53 using TRIzol combined with
the RNeasy mini kit (Roche), and the MagnaPure DNA Tissue Kit Il (Roche) by using
the MagnaPure LC lIsolation station (Roche), respectively. RNA was converted into
cDNA using oligo(dT) and reverse transcriptase as described [31]. DNA and cDNA
were used as templates for the amplification of TCRB and TCRA, respectively. TCRB
multiplex PCR was performed according to the BIOMED-2 multiplex PCR protocol,
while TCRA rearrangements were analysed by cDNA-based multiplex PCR reac-
tions [32]. TCRB- and TCRA-specific PCR products from the valid size ranges were
excised from agarose gels, purified, and subjected to sequence analysis using an
ABI3730XL sequencer (Applied Biosystems). Sequence reactions were performed
in both directions separately in a multiplex setting [32]. To identify TCR V, D and J
gene usage, sequence data were compared with TCR sequences deposited in the
ImMunoGeneTics database (http://www.imgt.org).

Synthetic peptides and HLA-DR allele binding affinity

The N-terminal FITC-conjugated and non-modified peptides, varying in length from
9 to 12 amino acids (aa), were synthesized by Sigma Aldrich and GeneCust, re-
spectively, to >70% purity. The HLA-DR binding potential was predicted using the
following HLA-II binding epitope prediction software packages: Propred [33], ARB
[34], MHCPred [35], NetMHCII [36], NetMHClIpan [36] and SVRMHC [37]. Peptides
were considered to bind to a specific HLA-DR allele if 24 out of 6 programs predicted
high affinity peptide binding. The HLA-DR allele-specific peptide binding affinity was
determined as described previously [38] using affinity-purified HLA-DR molecules
and FITC-conjugated peptides known to bind with high affinity to the respective HLA-
DR alleles, combined with an increasing concentration of the virus-derived peptide
of interest. Binding affinities were considered to be high (<1 uM), intermediate (1-10
MM), weak (10-100 uM) or absent (>100 uM) [38].

Plasmids

Sequences coding for HSV-1 ICP4 residues 945-1054 (Genbank accession num-
ber: ACM62283) and HSV-2 ICP4 residues 972-1082 (Genbank accession number:
NP_044530) were amplified by PCR from DNA isolated from Vero cells infected with
wild-type HSV-1 (KOS strain) and HSV-2 (strain MS) DNA using the following primers:
HSV-1_Fw (5’-gaagatctccaccatgGGCGGGGCCTCGGGGGGGCCG-3'), HSV-1_Rv
(5'ggaattcgCTCGCACGCCAGGTAGGCGTG-3), HSV-2_Fw (5-gaagatctccac-
catgGGCCGCGCCGGGGGCGGGCCC-3’) and HSV-2_Rv (5’-ggaattcgCTCGCAG-
GCCAGGTAGGCGTG-3'). Amplification was performed using Pfu Turbo DNA poly-
merase (Stratagene) and the following conditions: denaturation for 5 min at 95°C, 40
cycles (1 min at 95°C, 1 min at 65°C and 30 sec at 72°C) and final extension for 10
min at 72°C. The resulting amplicons were purified using the MinElute Gel Extraction
kit (Qiagen) and cloned into pEGFP-N1 plasmid (BD Biosciences) in frame with the
open reading frame of EGFP, using restriction enzymes Bglll and EcoRI. Plasmid
DNA was isolated using the Qiagen Plasmid Midi kit to confirm appropriate in-frame
insertion of the target sequence in the vector by sequence analysis using the Bid-
Dye Terminator (version 3.1) cycle sequencing kit (Applied Biosystems) and the ABI
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Prism 3100 Genetic Analyzer (Applied Biosystems).

IFNy ELISPOT assay

Autologous BLCL were used as APC for IFNy ELISPOT assays in three different
ways. First, BLCL were infected overnight with HSV at a multiplicity of infection (MOI)
of 10 or pulsed overnight with predefined optimal concentrations of protein lysates
obtained from VZV-, HSV- and mock-infected cells. Second, BLCL were pulsed over-
night with the indicated synthetic peptides in RPMI-1640 medium (2 pM, or as in-
dicated) [20]. Third, BLCL were nucleofected with pEGFP-N1 control plasmid and
plasmids expressing HSV-1 ICP4 aa 945 — 1054 (pEGFP-N1/HSV-1:1CP4945-1054)
or HSV-2 ICP4 aa 972 — 1082 (pEGFP-N1/HSV-2:1CP4972-1082) using Amaxa Cell
Line Nucleofector kit V (Lonza). IFNy ELISPOT assays were performed in triplicate,
according to the manufacturer’s instructions (Mabtech AB). Briefly, T-cells (5-20 x
10°® cells/well) were pre-incubated with BLCL (2 x 104 cells/well) for 1.5 h at 37°C in
U-bottom 96-well plates (Greiner Bio-One) followed by an additional 6 h incubation
at 37°C in anti-IFNy pre-coated Multiscreen HTS-IP ELISPOT plates (Millipore) [20].
T-cells were washed away and the secondary anti-IFNy mAb followed by the strepta-
vidin-alkaline-phosphatase mAb were added to the wells. Spots were visualized by
adding nitroblue tetrazolium 5-bromo-4-chloro-3-indoylphosphate (NBT/BCIP) sub-
strate (Lucron Elitech). Resulting blue IFNy spots were counted with an automated
ELISPOT reader (Sanquin Reagents). Each experiment was repeated at least twice.

VZV peptide IE62,,, ., reactive T-cell responses in blood samples

PBMC were isolated from heparized peripheral blood samples of 17 HLA-typed
HSV-1 and VZV seropositive healthy adult individuals and 5 cord blood (CB) donors.
The donor’s HLA-DR genotype was determined as described [17]. The PBMC and
CBMC fractions (10° each) were incubated with the VZV peptide IE62,,, .., (0.1 uM)
in TCM with IL-2 added after 3 days and supplemented after an additional 5 days of
culture. After 1.5 to 2 weeks of culture, the resulting short-term PB- and CB-derived
T-cell cultures were assayed for reactivity to VZV IE62,,, .., peptide, and medium as
negative control, by IFNy ELISPOT as described above.

T-cell responses to virus-infected or viral antigen pulsed human RPE cells

Primary human RPE cell lines were grown to confluence in 48-well plates and the
expression of HLA-II and co-stimulatory molecules was induced by incubation with
recombinant human IFNy (500 U/mL; PeproTech) for 3 days in S10F as described
[17]. The HLA-II genotype of the uveitis patients and RPE cell lines, and the HLA-II
restriction of TCCs were previously determined [17-18, 20]. The RPE 171 cell line
expresses HLA-DRB1*0301;0701 compatible with the HLA-DRB1*0703 restriction
element of TCC 53, whereas RPE 172 cells express HLA-DRB1*1201;1501 com-
patible with the HLA-DRB1*1501 restriction element of TCC 44 [17-18, 20]. Human
RPE cells were infected with HSV-1.EGFP-VP16 or VZV.EGFP-ORF66, washed ex-
tensively and 7.5-15 x 10* T-cells were added to each well. At the indicated times
cell-free conditioned medium was collected, RPE cells were harvested by trypisi-
nization and the frequency of viable EGFP-expressing RPE cells was determined
by flow cytometry. Supernatants were clarified by centrifugation for 5 min at 400 x

138



Reactivation | Chapter 8

g, stored at -20°C for subsequent assayed by ELISA for IFNy levels (eBioscience).
Experiments were performed in triplicate and repeated at least three times. Alterna-
tively, RPE cells were incubated with predefined optimal concentrations of viral Ag
overnight at 37°C. Antigen-pulsed RPE cells were washed and 7.5-15 x 10* T-cells
was added to each well for 24 h. Cell-free conditioned TCM was assayed for the
amount of secreted IFNy by ELISA (eBioscience). Experiments were performed in
triplicate and repeated at least twice.

Immunofluorescent staining and confocal microscopy

Primary human RPE cell lines were grown to confluence on glass cover slips in
24-well plates, stimulated with IFNy (500 U/ml) for 3 days in S10F and infected with
HSV-1.EGFP-VP16 and VZV.EGFP-ORF66 for 24 h at 37°C. Virus-infected RPE
cells were fixed using 4% (w/v) paraformaldehyde dissolved in PBS for 15 min at
room temperature (RT), permeabilized with 0.1% (v/v) Triton-X dissolved in PBS
for 10 min and incubated with mAb anti-HSV-1 ICPO (Santa Cruz Biotechnology) or
polyclonal rabbit serum directed to VZV glycoprotein E (gE; kind gift from Dr. P.R.
Kinchington) for 1 h at RT. The RPE cells were incubated with Alexa Fluor 594-conju-
gated secondary goat anti-mouse or anti-rabbit antibodies (Invitrogen) and mounted
in Vectashield containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector Labs). Cells
were analyzed using a Zeiss LSM 700 confocal laser scanning microscope fitted on
an Axio Observer Z1 inverted microscope (Zeiss). Images were obtained using 2X
frame averaging and the pinhole adjusted to 1 airy unit. ZEN 2010 software (Zeiss)
was used to adjust brightness and contrast.

Results

Two ocular-derived CD4 TCC recognize VZV peptide IE62
ant HLA-DR alleles and TCR

Two protein domains of VZV IE62 and the orthologous HSV-1 protein ICP4 are
highly conserved among alphaherpesvirinae: a domain that contains sites for DNA
binding and homo-dimerization (IE62,, ... and ICP4,,. ,..) and the large C-terminal
region (IE62,, ... and ICP4,, . .) involved in transactivation of virus genes [28,
39]. Previously, we reported that IE62 is a major target antigen of the intraocular
VZV-specific T-cell response in VZV uveitis patients [18]. Two IE62-specific CD4
TCC (TCC 7 and TCC 53), which were recovered from intraocular fluid from the
same affected eye of a VZN ARN patient, reacted to the same VZV IE62 region
(IE624;, 440, Using HLA-DR*1404 and -DR*0703 as HLA restriction element, respec-
tively [18]. Herein, we determined the minimal T-cell epitope of both TCC using
partially overlapping 9- to 12-meric peptides that cover the IE62,, ., region (Fig-
ure 1A and data not shown). Both TCC recognized IE62,,, .., and IE62,, ... pep-
tides, indicating that the TCC are directed to the same T-cell epitope (IE62,,,,.;
LLLSTRDLAF). Because both TCC recognized the same IE62 peptide by disparate
HLA-DR alleles, we determined their TCRA and TCRB genotype. First, the TCC’s
TCR VB gene (TRBV) usage was determined by flow cytometry using a panel of
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Figure 1. Identification of the minimal T-cell epitope and TCR V3 gene usage of TCC 7 and
53. (A) T-cell clones (TCC) were cultured for 6 h with autologous EBV-transformed B-cell lines
(BLCL) pulsed with the indicated peptides or medium as a negative control. T-cell reactivity
was determined by IFNy ELISPOT. Data are presented as mean + SEM number of IFNy
spot-forming cells (SFC)/10* T-cells. (B) TCR VB gene (TRBV) usage was determined by
flow cytometry using a panel of commercial single or dual FITC- and PE-conjugated human
TRBV-specific mAbs. Dot plots showing discriminatory TRBV staining of TCC 7 (left panel)
and TCC 53 (right panel) are presented. TRBV gene annotation is according to reference
40. T-cells were gated on viable CD3+CD4+ cells and quadrants were set with reference to
isotype controls.

Table 1. TCRaf Gene Usage and CDR3 Region of T-cell Clones 7 and 53
TCR gene usage?®

TCC® TCRV TCRD TCRJ Aa sequence CDR3 region
7 TRAV3*01 NAe TRAJ6E*01 CAVRDMGTGGSYIPTF

7 TRBV5-1*01 TRBD2*01 TRBJ2-5*01 CASSSSGGQETQYF

53 TRAV23/DV6*01 NAc TRAJ27*01 CAAGGSTNAGKSTF

53 TRBV6-5*01 TRBD1*01 TRBJ1-5*01 CASSPTGALRGNQPQHF

aTCR variable (V), diversity (D) and joining (J) gene annotation of the TCR a (TRA) and 3 (TRB)
chains are according to reference 40.

5TCC, T-cell clone.

°NA, not applicable.

commercial single or dual FITC- and PE-conjugated human TRBV-specific mAbs.
TCC 7 expressed TRBV5-1 and TCC 53 reacted with a mAb recognizing TRBV6-5,
TRBV6-6 and TRBV6-9 (Figure 1B). Finally, the TCR variable (V), joining (J) and di-
versity (D) gene usage, and the corresponding CDR3 region, of the TCC’s TCRa and
TCRP chain were defined by multiplex RT-PCR and sequencing. The data showed
that both TCC expressed not only different TCR V, J and D gene segments, but also
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Figure 2. Cross-reactivity of T-cell clones 7 and 53 towards VZV IE62,,, ,,, alphaherpesvirinae
orthologous peptides. T-cell clones (TCC) were culturedfor 6 hwith autologous EBV-transformed
B-cells pulsed with increasing concentrations of the indicated alphaherpesvirinae-derived
peptides or medium as a negative control. Peptide sequences are based on the homologous
alphaherpesvirinae protein sequences presented in Table Il. Residue changes compared to
the consensus human alphaherpesvirus-specific peptide sequence (i.e. LLLSTRDLAF) are
shown in italics. T-cell reactivity was determined by IFNy ELISPOT. Data are presented as
mean £ SEM number of IFNy spot-forming cells per 10* T-cells.

had distinct TCR CDR3 regions (Table 1). Collectively, the data demonstrate that two
ocular-derived VZV-specific CD4 TCC recognize the same IE62,,, .., T-cell epitope,
located within the highly conserved C-terminal region of VZV IE62, using discordant
HLA-DR alleles and TCR.

The VZV IE62,,, .., CD4 T-cell epitope is highly conserved among alphaherpes-
virinae

We aligned the aa sequences of published orthologous alphaherpesvirus proteins
to determine if the VZV IE62,,, .., T-cell epitope is conserved among alphaherpes-
virinae of diverse animal species. Notably, VZV IE62,,, ... is completely conserved
among human and monkey simplexviruses and varicelloviruses, whereas ortholo-
gous proteins of more distant varicelloviruses varied only 1 to 2 residues (Table
2). Autologous BLCL were pulsed with increasing concentrations of peptides corre-
sponding to the IE62,,, .., variants to determine cross-species T-cell reactivity (Table
2 and Figure 2). TCC 7 recognized its cognate IE62,,, .., epitope and cross-reacted
- only at high concentrations - with the orthologous canid herpesvirus 1 peptide
(LLLSTKDLAF). TCC 53 recognized only its cognate IE62,, ... T-cell epitope. Col-
lectively, the data indicated that two VZV-specific CD4 TCC recognize a peptide that
is highly conserved among primate alphaherpesvirinae.

The VZV IE62 peptide binds to multiple HLA-DR alleles and is a common target
of memory T-cells in blood of HSV-1 and VZV co-infected healthy individuals

In contrast to MHC-I, the binding motifs of MHC-II molecules are highly degenera-
tive enabling certain peptides, so-called promiscuous peptides, to bind to multiple
MHC-Il alleles [41-42]. Based on the disparate HLA-DR allele usage of the IE62,, .,
reactive TCC 7 and 53, we determined the HLA-DR promiscuity of the IE62 epitope
in detail by in silico binding analyses. Notably, peptide IE62 was predicted to

915-929
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Figure 3. Detection of VZV peptide IE62 reactive CD4 T-cells in peripheral blood (PB)-

915-929

and cord blood (CB)-derived mononuclear cells (MC) of HLA class Il typed healthy adults
and newborns, respectively. PBMC and CBMC, isolated from HSV-1 and VZV co-infected
individuals (n=17) and naive cord blood donors (n=5), were stimulated with peptide IE62

915-

o0 fOr 1 week in vitro and subsequently analyzed for reactivity to peptide IE62,,, ,,, by IFNy
ELISPOT. The donors’ HLA-DR genotypes presented are those able to bind the IE62 peptide
with high affinity (see Table 3). Data are presented as mean + SEM number of IFNy spot-
forming cells (SFC)/10* T-cells. *Short-term T-cell cultures with 22-times IFNy SFC in response
to IE62 compared to medium.

915-929
bind with high affinity to multiple HLA-DR alleles, including HLA-DR*0101, -DR*0301,
-DR*0401, -DR*0701, -DR*1101, -DR*1301 and -DR*1501 (data not shown). Next,
we determined the binding affinity of the peptides IE62,, .., IE62 . ..., IE62 ..
and |IE62,,, .., for HLA-DR*0101, -DR*0201, -DR*0301 and -DR*0401 using an in
vitro competition assay [38]. Except for IE62,,, .., binding to HLA-DR*0301, all pep-
tides bound with high (<1 pM) or intermediate (1—-10 pM) affinity to HLA-DR*0101,
-DR*0201, -DR*0301 and -DR*0401 molecules (Table 3).

Based on the HLA-DR promiscuity and the conservation of the IE62 T-cell epitope
among aHHV we hypothesized that the peptide is a target of memory T-cells in blood
of HSV-1 and VZV co-infected individuals. PBMC of 17 HSV-1 and VZV seropositive
healthy adults, and as control CBMC of 5 donors, were incubated with the IE62,,, .,
peptide to enrich for peptide-specific memory T-cells. Donors were selected for ex-
pression of the following predicted epitope-binding HLA-DR alleles: HLA-DR*0101,
-DR*0301, -DR*0401 and -DR*1501. The resulting short-term T-cell cultures were
assayed for peptide-specific T-cell reactivity by IFNy ELISPOT. Five of 17 HSV-1
and VZV seropositive healthy donors, including three HLA-DR*04017°¢ and two
HLA-DR*15017°% donors, responded to IE62,,, .., (Figure 3). No T-cell responses to
IE62,,, .., Were observed in 5 cord blood donors, demonstrating the specificity of the
observed T-cell responses. Overall, these data demonstrated that the identified VZV
IE62 epitope is HLA-DR promiscuous and is a common target antigen of memory
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Table 3. Binding Affinity of VZV Protein IE62-Derived Peptides to Different HLA-DRB1
Alleles

Location® Aa sequence® DRB1*0101 DRB1*0201 DRB1*0301 DRB1*0401
915-926 RGVLLLSTRDLA 0.04¢ 0.3 0.2 0.006
918-926 LLLSTRDLA 0.1 4.0 0.1 0.2
919-927 LLSTRDLAF 1.0 10 >20 0.3
918-929 LLLSTRDLAFAG 0.06 1.1 0.08 0.02

@ Location of N- and C-terminal residues (Aa) of the respective peptide in VZV IE62.

® Amino acid (Aa) sequence according to a reference VZV protein IE62 sequence (Genbank
accession number NP_040184.1).

¢ Binding affinity of each peptide is expressed as the IC50 value, referred to as the test peptide
concentration (uM) at which binding of the HLA-DR allele-specific standard fluorescence labelled
peptide is reduced to 50% of its maximal value. IC50 < 1 yM: high binding affinity; IC50 1 — 10 uM:
intermediate binding affinity; IC50 10 — 100 uM: weak binding affinity; IC50 >100 pM: no binding
affinity [38].

CD4 T-cells in blood of HSV-1 and VZV co-infected healthy individuals.

VZV |IE62-specific CD4 TCC recognize HSV-1, but not HSV-2 infected B-cells
The complete conservation of the identified CD4 T-cell epitope among aHHV sug-
gests that the respective VZV-specific TCC recognize both HSV-1 and HSV-2 infect-
ed cells. Surprisingly, both TCC 7 and 53 recognized HSV-1, but not HSV-2 infected
autologous BLCL (Figure 4A). Because VZV does not infect BLCL efficiently (data
not shown), we used BLCL pulsed with a VZV protein lysate as APC. In contrast to
HSV-1 and VZV, HSV-2 antigen pulsed BLCL were not recognized (Figure 4A and
data not shown).

Epitope-flanking residues affect antigen processing and subsequent presentation of
the cognate peptide to T-cells [43-45]. Alignment of the HSV ICP4 protein sequences
revealed 9 aa substitutions and 1 aa insertion in the epitope-flanking region of HSV-2
compared to HSV-1 ICP4 (Figure 4B). To determine if these epitope-flanking resi-
dues were involved in the differential T-cell recognition of HSV ICP4, fragments of
HSV-1 ICP4 (aa 945-1054) and HSV-2 ICP4 (aa 972-1082) encompassing the aHHV
conserved T-cell epitope plus 54 (HSV-1) or 55 (HSV-2) N-terminal flanking residues
and 46 C-terminal residues were cloned into an expression vector. The TCC were
cultured with autologous BLCL nucleofected with plasmids encoding HSV-1 ICP4,,
1080 @Nd HSV-2 ICP4 . .. (Figure 4C). Notably, both TCC recognized BLCL that ex-
pressed the HSV-1 and HSV-2 ICP4 protein fragments implicating that the failure to
recognize the aHHV conserved CD4 T-cell epitope in the context of HSV-2 infection
was not due to proximal epitope-flanking aa polymorphisms.

VZV/HSV-1 cross-reactive CD4 T-cells control VZV, but not HSV-1 infection in
human RPE cells

To determine the functional properties of VZV/HSV-1 cross-reactive CD4 T-cells, we
assayed the capacity of TCC 53 to inhibit VZV and HSV-1 replication in target cells
relevant to the pathogenesis of ARN: human RPE cells [22-24]. Under physiological
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conditions and in cell culture human RPE cells do not express HLA-DR. The expres-
sion of inflammatory cytokines, including IFNy and TNFa, in affected eyes of uveitis
patients shape resident RPE cells to potent APC [46-48]. This can be mimicked in
vitro by stimulating human primary RPE cell cultures with IFNy for 3 days, resulting
in increased HLA-I and the induction of HLA-Il and the T-cell co-stimulatory mol-
ecules CD40 and CD54 surface expression [17, 47-48]. First, we determined if IFNy
stimulation of human RPE influenced productive HSV-1 and VZV infection in vitro.
Compared to untreated RPE cells, only a higher virus inoculum was essential to ac-
complish a productive virus infection that can be monitored for multiple days in cell
culture (Figure 5 and data not shown). At 24 h post-infection, IFNy stimulated RPE
infected with EGFP-expressing HSV-1 and VZV expressed immediate early (HSV-1
ICPO), early (VZV ORF66) and late viral proteins (HSV-1 VP16 and VZV gE; Figure
5A). Herpesvirus genes are expressed in a coordinated temporal fashion, such that

TCC7 TCC 53
Mock
HSV-1
HSV-2
50 100 150 50 100 150
SFC/10* T-cells SFCI10‘ T-cells

HSV-1: GGASGGPP*EWSAERGGLSCLLAALANRLCGPDTAAW (aa0980)
HSV-2: -R-G--—-P-——————————————— G----—- A---- (aal008)

HSV-1: AGNWTGAPDVSALGAQ_G}*m‘%GAVEFLGL (aal01l7)
HSV-2:

- too————oooof ---- (aal045)

HSV-1: LAS AGDRRLIVVNTVRACDWPADGPAVSRQHAYLACE (aal054)
HSV-2: ==G=Cmmm=mm==- T —— (aal082)

C TCcC 7 TCC 53

Medium
Peptide IE62g41.930
PEGFP-N1/CTRL
PEGFP-N1/HSV2/ICP4
PEGFP-N1/HSV1/ICP4

0 200 400 600 O 200 400 600

SFC/10* T-cells SFC/10* T-cells

Figure 4. T-cell clones 7 and 53 recognize VZV and HSV-1, but not HSV-2 infected B-cells.
(A) The T-cell clones (TCC) were cultured for 6 h with autologous EBV-transformed B-cells
(BLCL) infected overnight with HSV-1 and HSV-2, or pulsed with protein lysates of mock and
VZV infected Vero cells. T-cell reactivity was determined by IFNy ELISPOT. (B) Alignment
of the HSV-1 and HSV-2 ICP4 orthologous protein sequences of the VZV IE62,,, .. T-cell
epitope (boxed residues) and their flanking regions (Genbank accession numbers ACM62283
and NP_044530, respectively). The location of N- and C-terminal residues of the respective
protein sequences are indicated in brackets. Dashes and asterisks indicate identical amino
acids and insertion introduced to align the protein sequences, respectively. (C) TCC were
cultured with autologous BLCL pulsed with peptide or medium. Alternatively, BLCL were
nucleofected with the vectors pEGFP-N1/HSV-1:ICP4,,, ..., (encoding HSV-1 ICP4 residues
945-1054), pEGFP-N1/HSV-2:ICP4,, .. (encoding HSV2 ICP4 residues 972-1082), or
PEGFP-N1/CTRL (no insert) as negative control. T-cell reactivity was determined by IFNy
ELISPOT. (A and C) Data are presented as mean £+ SEM number of IFNy spot-forming cells
(SFC)/10* T-cells.
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Figure 5. VZV/HSV-1 cross-reactive CD4
T-cells inhibit VZV, but not HSV-1 infection
in human retinal pigmented epithelial cells
(RPE). (A) IFNy-stimulated RPE cells were
infected with recombinant EGFP expressing
VZV (VZV.EGFP-ORF66) and HSV-1 (HSV-1.
EGFP-VP16) strains for 24 h and stained for
% VZV glycoprotein E (gE; red) or HSV-1 protein

B HLA-DR match HLA-DR mismatch ICPO (red). Nuclei were stained with DAPI
(blue). EGFP is fused to VZV protein ORF66

or HSV-1 protein VP16 (green). Magnification:
400X. (B) VZV.EGFP-ORF66 or HSV-1.EGFP-
VP16 infected IFNy-stimulated RPE cells were
cultured with (open squares) or without (filled
squares) the VZV/HSV-1 cross-reactive CD4
L S P A 1 L S A T-cell clone 53 (TCC 53). (C) HLA-DR matched
IFNy-stimulated VZV.EGFP-ORF66 or HSV-1.

HSV-1 901HSV-1 EGFP-VP16 infected RPE cells were cultured
with (open squares) or without (filled squares)
the solely HSV-1 specific TCC 44. (B and C) At
the indicated times the percentage of EGFP-
positive RPE cells (i.e. CD3VESHLA-DRFOS
cells) was determined by flow cytometry. HLA-
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the detection of late proteins implicates that viral DNA replication has occurred [1-
2]. Thus, EGFP expression is a valid marker to detect a productive HSV-1 and VZV
infection in IFNy-stimulated human primary RPE cells.

Next, the capacity of TCC 53 to control VZV and HSV-1 replication in human RPE
cells in vitro was determined (Figure 5B). TCC 53 significantly inhibited VZV replica-
tion in HLA-DR matched, but not mismatched RPE cells. The data are in line with our
previous studies, demonstrating that IFNy-stimulated human primary RPE cells effi-
ciently process and present the TCC’s cognate VZV peptide in an HLA-DR restricted
fashion [17]. Contrastingly, TCC 53 did not inhibit HSV-1 replication in both HLA-DR
matched and mismatched RPE cells. To demonstrate that this differential effect was
not due to the TCC and RPE cell line used, the experiments were repeated with a
different TCC/RPE combination. We used TCC 44, a CD4 TCC originally obtained
from a vitreous fluid sample of a patient with HSV-1 ARN (patient #1 in reference
21), which recognizes HSV-1, but not HSV-2 and VZV (reference 20) and data not
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shown). Analogous to TCC 53, TCC 44 did not inhibit HSV-1 replication in RPE cells
(Figure 5C), demonstrating that HSV-1 reactive CD4 T-cells are unable to control
HSV-1 infection in human RPE cells.

HSV-1 infection inhibits CD4 T-cell activation by human RPE cells

Deficient CD4 T-cell control of HSV-1 infection in RPE cells may be due to a virus-
mediated inhibition of T-cell recognition of infected cells. To test this hypothesis, we
determined IFNy levels, as a marker of T-cell activation, in conditioned medium of
TCC 53 co-cultured with HSV-1 and VZV infected RPE cells (Figure 6A). Notably,
the TCC secreted high levels of IFNy in response to VZV-, but not HSV-1 infected
HLA-DR matched RPE cells. Similar data were obtained with TCC 44 (Figure 6B),
indicating that this effect was not TCC, target protein and RPE cell line specific.

The inhibitory effect may be attributed to the inability of RPE cells to process and
present the cognate peptide or may involve an HSV-1-specific evasion strategy that
counteracts CD4 T-cell activation by the infected RPE cells. To differentiate between
both options aHHV antigen pulsed RPE cells were used as APC. In contrast to HSV-
1 infected RPE cells, HSV-1 antigen pulsed RPE cells activated TCC 53 efficiently
(Figure 6C). As expected both VZV-infected and VZV antigen pulsed RPE cells were
recognized by TCC 53. Collectively, the data indicate that HSV-1 infection selectively
inhibited CD4 T-cell activation by RPE cells (Figure 6), but not BLCL (Figure 4A).

A

120

vzv HSV-1 Figure 6. HSV-1 infection of human retinal

pigmented epithelial cells (RPE) abrogates
CD4 T-cell activation. (A) IFNy-stimulated
HLA-DR matched or mismatched RPE
cells were infected with recombinant EGFP
expressing VZV  (VZV.EGFP-ORF66)
and HSV-1 (HSV-1.EGFP-VP16) and
subsequently co-cultured with the VZV/
HSV-1 cross-reactive CD4 T-cell clone 53
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(TCC 53). (B) IFNy-stimulated HLA-DR
matched RPE cells were infected with VZV.
EGFP-ORF66 or HSV-1.EGFP-VP16 and
co-cultured with the solely HSV-1 specific
TCC 44. (C) TCC 53 was co-cultured
with IFNy-stimulated HLA-DR matched or
mismatched RPE that were mock, VZV.
EGFP-ORF66 or HSV-1.EGFP-VP16
infected, or alternatively pulsed with protein
lysates of virus and mock infected cells. (A-
C) Conditioned medium harvested after 24
h of TCC/RPE co-culture were analyzed
for secreted IFNy by ELISA. Data are
presented as mean + SEM.
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Discussion

HSV and VZV are closely related endemic aHHV that establish latency in sensory
neurons and reactive intermittingly to cause recrudescent disease [1-2]. Based on
the extensive homology between the HSV and VZV proteomes cross-reactive adap-
tive immune responses are anticipated. These responses are of potential interest
for vaccine development to confer cross-protection, but may also be involved in
immunopathogenesis. Whereas various aHHV cross-reactive B-cell target antigens
have been identified [49-51], T-cell immunity directed to multiple aHHV is restricted
to HSV-1 and HSV-2 [52-54]. The current study reports three main findings. First,
we report on the first HLA-DR promiscuous VZV/HSV-1 cross-reactive CD4 T-cell
epitope, located within VZV IE62 and HSV-1 ICP4, which is immuneprevalent in
HSV-1 and VZV co-infected healthy individuals. Second, despite complete conser-
vation of this epitope in HSV-2 ICP4, HSV-2 infected cells were not recognized by
the cross-reactive CD4 TCC. Third, VZV/HSV-1 cross-reactive CD4 TCC selectively
controlled VZV, but not HSV-1 infection in human RPE cells suggesting that HSV-1
actively inhibits CD4 T-cell activation.

Dominance and prevalence of pathogen-derived immunogens are determined by
various factors including the host T-cell repertoire, antigen abundance, size and
structure, antigenic competition and antigen processing [55-57]. VZV IE62 and HSV
ICP4 are abundantly expressed viral proteins that are transported from the nucleus
to the cytoplasm for incorporation in the tegument of the virion during lytic infection
[27, 58-60]. Both viral proteins are large (~1,300 aa long) and contain a DNA-binding
and a large C-terminal transactivator domain that are both highly conserved among
alphaherpesvirinae of diverse animal species [28, 39, 61]. Previous studies showed
that viral tegument proteins, including VZV IE62 and HSV-1 ICP4, are immunepreva-
lent targets of aHHV-specific CD4 and CD8 T-cells in blood of healthy HSV-1 and/or
VZV infected adults [52, 62-64], lesions of genital herpes patients [65], affected eyes
of herpetic uveitis and keratitis patients [18-20, 66] and at the site of HSV-1 latency
in human trigeminal ganglia [67]. The identification of a HLA-DR promiscuous and
broadly recognized CD4 T-cell epitope, located within VZV IE62 and HSV-1 ICP4,
underscores the immunogenicity of both viral proteins as T-cell targets.

The identified VZV IE62 CD4 T-cell epitope was highly conserved among alphaher-
pesvirinae of multiple animal species, with complete conservation in VZV, HSV-1
and HSV-2. Nonetheless, the epitope-specific CD4 TCC 7 and 53 did not recognize
the non-aHHYV orthologous peptides at low concentrations. All non-reactive peptides
diverged from the aHHV conserved epitope at HLA-II anchor residues P4, P6 and
P9 [42, 55]. Possibly, the peptides are unable to form stable peptide:HLA-DR com-
plexes or do not functionally engage with the TCR of both TCC. Despite complete
conservation of the IE62/ICP4 epitope among aHHV, both TCC failed to recognize
HSV-2 infected BLCL. Antigen processing is affected by the context of the respec-
tive antigen via its tertiary structure and protease susceptibility in epitope-flanking
residues [41-45]. Compared to HSV-1 ICP4, the epitope-containing domain of HSV-
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2 ICP4 includes several aa substitutions. However, nucleofected BLCL expressing
a HSV-2 ICP4 fragment, including the aHHV conserved T-cell epitope along with
about 50 N- and C-terminal residues, were readily recognized by both TCC indicat-
ing that the proximal epitope-flanking polymorphic residues in HSV-2 ICP4 did not
affect processing and presentation of the cognate peptide to the TCC. HSV-1 and
HSV-2 ICP4 proteins are highly homologous [68], suggesting that differential pro-
tease susceptibility due to more distal residues rather than the overall tertiary ICP4
structure are most likely involved in the inability to present the cognate epitope by
HSV-2 infected BLCL.

ARN is a potentially blinding inflammatory eye disease that is predominantly caused
by ocular HSV and VZV infections [8-10]. Most ARN patients have pre-existing se-
rum IgG towards the initiating herpesvirus indicating that reactivation of latent virus
rather than primary infection triggers the disease [7]. Reactivated virus may reach
the retina by axonal transport via the optic nerve [69], explaining the increased risk of
developing ARN following herpetic encephalitis [70]. Whereas under normal physi-
ological conditions RPE cells are involved in creating and maintaining ocular im-
mune privilege, inflammatory reactions evoked by intraocular infections shape RPE
cells into potent APC to coordinate local T-cell responses [46-48]. Given the potential
uveitogenic role of intraocular virus-specific T-cells in herpetic uveitis patients and
corresponding animal models [11-16], the functional properties of the ocular-derived
IE62/ICP4 cross-reactive TCC towards HSV-1 and VZV infected human RPE was
analyzed in detail. In agreement with our previous study [17], VZV infection was con-
trolled in human RPE cells by the IE62/ICP4 cross-reactive CD4 TCC in vitro. The
mechanisms involved are both T-cell mediated cytolysis of infected RPE cells and
the antiviral effect of secreted cytokines like IFNy and TNFa [17].

In contrast, the same cross-reactive CD4 TCC did not recognize and consequently
failed to control HSV-1 infection in RPE cells. Because the TCC recognized both
HSV-1 infected autologous BLCL and HSV-1 antigen pulsed RPE cells, the data sug-
gest that productive HSV-1 infection selectively renders RPE cells unable to activate
CD4 T-cells. Currently, two HSV-1 specific immune evasion strategies have been
reported that reduce, but do not completely abrogate, CD4 T-cell recognition of in-
fected cells [71-73]. The first mechanism involves HLA-II downregulation on infected
cells through the combined actions of the virion host shut-off protein, y34.5 protein
and gB [72-73]. The second pathway is mediated by HSV-1 ICP22 protein that im-
pairs antigen presentation, but not antigen processing [71]. The high HLA-Il surface
expression on IFNy stimulated RPE cells, used as APC throughout the current study,
was only modestly reduced upon HSV-1 infection (data not shown). Consequently,
the HSV-1 ICP22 pathway or a novel immune evasion mechanism is potentially in-
volved in the inhibition of CD4 T-cell recognition of HSV-1 infected RPE cells.

In conclusion, we report on the first HLA-DR promiscuous and immune-prevalent
VZV/HSV-1 cross-reactive CD4 T-cell epitope located within VZV IE62 and HSV
ICP4. The data warrant further studies on the applicability of both proteins, prefer-
entially the conserved C-terminal domain that contains the aHHV conserved CD4
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T-cell epitope, in future vaccines to confer aHHV-specific and possibly aHHV cross-
protective T-cell immunity. Furthermore, the use of ocular-derived VZV/HSV-1 cross-
reactive TCC revealed that HSV-1 infection selectively rendered human RPE, but
not B-cells, invisible to CD4 T-cell control. Studies are in progress to identify the
HSV-1 protein, potentially ICP22 [71], and the mechanism involved in the CD4 T-cell
immune evasion strategy recognized.
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Summarizing Discussion

Varicella-zoster virus (VZV) is a ubiquitous human alphaherpesvirus (aHHV). Most
individuals become infected with VZV during childhood typically resulting in general-
ized vesicular skin rash, although a minority of individuals will not develop evident
skin rash. During primary infection the virus gains access to ganglia along the entire
neuraxis, where it establishes a life-long latent infection of mostly sensory neurons.
Due to the long incubation period and restricted host range of the virus, the cell types
involved in the dissemination of VZV from the site of primary infection to the virus’
target organs are largely unknown. Clinical, pathological, virological and immunolog-
ical features of simian varicella virus (SVV) infection of nonhuman primates parallel
those of primary VZV infection in humans. Consequently, the virus-host interactions
involved in primary infection were studied in the SVV nonhuman primate model in
Chapters 2 and 3 of this thesis. The latent phase of VZV is completely refractory
to antiviral treatment and provides the virus the opportunity to reactivate later in life
and cause herpes zoster. The mechanisms by which VZV latency is established and
maintained remain enigmatic. Although cumulative data suggest that VZV latency
is associated with restricted gene expression and possibly protein expression, con-
siderable discrepancies have been reported in literature. The expression of VZV
proteins and genes was reinvestigated in Chapters 4 and 5 of this thesis, providing
novel insights into VZV latency. VZV reactivation as a result of declined virus-specific
T-cell immunity causes herpes zoster or may occur asymptomatically. Asymptomatic
shedding of the closely related aHHV HSV-1 occurs frequently, but the incidence of
VZV shedding and its relation to HSV-1 shedding in that same individual is largely
unknown. This was addressed in Chapter 6 of this thesis. Herpes zoster results
from intraganglionic VZV replication followed by transaxonal spread of virus to the
skin. Consequently, immune cells, mainly T-cells, infiltrate ganglia following herpes
zoster most likely to control local virus replication. The stimulus driving T-cell infiltra-
tion and subsequent retention after VZV reactivation is ill-defined. The aim of the
study described in Chapter 7 was to investigate this issue in ganglia of cynomolgus
macaques obtained at variable intervals following SVV reactivation. Although virus-
specific T-cells are essential for uncomplicated recovery from varicella and herpes
zoster, VZV-specific T-cells may cause immunopathology in patients with VZV-in-
duced uveitis. Chapter 8 describes the identification and functional characterization
of ocular-derived VZV/HSV-1 cross-reactive CD4* T-cells.

1. Simian Varicella Virus

Varicella in Apes and Old World Monkeys

VZV is a human-restricted pathogen that does not cause disease in experimental
animal models. Possible exceptions are closely related primate species that belong
to the family of Hominoidae: e.g. chimpanzees, bonobos, gorillas and orangutans
[1]. A juvenile gorilla living in a zoo developed a varicella-like disease during an epi-
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demic of varicella in the community [2]. Restriction fragment length polymorphism
analyses revealed that the causative virus was genetically identical to VZV [2].
Chimpanzees confer limited susceptibility to VZV infection as subcutaneous injec-
tion of VZV-infected cells produces a localized skin rash [3], whereas intratracheal
VZV inoculation does not cause varicella-like disease [4]. Similarly, infection of Old
World monkeys, like patas monkeys and cynomolgus macaques, with VZV results
in an abortive infection and does not produce any clinical signs [4-5]. Nonetheless,
outbreaks of varicella-like disease in African green monkeys, patas monkeys and
various species of macaque monkeys occurred in the 1960s and 1970s at multiple
primate centers worldwide [6-7]. The causative virus was identified as a varicellovi-
rus, referred to as SVV, which was both antigenetically [8] and genetically [9] highly
similar to VZV. Phylogenetic analysis of SVV and VZV genomes suggests that both
viruses originated from an ancestral virus that most likely emerged in the earliest
primates in Africa [10-11]. About 20 — 30 million years ago Hominoidae diverged from
Old World monkeys [1], each carrying their own primordial varicellovirus, eventually
giving rise to two closely related viruses that co-evolved with their respective hosts
[10-11]. Thus, rather than studying a human herpesvirus in its non-natural host, e.g.
HSV infection of mice, SVV infection of Old World monkeys provides a model to
study the pathogenesis of varicella and herpes zoster in its natural host.

Natural Host and Prevalence of SVV

The prevalence of SVV and the species infected by SVV in the wild are largely un-
known. One study reported that only 0.8% of macaques in Malaysia had detectable
serum antibodies to SVV [12]. The true frequency of SVV latently infected monkeys
is most likely higher as most monkeys do not develop detectable virus-neutralizing
antibodies upon “natural” infection (see below) [13] and outbreaks in multiple pri-
mate centers occurred after the introduction of monkeys captured from the wild into
the monkey colony [6]. Although various species of Old World monkeys are suscep-
tible to SVV infection [6-7], it is not clear which species are infected by SVV in the
wild. Given that SVV originated an estimated 20 — 30 million years ago [1, 10-11], it
is likely that different monkey species carry closely related, but diverse, SVV strains.
Not surprisingly, therefore, the susceptibility to and severity of SVV infection var-
ies among different monkey species. African green monkeys, patas monkeys and
cynomolgus macaques are highly susceptible to SVV infection and may develop se-
vere, potentially life-threatening, disease [6, 14-15]. Contrastingly, rhesus macaques
are less susceptible to SVV infection and disease severity is limited compared to
the other nonhuman primate species [12, 16-17]. Notably, the geographic origin of
rhesus macaques may also affect their susceptibility to SVV infection. Intrabron-
chial inoculation of Indian rhesus macaques with SVV results in cutaneous rash 7
— 10 days post infection (dpi) and the establishment of ganglionic viral latency [18-
19]. In contrast, intratracheal SVV infection of Chinese rhesus macaques results in
SVV latency, without clinical signs of primary SVV infection (Chapter 2) [20]. Recent
whole-genome sequencing has revealed extensive genetic differences in rhesus
macaques of Indian and Chinese origin [21-22] that are likely to play a role in the
different disease progression and host response seen after e.g. SIV infection [23-24]
or SVV infection [20].
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SVV Nonhuman Primate Models

The studies described in Chapters 2, 3 and 7 of this thesis used Chinese rhesus
macaques, African green monkeys and cynomolgus macaques, respectively. The
prototypic Delta herpesvirus strain of SVV, which was used in all studies, was origi-
nally derived from a naturally infected patas monkey that is closely related to the
African green monkey [9]. The pathogenesis of primary SVV infection in various non-
human primate species is comparable and parallels VZV infection in humans [6-7,
15, 19]. However, as outlined above, our studies demonstrated that Chinese rhesus
macaques were less susceptible to SVV than Indian rhesus macaques (Chapter 2)
[20]. The relatively low levels of viremia in both rhesus macaque subspecies [19-
20] prompted us to study the pathogenesis of primary SVV infection in the highly
susceptible African green monkeys [6-7]. The anticipated low frequencies of virus-
infected lymphocytes in blood of SVV-infected monkeys necessitates a high viremia
to define the lymphocyte subsets involved in the virus dissemination in the host
(Chapter 3) [25]. However, low levels of SVV DNA and transcripts, but not infec-
tious virus, may persist in peripheral blood and organs for prolonged periods of time
after resolution of varicella in African green monkeys and cynomolgus macaques
following intratracheal inoculation [7, 26-27]. To study latency a model of “natural”
SVV infection has been developed in which naive monkeys were exposed to an
intratracheally inoculated monkey, resulting in a mild viremia, skin rash after 10 — 14
days and establishment of latency [28]. Similar to primary VZV infection in humans
SVV DNA cannot be detected in non-ganglionic tissues after resolution of skin rash
[28]. However, the amount of virus received by the animals cannot be controlled and
most monkeys do not develop a detectable viremia using this model [28-29]. SVV
reactivation can be experimentally induced in “naturally” infected African green mon-
keys and cynomolgus macaques using various combinations of immunosuppression
and stress [13, 29]. Thus, experimentally induced SVV reactivation in cynomolgus
macaques provides an excellent model to study the pathogenesis of herpes zoster
at variable periods following reactivation.

2. Pathogenesis of Primary VZV Infection

Early Target Cells

VZV is transmitted from varicella or herpes zoster patients to susceptible individu-
als by aerosols or by direct contact to vesicular fluid [30-31]. It has been proposed
that VZV gains access to the human body by infecting epithelial cells of the upper
respiratory tract [30-31]. Presumably, initial virus replication occurs in the pharyngeal
lymphoid tissue comprising Waldeyer’s tonsilar ring resulting in transmission of VZV
to lymphocytes, mostly T-cells [30]. This view is supported by the detection of VZV in
tonsils obtained from a child undergoing tonsillectomy three days prior to the onset
of varicella [32]. Additionally, or alternatively, VZV may target epithelial cells of the
conjunctiva or lower respiratory tract. Conjunctivitis is a common feature of primary
VZV infection and — depending on the size of the aerosols — viruses may directly
reach the lower respiratory tract [30, 33]. In Chapter 3 it was shown that SVV infects
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both respiratory epithelial cells and airway-resident antigen presenting cells (APC),
such as alveolar macrophages and lung-resident dendritic cells (DC), after intrache-
al infection of African green monkeys [25]. Alveolar macrophages and lung-resident
DC traffic to lung-draining lymph nodes for antigen presentation to T-cells [34-35]. In
cell culture VZV productively infects macrophages and DC, and the latter cells can
transmit the virus to T-cells [36-37]. These data suggest that SVV and VZV infection
of APC in the respiratory tract may spread virus to draining lymph nodes. Consistent
with this hypothesis, pronounced histopathology and high viral loads were detected
in lymphoid organs of African green monkeys at 9 dpi (Chapter 3) [25]. Abundant DC
are present in the sub-epithelium of both upper and lower respiratory tract [38], sug-
gesting that — regardless the site of initial VZV and SVV infection — these cells may
play an essential role in transporting the virus to lymphoid organs for subsequent
transfer to memory T-cells. The APC-mediated transfer of VZV to lymph nodes can
be bypassed through direct injection of VZV into the bloodstream, which reduces the
incubation period by four to six days [31].

Tropism for Memory T-cells

During primary infection VZV is disseminated to susceptible organs via a cell-asso-
ciated viremia. Although various infected lymphocyte subsets can be detected at low
levels in humans and nonhuman primates with varicella, the majority of virus-infect-
ed cells are T-cells (Chapter 3) [25, 39-40]. Both VZV and SVV have an inherent
tropism for memory T-cells over naive T-cells [25, 40-42]. Tonsil-derived activated
memory CD4* T-cells can be productively infected by VZV in cell culture and can
transfer virus to melanoma cells [42-43]. Although VZV was shown to preferentially
infect T-cells expressing the skin-homing markers CLA and CCR4 in vitro [42], we
did not observe any preference of SVV for memory T-cells expressing CCR4 or
CD137 (a marker expressed by T-cells early after recognition of their cognate an-
tigen [44-45]) in vivo or in vitro (Chapter 3) [25]. Nonetheless, memory T-cells are
enriched for activated T-cells and cells expressing CCR4 ([42] and Ouwendijk et al.,
2013, unpublished data), and have an increased propensity to traffic to peripheral
tissues for immune surveillance, making these cells the ideal “Trojan Horse” for VZV
and SVV. Of interest, we observed a dual phase of initially predominantly SVV-in-
fected central memory (CM) T-cells and subsequently effector memory (EM) T-cells
during primary SVV infection of African green monkeys (Chapter 3) [25]. CM T-cells
are preferentially found in lymphoid organs, whereas EM T-cells are migratory T-
cells that home to peripheral tissues to orchestrate local immune responses [46-47],
indicating that the tissue or differentiation status of SVV-infected T-cells differ at vari-
ous times after infection. Although direct T-cell-mediated transfer of SVV to its target
organs cannot be demonstrated in the SVV nonhuman primate model, VZV-infected
T-cells can transport the virus to skin and ganglia in the SCID-hu mouse model [48-
49]. In addition to memory T-cells, other lymphocyte subsets may also contribute
to viremic spread of the virus. VZV-infected B-cells and monocytes are detected
in blood of varicella patients at low frequencies [40, 50] and we have detected low
numbers of SVV-infected DC, B-cells, NK cells and monocytes at 5 dpi, but not at 7
dpi (Chapter 3) [25]. VZV- and SVV-infected lymphocytes are rapidly cleared from
the circulation, presumably due to a combination of virus-induced apoptosis [51] and
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the virus-specific adaptive immune responses evoked [19-20, 52].

Lymphocytes Transfer the Virus to the Skin

VZV reaches the skin via hematogenous spread during primary infection, resulting in
a generalized cuteaneous rash. Virus-infected lymphocytes can be detected in pe-
ripheral blood just prior to and immediately after the onset of skin rash [6, 30] and the
magnitude of viremia is correlated with the severity of the rash during primary VZV
[53] and SVV infection [19]. The first cells in the skin to become infected with SVV
are the dermal perivascular cells [25, 54]. A prominent role for T-cells in the viremic
transport of virus to skin is assumed based on the predominant infection of memory
T-cells in blood during primary SVV infection (Chapter 3) [25]. Moreover, memory
T-cells traffic VZV to human fetal skin xenografts in the SCID-hu mouse model [48].
The skin vasculature is composed of an upper horizontal superficial vesicular plexus
just beneath the epidermal surface and a deep vascular plexus that supplies the hair
bulbs and sweat glands [55]. Therefore, virus-infected memory T-cells most likely
transfer virus to skin-resident perivascular macrophages, DCs or dendrocytes, which
in turn transfer VZV to adjacent epidermal or hair follicle keratinocytes via cell-to-cell
spread. Although VZV-infected T-cells may already reach the skin at early stages
of primary infection, the virus needs to overcome local epidermal innate immune
responses to produce rash [48, 56-58]. It has been proposed that secondary “crops”
of skin lesions result from memory T-cells trafficking through early lesions, becoming
infected and transferring virus to distal cutaneous sites [48]. This hypothesis might
explain the dominance of SVV-infected EM T-cells at 7 dpi in African green monkeys
(Chapter 3) [25], because most skin-infiltrating T-cells have an EM phenotype (Ou-
wendijk et al., 2013, unpublished data).

VZV Infects Ganglia by the Transaxonal and/or Hematogenous Route

VZV infects ganglionic neurons by retrograde axonal transport from cutaneous le-
sions and/or hematogenously via virus-infected lymphocytes, most likely memory T-
cells. Herpes zoster predominantly occurs at the site of varicella vaccine inoculation
or sites most severely affected by varicella [59-60], suggesting transaxonal transport
of VZV. The capacity of VZV to infect axons followed by retrograde axonal transport
to neuronal cell bodies was only recently demonstrated in cell culture [61-62]. The
axonal route is further supported by the predominant detection of SVV proteins in
neuronal cell bodies, but not non-neuronal cells, in ganglia of African green mon-
keys at 9, 13 and 20 dpi (Chapter 3) [25]. Importantly, extensive virus replication in
skin is not a prerequisite for the establishment of latent SVV or VZV infections, as
observed in Chinese rhesus macaques inoculated with SVV (Chapter 2) [20] and
demonstrated by the detection of VZV serum antibodies in humans without a history
of varicella [30]. Given that sensory nerve endings in skin are also located in close
proximity to the cutaneous vasculature at the dermal-epidermal junction and hair fol-
licles [63], VZV may concurrently infect epidermal or hair follicle keratinocytes and
neurons via local cell-to-cell spread. This implies that VZV infects neurons prior to
the appearance of skin rash. The velocity of VZV retrograde axonal transport was
recently estimated to be approximately 1.4 um/s in cell culture [61], suggesting that
axonal transport of virus from skin to most sensory neuron cell bodies could occur
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within 1 — 2 days (corresponding to a distance of 121 — 242 mm). Alternatively, or
additionally, virus may be transported to ganglia via a cell-associated viremia. In sup-
port of this hypothesis, SVV DNA load in ganglia is dependent on the viremic SVV
DNA load [19-20], but not associated with the severity of varicella in the innervated
dermatome [25]. The detection of SVV-infected T-cells adjacent to neurons suggests
that memory T-cells have the capacity to transport virus to ganglia (Chapter 3) [25].
Indeed, intravenous injection of VZV-infected T-cells produces infection of human
fetal ganglia in the SCID-hu mouse model [49]. Thus, definitive identification of the
route(s) by which VZV and SVV enter sensory ganglia needs to be addressed in fu-
ture research in the SVV nonhuman primate model, preferably at earlier times post
infection.

Induction of Adaptive Immune Response during Primary Infection

Primary SVV and VZV infections induce robust B- and T-cell responses that become
detectable around the onset of skin rash [19, 52]. VZV-specific T-cell immunity, but
not humoral immunity, is essential for the termination of viremia and recovery from
varicella [52-53]. By depleting individual lymphocyte subsets in nonhuman primates
it was recently demonstrated that T-cells, and especially CD4* T-cells, were pivotal
for controlling primary SVV infection [64]. Consequently, the magnitude of VZV- and
SVV-specific T-cell immunity induced determines the severity of varicella [52-53, 64].
Conversely, the extent of the SVV-specific B- and T-cell responses induced are af-
fected by the level of virus replication during primary infection. SVV-specific adaptive
immune responses are more vigorous in Indian rhesus macaques, which develop
skin rash during primary SVV infection, compared to Chinese rhesus macaques that
do not develop skin rash (Chapter 2) [19-20, 64]. Furthermore, most pronounced
virus-specific T-cell immunity is induced in animals with higher SVV DNA loads in
ganglia and those demonstrating more extensive skin rash [19]. Notably, the adap-
tive immune response elicited in VZV Oka vaccinees is less robust compared to
individuals who experienced a natural VZV infection [65-67].

3. VZV Latency Revisited

VZV Latency is Characterized by Highly Restricted Viral Gene Expression and
No Viral Protein Expression

VZV latency can be operationally defined as the presence of the viral genome in host
cells without production of infectious progeny, specified that the virus retains the ca-
pacity to reactivate and produce infectious virus (i.e. not an abortive infection). The
time after primary infection at which neuronal VZV latency is established is unknown
and presumably depends on various factors, such as the virus genotype, severity of
varicella and viremia, ganglionic viral load and host factors involved in infection (e.qg.
virus receptors) and immunity. Studies on SVV infection of nonhuman primates sug-
gest that virus is mostly restricted to ganglia at 21 dpi (Chapters 2 and 3) [20, 25]
and that complete viral latency is established prior to 10 weeks after infection [19].
Classically, VZV latency is defined by the restricted expression of several immediate
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early (IE) and early (E) transcripts and their protein products in ganglionic neurons:
open reading frames (ORFs) 4, 21, 29, 62, 63 and 66 [68-77]. Previous studies on
VZV protein expression in latently infected human ganglia have reported disparate
results. Some groups described high frequencies of VZV protein expressing neu-
rons, predominantly localized within specific cytoplasmatic compartments [72, 75,
77], whereas others reported that VZV protein expression in human ganglia is rare
[73, 76, 78]. Recent studies performed by Zerboni et al. [80] and our group (Chapter
4) demonstrated that ascites-derived VZV IE62- and IE63-specific mouse mono-
clonal antibodies (mAbs) contain traces of endogenous anti-human blood group A1
antibodies that react with blood group A1-associated antigens within neuronal cyto-
plasmatic Golgi-related vacuoles [79-80]. Consequently, ganglia from blood group
A1 positive donors showed pronounced immunohistochemical staining of the Golgi
zones within a subset of sensory neurons, which was previously misinterpreted as
genuine detection of IE62 and IE63 protein in previous studies. Note that this so-
called mouse ascites Golgi (MAG) reaction is a common phenomenon observed
with both ascites-derived mAbs and rabbit polyconal antibody preparations, is not
removed by immunoglobulin purification and can result in false-positive staining of
various tissues [81-85]. Although the anti-VZV IE62 and IE63 mAbs used in these
studies recognized VZV proteins in cell culture and skin punch biopsies of herpes
zoster patients, we have never observed specific VZV IE62 or IE63 protein stain-
ing — other than MAG reactivity — in ganglia of more than 20 donors (Chapter 4 and
Ouwendijk et al., 2013, unpublished data). Recent generation of a novel collection of
mouse monoclonal anti-VZV antibodies [86] allowed us to reinvestigate expression
of VZV proteins corresponding to ORFs 4, 21, 62, 63 and 66. No VZV proteins were
detected in 12 TG donors using the novel VZV mAbs (Ouwendijk et al., 2013, unpub-
lished data), nor was any MAG reactivity observed. The observation that in contrast
to HSV-1, VZV latency is not associated with the local retention of VZV-specific T-
cells strengthens our in-situ analyses that VZV proteins are not overtly expressed in
human latently infected ganglia [87].

In addition to the six most frequently detected IE and E VZV transcripts, late gene
products corresponding to VZV ORFs 18 and 40 are occasionally detected in latently
infected human ganglia [73]. Moreover, recent VZV transcriptome-wide analysis of
human latently infected cadaveric ganglia detected 10 VZV transcripts correspond-
ing to all kinetic classes [88]. In Chapter 5, we have shown that the breadth and
magnitude of the detected VZV latency transcriptome in human ganglia correlates
with the postmortem interval (PMI), i.e. the interval between death and obtaining the
ganglia for research purposes [89]. VZV transcriptome-wide multiplex RT-PCR did
not reveal any viral transcripts in ganglia obtained prior to 9 hours after death [89].
Quantitative real-time PCR detected ORF63 transcripts in ganglia irrespective of the
PMI [89]. However, ORF63 transcript levels, but not VZV DNA levels, increased with
advancing PMI (Chapter 5) [89]. Thus, the large variability in number and abundance
of VZV transcripts reported previously by others groups are caused by differences
in PMI of the ganglia analyzed. All previous studies used human cadaveric ganglia
that were obtained at >12 hrs, commonly >24 hrs after death [68-71, 73-74, 90].
Collectively, the data presented in Chapters 4 and 5 refute the current dogmas on
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both VZV transcript and protein expression during VZV latency [30]. Our data dem-
onstrate that VZV gene expression is restricted during latency — possibly limited to
ORF63 — and that no VZV proteins are expressed in latently infected human ganglia.

Epigenetic Silencing of the Latent VZV Genome

The virus and host factors involved in the establishment and maintenance of VZV la-
tency are largely unknown. VZV contrasts the closely related viruses HSV and SVV
in that it does not encode a specific transcript that is predominantly expressed during
latent infection. During latency both HSV-1 and HSV-2 encode the non-coding laten-
cy-associated transcripts (referred to as LAT) and SVV transcribes the anti-sense
ORF61 RNA [19, 91]. Instead, the most frequently and abundantly VZV transcript
detected in latently infected human ganglia is ORF63 (Chapter 5) [70, 88-89], an IE
gene that is also abundantly expressed during lytic infection [30]. Note that not all
VZV latently infected ganglia express detectable levels of ORF63 transcript (Chapter
5) [70, 89] and that the function of ORF63 transcripts in VZV latently infected ganglia
is unknown. The host may control VZV latency at multiple levels, e.g. by silencing
the viral genome or by immune control of virus replication [87]. In general, gene
expression is regulated by its location within the nuclear architecture, epigenetic
chromatin modifications and the availability of transcription factors [92-93]. For HSV,
it has been shown that some, but not all, viral genomes localize to promyelocytic
leukemia protein nuclear bodies (PML-NBs) and centromeres subnuclear domains
in latently infected mouse neurons leading to restriction of viral gene expression [94].
Latent VZV and HSV genomes are bound to histones in the nucleus of the infected
neuron and therefore subjected to epigenetic chromatin modifications. Specific post-
translational acetylation and methylation of histone protein H3 determine the acces-
sibility of genes for transcription: transcriptional permissive genes (euchromatin) are
associated with acetylation of histone H3 on lysines 9 and 14 (H3K9ac/14ac) and di-
methylation on lysine 4 (H3K4me2). Contrastingly, transcriptionally repressed genes
(heterochromatin) are associated with H3K9me2, H3K9me3 and H3K27me3 [95].
Whereas most HSV genes are enriched for heterochromatic marks the HSV LAT
locus is enriched for euchromatic marks, consistent with the abundant expression of
LAT during latency [96]. Similar analysis of the epigenetic configuration of the latent
VZV genome in ganglia obtained within 24 hours after death showed that VZV ORFs
14 and 36 are maintained in heterochromatic states, whereas ORFs 62 and 63 are
kept in a euchromatic configuration [97]. CCCTC-binding factor (CTCF) binds to
specific HSV DNA sequences, which facilitates the formation of chromatin insulators
that maintain the boundary between euchromatin and heterochromatin and block the
interaction between enhancers and promoters [96, 98]. Stress stimuli may release
CTCF from the viral genome, resulting in expression of lytic genes and ultimately
reactivation [96, 99]. Most HSV CTCF motifs are conserved in the VZV genome and
VZV contains a number of additional CTCF motifs [98]. Noteworthy, these findings
corroborate our observation that the VZV transcriptome in latently infected human
ganglia is affected by the PMI and associated neuronal stress (Chapter 5) [89]. The
pattern of VZV gene expression observed =9 hour postmortem may reflect epige-
netic modifications of the viral genome [89]. Conceptually, steady-state low level
transcription of VZV ORF63 may prevent complete silencing of the viral genome in
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latently infected ganglia.

Innate Immune Control of VZV Latency

A two-stage model for the reactivation of latent alphaherpesviruses has been pro-
posed based on HSV reactivation in rodent neurons [100]. Phase I, recently termed
“animation” [100], does not depend on de novo synthesis of (viral) proteins and
includes disordered gene expression [101]. Phase Il depends on de novo synthesis
of HSV virion protein 16 (VP16), and involves a regulated cascaded viral gene ex-
pression resembling lytic infection that results in production of infectious virus [100].
VP16 binds to cytoplasmatic host cell factor-1 (HCF-1), after which the complex
relocates to the nucleus to combine with the host transcription factor Oct1 leading to
initiation of viral gene expression [102-103]. However, VZV ORF10 transcripts, the
ortholog of HSV VP16, cannot be detected in latently infected human ganglia [89].
Possibly, the VZV genome is more refractory to reactivation compared to HSV, e.g.
due to the lack of LAT or microRNAs [30, 104], such that ORF10 expression is an
extremely rare event. Alternatively, the major viral transactivator protein IE62 may
interact with HCF-1 to initiate lytic gene expression [105], as ORF62 transcripts are
frequently expressed in ganglia 29 hour postmortem [89]. Presumably, neurons are
able to block progression of most reactivation events from progressing from phase |
to phase Il via the epigenetic silencing mechanisms outlined above. Additional con-
trol of viral latency is conferred by local host innate and adaptive immune responses.
VZV can establish latency in the absence of an adaptive immune system in the
SCID-hu mouse model [49], suggesting that ganglionic innate immune responses
are sufficient to control viral replication and force VZV into latency. Although impaired
CD4* T-cell immunity during primary infection may affect the establishment of SVV
latency [106], VZV latency is not associated with the retention of virus-specific T-
cells in human ganglia [87]. Both neurons and the neuron-interacting satellite glial
cells (SGC) may contribute to ganglionic innate anti-alphaherpesvirus immunity.
Neurons may produce type | IFNs, sequester viral proteins in PML-NBs or degrade
viral proteins/particles in autophagosomes [56, 107]. The latter antiviral defense may
be of particular importance for VZV as the virus does not encode a homologue of
HSV ICP34.5, a neurovirulence factor known to inhibit autophagy [108]. SGC are
ganglion-resident APCs that have the capacity to synthesize inflammatory mediators
and cytokines such as prostaglandins, TNF-a, IL-6 and IL-15, and may modulate
local T-cell responses [109-110]. Direct evidence for the role of SGC in controlling
ganglionic alphaherpesvirus latency comes from the detection of TNF-a and IL-6 in
SGC surrounding HSV-1 infected neurons [111-112].

4. Reactivation

Symptomatic and Asymptomatic VZV Reactivation

Herpes zoster results from reactivation of endogenous latent virus, after which VZV
is transported along axons to the skin innervated by that particular sensory nerve.
Although the stimuli that drive VZV reactivation are unknown, the risk of developing
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herpes zoster increases with advancing age as a consequence of declining VZV-
specific T-cell immunity [113-115]. Most individuals develop only episode of herpes
zoster [116], but the presence of VZV DNA in PBMC [117-118] and saliva [119-121]
of healthy individuals without clinical signs of VZV infection indicates that intermittent
asymptomatic VZV reactivation does occur. Like VZV, HSV-1 establishes latency in
neurons of the trigeminal ganglia (TG) [30, 103] and both viruses may even infect
the same neuron [122]. Subclinical HSV reactivation occurs frequently and results
in asymptomatic shedding of infectious virus at mucosal surfaces [123-124]. Under
the presumption that the frequency of symptomatic virus reactivation is predictive for
subclinical HSV and VZV reactivation, it was expected that asymptomatic shedding
of VZV is less frequent compared to HSV. HSV-1 and VZV reactivation is more com-
mon in immunocompromised individuals and may result in viral shedding in saliva
[113-115]. Therefore, we determined the kinetics and quantity of oral HSV-1 and
VZV shedding in HSV-1 and VZV seropositive individuals infected with HIV (Chap-
ter 6) [125]. Longitudinal analysis of daily saliva samples obtained for a median of
31 days from 22 individuals infected with HIV showed that while all persons shed
HSV-1 at one or more time points, only two study participants shed very low levels
of VZV in their saliva [125]. Unfortunately, the low frequency of asymptomatic VZV
shedding — even in immunocompromised individuals — prohibited investigation of the
potential interrelatedness of oral HSV-1 and VZV reactivation and shedding within
the same individuals (Chapter 6) [125]. The increased propensity of HSV to reacti-
vate compared to VZV may result from a variety of virus and host factors. Differential
reactivation frequencies could be caused by the higher HSV DNA load compared
to VZV DNA load in ganglia [77, 87, 126], since the HSV reactivation rate increas-
es with higher ganglionic HSV DNA levels [127]. Alternatively, inhibitory epigenetic
chromatin modifications on the VZV genome may be more resilient to reactivation
compared to HSV-1. Abundant non-coding RNAs, including LAT and microRNAs,
expressed by latent HSV [128-129] are not shared by VZV [30, 104], thereby po-
tentially contributing to differential reactivation patterns. Further, an initial phase of
intraganglionic virus replication and spread is believed to occur upon VZV reactiva-
tion before the virus descends down the sensory nerve endings to the skin, whereas
this is not required for HSV [30, 103]. The resulting delay in VZV transfer to the skin
or lymphocytes may provide the host immune system more time to control infection.
Finally, the host may utilize different immune mechanisms to control the latency of
both alphaherpesviruses: e.g. CD8* T-cells are considered pivotal to control HSV-1,
but not VZV latency in human TG [77, 87].

Reactivation Induces Infiltration of T-cells into Ganglia

The direct correlation between the risk of developing herpes zoster and VZV-specific
T-cell immunity [113-115, 130] contrasts the apparent lack of virus-specific T-cells
in VZV latently infected human ganglia [77, 87]. However, upon herpes zoster the
rash-innervating ganglia may show profound inflammation [131-132]. Immune infil-
trates, mainly composed of noncytolytic T-cells, persist for weeks to months after
reactivation [133]. Recruitment of CD8* T-cells to the genital mucosa following HSV
infection is dependent on local expression of the chemokine CXCL10 [134-135].
VZV infection of intact human fetal ganglia in vitro induced production and secretion
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of CXCL10 [136], which may provide the trigger for T-cells to infiltrate ganglia upon
reactivation. Alternatively, infiltration of T-cells into ganglia may be antigen-driven.
Similar to the human situation, only few T-cells are observed in ganglia of uninfected
or SVV latently infected nonhuman primates (Chapter 6 [137] and Ouwendijk et al.,
2013, unpublished data). Analogous to VZV, SVV reactivation induces a transient
infiltration of predominantly noncytolytic CD8* T-cells [137]. The number of ganglion-
infiltrating CD8* T-cells and T-cell clusters correlated significantly with local expres-
sion of CXCL10 transcripts, but not SVV transcripts or antigens, suggesting that the
influx of CD8" T-cells at the analyzed stages following SVV reactivation is mainly
chemokine- rather than antigen-driven [137]. Notably, CXCL10 expression and as-
sociated T-cell infiltration did not differ among ganglia, including those that corre-
sponded to the dermatome associated with zoster rash (Chapter 6) [137]. These
findings suggest that virus reactivation is initiated in multiple ganglia simultaneously,
not restricted to the herpes zoster lesion innervating ganglia, as evidenced by the
detection of late SVV transcripts in various ganglia [13, 29]. HSV reactivation in-
duces proliferation of both tissue-resident and newly recruited virus-specific T-cells
in ganglia [138-139]. Optimal intraganglionic CD8* T-cell proliferation is dependent
on efficient antigen presentation by recruited dendritic cells and/or ganglion-resident
SGC, as well as CD4* T-cell help [139]. Alternatively or additionally, SVV reactivation
likely stimulates (systemic) virus-specific T-cells that subsequently infiltrate multiple
ganglia due their activated phenotype, which is sufficient for T-cells to enter latently
infected HSV ganglia in mice [140]. Although tissue-resident memory T-cells (T,
cells) present within ganglia are retained locally, both systemic and newly recruited
intraganglionic virus-specific activated T-cells may enter additional sensory ganglia
[138-139]. Thus, VZV and SVV reactivation induce the influx of T-cells into sensory
ganglia most likely to contain local virus replication, analogous to the potential role
of CD8* T-cells in restricting HSV reactivation [87, 141-142].

Recent studies suggest that HSV-specific T, cells are retained in both ganglia and
skin to control virus replication locally [138, 143-145]. As outlined above, HSV re-
activation induces local proliferation of both T_ cells and newly recruited T-cells
[138-139]. Combined with the observations that (1) (subclinical) reactivation of HSV
occurs much more frequently compared to VZV [125] and (2) that SVV reactivation,
but not latency, is associated with influx of T-cells into ganglia [137], these data sug-
gest that virus-specific T-cells in ganglia are mainly involved in controlling reactiva-
tion rather than latency. Most likely HSV-specific T-cells are highly abundant in HSV-
infected ganglia as a result of more frequent reactivation [77, 87, 137]. Currently, no
VZV-specific T-cells have been detected in VZV latently infected human ganglia [87].
Because ganglia from herpes zoster patients are extremely rare to obtain, the SVV
nonhuman primate model provides the ideal setting to study the immune response in
ganglia during and following reactivation. Future studies should address the source
of ganglionic T-cells (recruitment or local proliferation), their antigen specificity, their
phenotype at various stages after reactivation and the role of ganglion-resident or
infiltrating APCs. Skin-resident T, cells are induced by various virus infections, in-
cluding HSV and vaccinia virus, and persist in the epidermis for sustained periods of
time and are potentially involved in protecting the host for reactivations and re-infec-
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tions [138, 145-146]. However, VZV and HSV infections differ in several fundamental
aspects: (1) whereas HSV infection is localized, primary VZV infection results in gen-
eralized skin rash; (2) HSV reactivation occurs frequently, whereas VZV reactivation
is rare with most individuals developing only one episode of herpes zoster several
decades after varicella. Therefore, the potential role of skin-resident T, cells in the
pathogenesis of VZV infection remains to be determined.

Ocular VZV Disease

Although VZV-specific T-cell immunity is essential for uncomplicated recovery from
varicella and herpes zoster [52, 115], tissue-infiltrating virus-specific T-cells may
also initiate severe disease in organs with limited regenerative capacities like the
brain and eye [147]. Acute retinal necrosis (ARN) is a rare, rapidly progressing and
potentially blinding inflammatory eye disease that is commonly caused by reactiva-
tion of latent VZV or HSV-1 in immunecompetent individuals [148-150]. Most likely,
alphaherpesviruses gain access to the retinal pigment epithelial (RPE) cells by ax-
onal transport via the optic nerve [151], explaining the increased risk of herpetic
encephalitis and meningitis patients to develop ARN [152]. ARN is the outcome of
a combination of an initial virus-induced cytopathology and the subsequent immu-
nopathology caused by ocular-infiltrating virus-specific T-cells [153-155]. Intraocular
fluid (IOF)-derived T-cells predominantly recognize the causative alphaherpesvirus,
secrete cytokines consistent with a ThO/Th1 phenotype, and demonstrate HLA class
I- and HLA class ll-restricted cytotoxicity [156-160]. Previous studies have shown
that some |OF-derived T-cells recognize non-causative alphaherpesviruses too,
suggesting that aHHV-cross-reactive T-cells infiltrate the eyes of herpetic uveitis pa-
tients [157-160]. In Chapter 8, we have identified a HLA class Il allele promiscuous
CD4* T-cell epitope located within VZV IE62 that was recognized by two distinct
T-cell clones obtained from the affected eye of the same VZV ARN patient. The
IE62 epitope was completely conserved in its HSV counterpart ICP4 and a common
target for blood-derived CD4* T-cells in HSV-1/VZV immune individuals. Further-
more, the IE62/ICP4-specific IOF-derived T-cells recognized both VZV and HSV-1
in autologous B-cell lines. The data are in agreement with previous studies showing
that immunodominant T-cell responses are mostly directed to viral tegument pro-
teins, such as IE62/ICP4, in blood of healthy VZV/HSV-seropositive individuals and
genital herpes patients, as well as in the affected eyes of herpetic uveitis patients
[161]. Furthermore, a recent HSV-1 ORFeome-wide screen for CD4* and CD8* T-cell
targets revealed that ICP4 is an immunodominant T-cell antigen in HSV-1 seroposi-
tive individuals [44]. Notably, experiments on RPE cells — used as a disease-relevant
cell type — demonstrated that the aHHV-cross-reactive T-cells controlled VZV, but
not HSV-1 infection in vitro (Chapter 8). This differential effect was not observed
using RPE cells pulsed with HSV-1 and VZV protein lysates, indicating that HSV-1
employs an immune evasion strategy to prevent CD4* T-cell recognition. Further
studies are warranted to identify the HSV-1 protein(s) and the mechanisms involved.
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5. Future Perspectives

VZV reactivation occurs in 20% — 30% of latently infected individuals and is a sig-
nificant cause of neurological and ophthalmological disease [162-164]. Vaccination
of elderly individuals with the zoster vaccine reduces the incidence of herpes zos-
ter only by 51% and post-herpetic neuralgia by 67% [165]. Childhood vaccination
prevents varicella in 80 — 87% (1-dose regimen) [166-167] and up to 98% (2-dose
regimen) [168] of vaccinated children, but produces a life-long latent VZV infection
in 100% of vaccinated individuals. The VZV vaccine strain vOka is not attenuated
for replication in human T-cells and fetal ganglia [49, 169], which poses the lifelong
risk of reactivation and associated disease or even death in vaccinees [170]. Thus,
there is an unmet need for a safer and more efficacious 2™ generation VZV vaccine.
Since the latent phase is imperceptible for adaptive immune control novel interven-
tion strategies should be aimed at limiting the VZV latent load and prevention of VZV
reactivation. To achieve this, it will be essential to combine studies on the virus-host
factors involved in VZV infection in humans and the SVV nonhuman primate model.
Full VZV genome-wide screens of the systemic VZV-specific CD4* and CD8* T-cell
repertoire in healthy and diseased VZV immune individuals are needed to identify
the protective VZV T-cell targets. It will be important to understand why VZV-specific
T-cell immunity is declining with ageing and why not all elderly individuals vaccinated
with the zoster vaccine develop protective virus-specific immune responses. SVV
infection of nonhuman primates provides the only animal model to study the patho-
genesis of varicella and herpes zoster. In order to limit the establishment of latency
it will be essential to define the cell types and effector molecules that control SVV
infections during the early phase of primary SVV infection in the respiratory tract and
ganglia. Further, experimental reactivation of SVV in nonhuman primates provides
a model system in which both systemic and tissue-resident (e.g., skin and ganglia)
virus-specific T-cell responses induced by herpes zoster can be studied. Thus, future
integrated research on VZV and SVV will provide novel intervention strategies to
limit the establishment of VZV latency and prevent reactivation.
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Nederlandse Samenvatting

Varicella-zoster virus (VZV) is een humaan alphaherpesvirus dat zowel varicella
(waterpokken) als herpes zoster (HZ; gordelroos) veroorzaakt. De meeste mensen
worden als kind geinfecteerd met VZV wat, na een incubatieperiode van ongeveer
twee weken, resulteert in varicella. Kenmerkend voor varicella zijn koorts en een
verspreide jeukende rode huiduitslag. Normaliter is varicella een relatief onschuldige
ziekte, maar vooral in immuungecompromitteerde personen en mensen die pas op
latere leeftijd geinfecteerd raken kunnen ernstige complicaties optreden (pneumonie,
hepatitis en aandoeningen aan het centraal zenuwstelsel). Tijdens de primaire
infectie bereikt het virus hoofdzakelijk sensorische, maar ook autonome ganglia,
waar VZV een levenslange latente infectie van neuronen bewerkstelligt. Latente VZV
infectie wordt gekenmerkt door beperkte productie van RNA en mogelijk ook eiwit,
zonder dat nieuwe virus partikels aangemaakt worden. Als gevolg van een afname
in de virus-specifieke cellulaire immuniteit kan het virus op latere leeftijd reactiveren
en HZ veroorzaken. In tegenstelling tot varicella, wordt HZ gekenmerkt door een
huiduitslag die zich beperkt tot één of meerdere aaneengrenzende dermatomen.
HZ is een veelvoorkomende oorzaak van neurologische aandoeningen variérend in
ernst van post-herpetische pijn tot levensbedreigende cerebrale vasculopathieén.
Daarnaast leidt herpes zoster ophthalmicus vaak tot oogaandoeningen. Complicaties
van HZ zijn meer frequent en ernstiger in de sterk groeiende populaties ouderen
en immuungecompromitteerde individuen, zoals patiénten die een transplantatie
hebben ondergaan of HIV-geinfecteerde personen. Een levend-verzwakt VZV vaccin
is beschikbaar en beschermt gevaccineerde kinderen tegen varicella. Toediening van
het VZV vaccin aan ouderen voorkomt HZ in de helft van de gevaccineerde individuen.
Echter, het vaccin virus infecteert en wordt latent in sensorische neuronen. Hierdoor
kan het vaccin virus reactiveren en ziekte veroorzaken in gevaccineerde individuen.
Daarom is het belangrijk om een veilig en meer efficiént tweede generatie VZV
vaccin te ontwikkelen. De ontwikkeling van nieuwe preventieve en therapeutische
therapieén vereist inzicht in de pathogenese van VZV infecties.

De pathogenese van varicella en HZ, en de mechanismen die ten grondslag
liggen aan latente VZV infectie zijn grotendeels onbekend. Dit komt hoofdzakelijk
doordat VZV een uitsluitend humaan pathogeen is en geen ziekte veroorzaakt
in proefdiermodellen. Het is onmogelijk het ziekteverloop van varicella of HZ in
doelorganen van het virus zoals long, lymfeklieren en spinale ganglia in de mens te
bestuderen. Ook de relatief lange incubatieperiode van 10 tot 21 dagen na primaire
infectie bemoeilijkt studies naar de pathogenese van varicella. Simian varicella virus
(SVV) lijkt genetisch zeer sterk of VZV en veroorzaakt een natuurlijke infectie van
niet-humane primaten (NHP) die sterk lijkt op VZV infectie bij de mens. Primaire
SVV infectie veroorzaakt varicella, waarna het virus latent wordt in neuronen van
spinale en trigeminale ganglia (TG) en na stress of immuunsuppressie kan het
virus reactiveren en herpes zoster veroorzaken. Daarom is in hoofdstukken 2, 3
en 7 gebruik gemaakt van het SVV NHP model om de virus- en gastheerfactoren
betrokken bij primaire infectie en reactivatie te bestuderen.
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VZV wordt overgedragen van varicella of HZ patiénten op naieve individuen via
aerosolen. Waarschijnlijk infecteert het virus in eerste instantie de epitheelcellen
van de bovenste luchtwegen, waarna VZV wordt overgedragen op lymfocyten die
het virus naar doelorganen zoals de huid en ganglia transporteren. De celtypen
en route betrokken bij de verspreiding van VZV door het lichaam tijdens primaire
infectie zijn grotendeels onbekend, hoofdzakelijk door de lange incubatietijd en het
beperkte gastheer tropisme. In hoofdstukken 2 en 3 hebben wij de pathogenese
van primaire SVV infectie in NHP bestudeerd als model voor varicella in de mens. De
resultaten in hoofdstuk 2 suggereren dat primaire SVV infectie van Chinese rhesus
makaken asymptomatisch verloopt, terwijl beschreven is dat infectie van Indische
rhesus makaken resulteert in de typische varicella huidlaesies. Waarschijnlijk liggen
genetische verschillen in de twee subspecies ten grondslag aan het verschillende
ziektebeeld na primaire SVV infectie. Ondanks het feit dat de dieren geen huiduitslag
ontwikkelden was SVV in staat om sensorische ganglia te infecteren. Dit impliceert
dat omvangrijke virus replicatie in de huid niet noodzakelijk is voor neuronale
infectie en kan duiden op hematogene verspreiding van SVV naar de sensorische
ganglia. Een goede antivirale adaptieve immuunrespons bevordert een relatief mild
ziekteverloop tijdens primaire VZV en SVV infectie. Omgekeerd tonen de resultaten
beschreven in hoofdstuk 2 aan dat de omvang van de SVV-specifieke humorale en
cellulaire immuniteit afhankelijk is van de hoeveelheid virus replicatie tijdens primaire
infectie. Ook de adaptieve immuniteit geinduceerd door het levend-verzwakte VZV
vaccin virus lijkt minder robuust te zijn vergeleken met natuurlijke VZV infecties.

In hoofdstuk 3 is gebruik gemaakt van een recombinant SVV dat groen fluorescerend
eiwit (enhanced green fluorescent protein) tot expressie brengt (SVV-EGFP). SVV-
EGFP geinfecteerde cellen waren zichtbaar in weefselmonsters, waardoor de virus
geinfecteerde celtypen in bloed, longen, huid en ganglia geidentificeerd konden
worden. De resultaten tonen aan dat na intratracheale SVV infectie van groene
meerkatten het virus respiratoire epitheelcellen en lokaal aanwezige antigeen
presenterende cellen (APC), zoals alveolaire macrofagen en dendritische cellen (DC),
infecteert. Waarschijnlijk wordt het virus in de luchtweg-drainerende lymfeklieren
overgedragen op perifeer bloed mononucleaire cellen (PBMC) en dan vooral
geheugen T-cellen. Mogelijk transporteren SVV geinfecteerde APC het virus van de
luchtwegen naar de lymfeklieren. Geinfecteerde PBMC, waarschijnlijk hoofdzakelijk
T-cellen, transporteren SVV naar de huid waar het virus wordt overgedragen op
perivasculaire macrofagen, DC en dendrocyten. Het virus verspreidt zich vervolgens
naar keratinocyten in de epidermis en haarfollikels via cel-op-cel transmissie. De
resultaten in hoofdstuk 3 ondersteunen twee verschillende, elkaar niet uitsluitende,
hypotheses over de route waarmee SVV de neuronen van sensorische ganglia
infecteert. De eerste hypothese stelt dat het virus de uiteinden van sensorische
neuronen in de huid infecteert en vervolgens via transaxonaal transport het
sensorisch ganglion bereikt. De tweede hypothese stelt dat SVV geinfecteerde
geheugen T-cellen het virus naar sensorische ganglia transporteren, waar het wordt
overgedragen op neuronen. Toekomstige studies op vroege tijdstippen na infectie
in het SVV-EGFP NHP model zullen de definitieve route van ganglionale infectie
moeten aantonen.
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De virus- en gastheerfactoren betrokken bij de totstandkoming en handhaving van
latente VZV infectie zijn grotendeels onbekend. VZV latentie wordt hoofdzakelijk
bestudeerd in humane ganglia die zijn verkregen bij autopsies. Voorafgaande
studies hebben een aantal VZV transcripten en eiwitten gevonden in humane
ganglia. Echter, verschillende studies rapporteren sterk uiteenlopende aantallen en
expressieniveaus van VZV transcripten en eiwitten. De in hoofdstuk 4 beschreven
studie en een recent gepubliceerde studie van een andere onderzoeksgroep
tonen aan dat de vermeende detectie van VZV |E62 en IEG3 eiwitten in humane
ganglia berust op non-specifieke neuronale kleuring. Muis monoclonale antistoffen
(mAbs) afkomstig van ascites, zoals de gebruikte anti-VZV IE62 en IE63 mAbs, en
polyclonale konijnen sera kunnen endogene anti-humaan bloedgroep A1 antistoffen
bevatten die non-specifiek reageren met bloedgroep A1-geassocieerde antigenen in
het Golgi-apparaat van een deelpopulatie sensorische neuronen. Ondanks het feit
dat grote aantallen coupes van ganglia van verschillende donoren zijn onderzocht
hebben wij nooit specifieke VZV eiwitten kunnen aantonen in humane ganglia. In
voorafgaande studies is veelal gebruik gemaakt van ganglia die pas langere tijd
na overlijden (vaak 24 uur of meer) verkregen zijn. De in hoofdstuk 5 beschreven
studie toont aan dat het postmortem interval (PMI; het interval tussen overlijden en
het verkrijgen van ganglia voor wetenschappelijk onderzoek) van invloed is op het
gedetecteerde VZV transcriptoom in humane TG. Zowel het gedetecteerde aantal
verschillende VZV transcripten als de relatieve ORF63 expressie niveaus namen
toe met een stijgend PMI. Over het geheel genomen tonen onze data aan dat VZV
latentie wordt gekenmerkt door een zeer beperkte transcriptie, waarschijnlijk beperkt
tot ORF63, en de afwezigheid van virale eiwitten

HZ is het gevolg van reactivatie van endogeen latent VZV, waarna het virus lokaal in
het ganglion repliceert en zich via axonen verspreidt naar de huid die geinnerveerd
wordt door de betrokken sensorische zenuw (dermatoom). De meeste individuen
ontwikkelen één episode van HZ in hun leven, maar de aanwezigheid van VZV DNA
in PBMC en speeksel van gezonde individuen suggereert dat asymptomatische
reactivatie vaker voorkomt. HSV-1 is nauw verwant aan VZV en is ook in staat om
de sensorische neuronen van het TG latent te infecteren, waar beide virussen vaak
gelijktijdig aanwezig zijn. Symptomatische en asymptomatische HSV-1 reactivatie
komt vaak voor, maar de incidentie van subklinische VZV reactivatie en de relatie
daarvan tot HSV-1 reactivatie in het zelfde individu is grotendeels onbekend. Omdat
de incidentie van VZV en HSV-1 reactivatie hoger is in immuungecompromitteerde
individuen zoals HIV patiénten, hebben wij in hoofdstuk 6 de mate van subklinische
VZV en HSV-1 reactivatie bestudeerd in speekselmonsters van individuen
met HIV. De resultaten tonen aan dat VZV slechts zelden reactiveert, zelfs in
immuungecompromitteerde individuen, terwijl HSV-1 frequent reactiveert. De
frequentie van VZV reactivatie was helaas te laag om uitspraken te kunnen doen
over een mogelijke relatie tussen VZV en HSV-1 reactivatie. Hoewel beide virussen
sterk op elkaar lijken, suggereert deze data dat virus- en gastheerfactoren betrokken
bij latentie sterk verschillen tussen beide virussen.

HZ gaat gepaard met een ganglionitis die tot maanden na VZV reactivatie kan
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persisteren. Enkele maanden na HZ bestaan de immuuninfiltraten hoofdzakelijk uit
niet-cytotoxische CD8* T-cellen. De oorzaak van de infiltratie en retentie van T-cellen
in ganglia na HZ is onbekend, maar lokale productie van zowel virale antigenen als
T-cel aantrekkende cytokines zoals CXCL10 kunnen een rol spelen. Waarschijnlijk
dragen de ganglion-infiltrerende T-cellen bij aan lokale inhibitie van virus replicatie,
zoals in de literatuur ook beschreven is voor HSV-1. Aangezien de meeste individuen
slechts één episode van HZ ontwikkelen zijn ganglia van patiénten met HZ extreem
schaars. Daarom hebben wij het SVV NHP model gebruikt om de T-cel respons
in ganglia van cynomolgus makaken op verschillende tijdstippen na reactivatie te
onderzoeken. Het onderzoek in hoofdstuk 7 toont aan dat SVV reactivatie resulteert
in een tijdelijke infiltratie en retentie van vooral CD8* T-cellen in sensorische ganglia.
Lokale expressie van CXCL10, maar niet de aanwezigheid van viraal transcript
of eiwit, correleerde met de hoeveelheid en locatie van infiltrerende T-cellen. De
hoeveelheid CXCL10 expressie en T-cellen in ganglia overeenkomend met het
HZ-aangedane dermatoom verschilden niet van de overige ganglia. Het is nog
onduidelijk of CXCL10 primair verantwoordelijk is voor het rekruteren van T-cellen
of een secundair gevolg van interferon-y secretie door geactiveerde infiltrerende
lymfocyten. Definitieve identificatie van de mechanismen achter de rekrutering
van T-cellen en de specificiteit en functie van ganglion-infiltrerende T-cellen vereist
bestudering van ganglia ten tijde van en direct na HZ in toekomstige studies.

Een goede T-cel immuniteit is essentieel voor de recuperatie van varicella en HZ
zonder complicaties. Echter, weefselinfiltrerende virus-specifieke T-cellen kunnen ook
ernstige immunopathologie veroorzaken in organen met een beperkte regeneratieve
capaciteit, zoals het oog. Acute retina necrose (ARN) is inflammatoire oogaandoening,
veelal veroorzaakt door VZV en HSV-1, waarbij de retina beschadigt raakt door
een combinatie van virus-geinduceerde cytopathologie en immunopathologie door
infiltrerende virus-specificieke T-cellen. In voorafgaand onderzoek heeft onze groep
aangetoond dat ooginfiltrerende T-cellen van herpetische ARN patiénten vaak
kruisreagerend zijn met andere alphaherpesvirussen. In hoofdstuk 8 hebben wij
een humaan leukocytenantigen klasse Il (HLA-II) promiscue CD4* T-cel epitoop in
het VZV IE62 eiwit beschreven. Het VZV |EG2 epitoop is compleet geconserveerd
in de HSV homoloog, ICP4, en werd veelvuldig herkend door T-cellen van latent
VZV/HSV-1 geinfecteerde individuen. Opvallend was dat kruisreagerende CD4*
T-cellen wel VZV maar niet HSV-1 geinfecteerde retina pigment epitheel cellen
herkenden, waarschijnlijk doordat HSV-1 immuun evasie strategieén toepast om
herkenning door CD4+ T-cellen te voorkomen. De in hoofdstuk 8 beschreven studie
is de eerste waarin een VZV/HSV-1 kruisreagerend T-cel epitoop wordt beschreven.
Humaan alphaherpesvirus kruisreagerende T-cellen zijn potentieel interessant voor
vaccinatiedoeleinden.

Samenvattend heeft het onderzoek beschreven in dit proefschrift geleid tot nieuwe
inzichten in de pathogenese van varicella en HZ, en het beeld dat wij hadden van
VZV latentie significant veranderd. Daarmee levert het onderzoek een bijdrage aan
de ontwikkeling van nieuwe preventieve en therapeutische therapieén gericht op het
beperken van VZV latentie en het voorkomen van reactivatie.
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