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Abstract

Simian varicella virus (SVV), the etiologic agent of naturally occurring varicella in primates, is genetically and antigenically
closely related to human varicella zoster virus (VZV). Early attempts to develop a model of VZV pathogenesis and latency in
nonhuman primates (NHP) resulted in persistent infection. More recent models successfully produced latency; however,
only a minority of monkeys became viremic and seroconverted. Thus, previous NHP models were not ideally suited to
analyze the immune response to SVV during acute infection and the transition to latency. Here, we show for the first time
that intrabronchial inoculation of rhesus macaques with SVV closely mimics naturally occurring varicella (chickenpox) in
humans. Infected monkeys developed varicella and viremia that resolved 21 days after infection. Months later, viral DNA was
detected only in ganglia and not in non-ganglionic tissues. Like VZV latency in human ganglia, transcripts corresponding to
SVV ORFs 21, 62, 63 and 66, but not ORF 40, were detected by RT-PCR. In addition, as described for VZV, SVV ORF 63 protein
was detected in the cytoplasm of neurons in latently infected monkey ganglia by immunohistochemistry. We also present
the first in depth analysis of the immune response to SVV. Infected animals produced a strong humoral and cell-mediated
immune response to SVV, as assessed by immunohistology, serology and flow cytometry. Intrabronchial inoculation of
rhesus macaques with SVV provides a novel model to analyze viral and immunological mechanisms of VZV latency and
reactivation.
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Introduction

Varicella zoster virus (VZV), a neurotropic alpha herpesvirus, is
the etiological agent of varicella (chickenpox). VZV establishes
latency in ganglia and can reactivate to produce herpes zoster
(shingles), a debilitating disease for the elderly and immunocom-
promised. Studies of VZV pathogenesis have been hampered by
the lack of an animal model that consistently recapitulates both the
virological and immunological hallmarks of both acute and latent
VZV infection. Experimental inoculation of mice, rats and
nonhuman primates (NHP) with VZV results in seroconversion
but not varicella [1,2,3]. In weanling guinea pigs, seroconversion,
viremia, an exanthem and animal-to-animal spread after VZV
infection have been found [4]. Although humoral and cellular
immune responses have been briefly characterized in the guinea
pig model, the scarcity of immunological tools specific for this
species have precluded in depth analysis [5,6]. Further, VZV does
not reactivate in any of these models. A SCID-humanized (SCID-
hu) mouse model was developed in which co-implants of human
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fetal thymus/liver tissue were introduced under the kidney
capsule. Fetal skin was then introduced subcutaneously as full
thickness dermal grafts and later infected by injection of VZV-
infected cells into the implanted tissue [7]. Further studies showed
that the skin implants can also be infected and display hallmarks of
VZV lesions following intravenous transfer of VZV infected
tonsilar T' cells [8]. Although this model contributed significantly
to our understanding of VZV dissemination and pathogenesis, the
chimeric and partially immunodeficient status of the host coupled
with the need for fetal liver, thymus, tonsils and skin, precluded in
depth studies of the role of the host immune response in the
establishment and maintenance of VZV latency.

Simian varicella virus (SVV) produces a naturally occurring
exanthematous disease in NHP that mimics human varicella [9].
Both virus genomes have been sequenced and are colinear, sharing
up to 75% DNA similarity [10,11,12]. Furthermore, SVV and VZV
encode antigenically related polypeptides [13,14,15]. Like VZV,
SVV becomes latent in ganglionic neurons [16,17,18,19] and
reactivates after environmental stress or Immune suppression

November 2009 | Volume 5 | Issue 11 | 1000657



Author Summary

Varicella zoster virus (VZV) is a ubiquitous herpesvirus that
causes chickenpox (varicella) and establishes a life-long
latent infection in humans. VZV can then reactivate
causing herpes zoster, commonly known as shingles, a
painful and debilitating disease that can be life-threaten-
ing in elderly and immunocompromised individuals. Our
understanding of immunological factors that control VZV
replication is limited due to the fact that VZV causes
disease only in humans. Simian varicella virus (SVV) is a
simian counterpart of VZV that infects nonhuman prima-
tes. Our study showed for the first time that infection of
rhesus macaques with SVV recapitulates key aspects of
VZV infection from chickenpox and the resolution of acute
viremia to the establishment of latency in ganglia, and the
development of B and T cell responses to virus. This model
will allow us to improve our understanding of the immune
response to varicella virus, and to develop and test
vaccines and antiviral drugs that can reduce the incidence
of shingles and its attendant neurological complications.

[9,20,21,22]. However, although intratracheal inoculation of
African green or Cynomolgus monkeys with SVV produces clinical
and pathological features in monkeys similar to those seen in
humans infected with VZV [9,23], the animals remain persistently
viremic for years [24,25]. Thus, it is not ideal to use these models to
characterize immunological control of VZV infection.

To address this limitation and study VZV latency, a model of
natural SVV infection was developed whereby African Green or
Cynomolgus monkeys were exposed to cage-mates that had been
experimentally inoculated with SVV [21,26]. While natural
infection resulted in rash and SVV DNA was detected only in
ganglia and not in liver or lung, features consistent with varicella
latency, seroconversion was random, and viremia was not found in
most animals. These observations, coupled with an unknown dose
and exact time of infection, make it difficult to study the kinetics of
the host immunological response to virus infection [21]. The goal
of this study was to investigate whether intrabronchial inoculation
of rhesus macaques with SVV would provide a more suitable
model of VZV pathogenesis and latency. In this manuscript, we
report that intrabronchial infection of rhesus macaques with SVV
reproduced all of the cardinal features of primary VZV infection
in humans.

Results

Intrabronchial inoculation of rhesus macaques with SVV
results in varicella, viremia and viral latency

Since VZV is transmitted through aerosolized droplets, we
inoculated four SVV-seronegative rhesus macaques (RM) once
intrabronchially with 4x10° pfu SVV. All four animals developed
varicella either at 7- (24953 and 25043) or 10 (23942 and 23986)
days post infection (dpi, Figure 1A). The rash progressed until 14
dpi after which lesions began to heal and resolved by 21 dpi. The
severity of the rash varied between animals with 23986 displaying
the greatest number of lesions followed by 24953, 23942 and
25043. Skin punch biopsies of the lesions confirmed the presence
of both SVV DNA (Figure 1B) and SVV antigen (Figure 1C and
D). There was considerable variation in viral loads in the lesions
between animals and within the same animal (Figure 1B). This
variation could be due to differences in the stage of the lesion. Skin
biopsies obtained before infection were negative for both SVV
DNA (Figure 1B) as well as SVV antigen (data not shown).
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SVV' DNA loads in peripheral blood mononuclear cells
(PBMCs) (Figure 1E) and bronchial alveolar lavage (BAL) samples
(Figure 1F) were determined by quantitative real time PCR
(qPCR) using primers and probes specific for SVV ORF 21
(Table 1). SVV DNA was detected in PBMCs at 7 dpi, with a peak
at 10 dpi and undetectable by 21 dpi, whereas BAL samples
revealed SVV DNA first at 3 dpi, with a peak at 14 dpi and
returning to undetectable levels at 17-21 dpi. Viral DNA loads
were significantly higher (10%-10° copies/100 ng) in BAL than in
PBMCs (2-8 copies/100 ng), likely reflecting the route of
infection. Monkeys were ecuthanized at 73 dpi (24953 and
25043) or 105 dpi (23942 and 23986) and all lymphoid tissues,
lung, liver, gastrointestinal tract, pancreas, salivary glands, kidney,
thyroid, dorsal root and trigeminal ganglia, brain and spinal cord
were examined for the presence of SVV DNA by qPCR. SVV
DNA was detected only in ganglia, but not in any other organ,
including lung or liver (Table 2 and data not shown), indicating
latent infection. Interestingly, the SVV viral loads in the ganglia
correlated with the rash severity during acute infection with 23986
displaying the most extensive rash and 25043 the least.

In latently infected human ganglia, transcripts specific for VZV
ORFs 21, 29, 62, 63 and 66 are present [27]. To determine if SVV
latency has a similar transcriptional pattern, SVV DNA-positive
ganglia were further analyzed for transcripts corresponding to
SVV ORFs 21, 29, 61 62, 63 and 66, as well as ORF 40, a major
capsid protein that is expected to be absent during latency (primer
and probes listed in Table 1). Transcripts specific for SVV ORFs
61, 21, 62, 63 and 66 were detected (Table 3). As expected SVV
ORF 40 specific transcripts were not detected SVV ORF 29-
specific transcripts were also not found (Table 3). VZV ORF 29 (a
single-stranded DNA-binding protein) -specific transcripts are
sometimes present and sometimes absent in latently infected
human ganglia. SVV ORF 61 specific transcripts were the most
abundant (Table 3). Both sense and antisense transcripts of SVV
ORF 61 were detected, and antisense transcripts were 5-9 times
more abundant than sense transcripts (Table 4), consistent with
findings of Ou et al. [28]. No transcripts were detected in control
PCR reactions in the absence of reverse transcriptase. We
routinely detect as little as one copy of the SVV ORFs listed
above in positive controls. Thus, as previously described for VZV,
SVV latency is associated with limited viral transcriptional
activity.

VZV ORF 63 protein is present in the cytoplasm of neurons in
latently infected human ganglia [29,30]. To determine whether
SVV ORF 63 protein is comparably localized, sections of
formalin-fixed ganglia from the side of the neuraxis opposite
to the one used for nucleic acid analysis were studied using
immunohistochemistry for SVV ORF 63 protein as well as for
SVV ORF 61 protein in light of the considerable abundance of
SVV ORF 61 transcripts. VZV ORF 63- or 61-specific rabbit
polyclonal antisera, which reacted with SVV-infected cells in
culture (Figure S1A, C) but not with uninfected Vero cells (Figure
S1B, D), were used in these studies. We detected SVV ORF 63
protein exclusively in the cytoplasm of ganglionic neurons in all
animals (Figure 2A and B). SVV ORF 61 protein was detected
in one ganglion from two monkeys (Table 5) in both the nucleus
and cytoplasm (Figure 2). Analysis of adjacent sections of
trigeminal ganglia from monkey 23942 revealed the presence
of SVV ORF 63 but not 61 (Figure 2). Table 5 summarizes results
from ganglia of all 4 monkeys and shows that like VZV ORF63,
SVV ORF63 is consistently detected in the cytoplasm of neurons
in latently infected ganglia. Overall, these data suggest that SVV
infection in rhesus macaques recapitulates key features of VZV
latency.
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Figure 1. Varicella and the presence of SVV DNA and viral antigen in rhesus macaques inoculated intrabronchially with SVV. (A)
Varicella rash on skin of monkey 24953 9 days after intrabronchial infection. (B) Detection of SVV DNA by real-time PCR in punch biopsies of skin from all
4 monkeys during varicella. (C) Immunohistochemical detection of SVV antigen with antibodies directed against SVV glycoproteins H and L in skin of
monkey 24953 during varicella, with staining in superficial and deep layers of skin. (D) Skin staining of monkey 24953 with normal rabbit serum. (E) SVV
DNA levels in peripheral blood mononuclear cells (PBMC) and samples of all monkeys as assessed by quantitative real-time PCR. SVV DNA was first
detected 7 days post-infection (dpi), peaked at 10 dpi and was not detected 21 dpi. (F) SVV DNA levels in bronchial alveolar lavage (BAL) samples in all
four monkeys as assessed by quantitative real-time PCR. SVV was first detected in BAL as early as 3 dpi, peaked 3-7 dpi and was not detected 17 dpi.
doi:10.1371/journal.ppat.1000657.g001
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Table 1. Primers and probes specific for the SVV ORFs used in

real-time PCR.

ORF® Direction Sequence (5'-3') 5’-location®

21 Forward GACACATCAGCGGTTTGCA 32406
Reverse TGCACGCTGTGTTAGAATTCG 32541
Probe TCCATCCTGAACGATAGGCATGTCATAAAGA 32517

29 Forward CGTCTTATAGGGCTGGCAAGC 54451
Reverse CTAACGCGCCATGAAGCAT 54520
Probe CGTATCAACGGCAAAATAAACGCGTGG 54473

40 Forward GGATGCGTTATTGACGCTTCA 74906
Reverse TCCAGCATCCGGAGCTATTG 74993
Probe CGGATATGGCAGAACGTACCACTCCAA 74938

61 Forward ACACAGCGCTAATGAGAAGCC 104077
Reverse GAAAGACGCTGCTGTTGTCG 104012
Probe CAACCCCGCGTGTTGGCCC 104051

62 Forward CGATGAGCAGGCGGTATGA 107326
Reverse GGTAGGCCATGGTGGCATAA 107246
Probe CGCCCAAAAACATTTCATACTGCAAAGTTTAA 107306

63 Forward CGTACGCTCCGCTGACAAA 111144
Reverse TGCTGTCCAATGCGTTTCTG 111206
Probe CGTCCCCGCACAATTACAGCGC 111164

66 Forward TTGCTACTAACGCACCGGAA 113637
Reverse CCTGCGCTCCAAATATCGAC 113706
Probe CAAGGGATCCATACGGCCCGG 113664

“Numbers designate the SVV ORFs.

PNumbers designate the location of the 5'-end of the primers on the SV

genome (Genbank accession number AF275348).
doi:10.1371/journal.ppat.1000657.t001

Rhesus macaques inoculated with SVV generate a B cell
response

Resolution of VZV infection in humans correlates with the
development of humoral and cellular immune responses to virus
[31]. A hallmark of the antiviral immune response is expansion of
antigen-specific T and B cells, which can be measured by flow
cytometry [32] based on expression of Ki67, a nuclear protein
involved in DNA replication. To determine whether SVV
infection in rhesus monkeys elicits similar immune responses as
VZV, we measured the magnitude and kinetics of the B and T cell
responses after the appearance of rash.

To assess the B cell response, we measured the fold increase in the
number of Ki67+ isotype-switched B cells. PBMCs and BAL cells
were stained with antibodies directed against CD20, IgD and CD27
to distinguish between three subsets: CD27-IgD+ (most likely naive),
CD27+IgD+, and CD27+IgD— (isotype-switched B cells) [33]
(Figure 3A, left). Cells were then fixed and the nuclear membrane
was permeabilized before staining with anti-Ki67 antibody (Figure 3A,
middle and right). SVV infection induced a robust proliferation of
CD27+IgD+ as well as isotype-switched CD27+IgD— B cells in
PBMC:s as indicated by an increase in the frequency of Ki67+ cells on
dpi 14 compared to dpi O (Figure 3A middle and right panels;
Figure 3B and C, respectively). Analysis of BAL samples revealed
an increased frequency of proliferating CD27+IgD— B cells, that
were detected earlier (7 dpi) than in PBMCis (14 dpi) (Figure 3D). No
significant proliferation of CD27+IgD+ B cells was found (data not
shown). The SVV-specific IgG titer revealed an IgG response by 12
dpi that peaked18-21 dpi (Figure 3E).
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Table 2. SVV DNA content in ganglionic and non-ganglionic

tissues from rhesus macaques inoculated intrabronchially

with SVV assessed by gPCR.

Monkey SVV DNA

number dpi® Tissue copies/ug of DNA GAPdH

23942 105 Trigeminal 12 pos
Cervical 0 pos
Thoracic 5 pos
Lum/sac® 24 pos
Lung 0 pos
Liver 0 pos

23986 105 Trigeminal 102 pos
Cervical 163 pos
Thoracic 182 pos
Lum/sac® 40 pos
Lung nd® nd®
Liver 0 pos

24953 73 Trigeminal 16 pos
Cervical 14 pos
Thoracic 18 pos
Lum/sac® 6 pos
Lung 0 pos
Liver 0 pos

25043 73 Trigeminal 0 pos
Cervical 0 pos
Thoracic 6 pos
Lum/sac® 0 pos
Lung 0 pos
Liver 0 pos

“Days post-infection.

PPooled ganglia from the lumbar and the sacral regions.

‘nd = not done.

doi:10.1371/journal.ppat.1000657.t002

Rhesus macaques inoculated with SVV generate a T cell

response

T cell proliferation in PBMCs (Figure 4) and BAL (Figure 5) was
also determined by measuring the relative (fold) increase in the
number (PBMC) or percentage (BAL) of Ki67". At each time point,
PBMCis and BAL cells were stained with antibodies directed against
CD4, CD8, CD28 and CD95 (Figure 4A and 5A, left) to delineate
naive (CD28+CD95—), central memory (CD28+CD95+, CM) and
effector memory (CD28—CD95+, EM) T cell subsets [34]. Cells
were fixed, permeabilized and incubated with anti-Ki67 antibodies
(Figures 4A and 5A, middle and right). Previous studies showed that
naive T cells identified using these markers were CCR7+. EM
T cell were CCR7-, whereas CM T cells contained a transitional
population that lacked CCR7 expression [32,35]. Both naive and
memory T cells were detected in PBMCs (Figure 4A, left), whereas,
as expected, only memory T cells were present in BAL cells
(Figure 5A, left). SVV infection induced robust T cell proliferation
as shown by an increase in Ki67+ CD8 EM T cells (Figures 4A and
5A, middle and right).

SVV infection resulted in proliferation of both CM and EM T
cell subsets in PBMCs that peaked at 14 dpi in all 4 monkeys
(Figure 4A, right; Figure 4B-E). In BAL cells, CD4 EM T cell
proliferation was detected at 7 dpi in all animals (Figure 5C).
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Table 3. Abundance of SVV-specific transcripts in SVV DNA-
positive ganglia (per 1-3 pg RNA) assessed by qRT-PCR.
Monkey
number Tissue SVV ORFs
21 29 40 61 62 63 66
23942 Trigeminal 0 0 0 217 0 0 0
Thoracic 0 0 0 52 0 2 0
Lum/sac 0 0 0 389 trace 0 0
23986 Trigeminal 3 0 0 807 0 7 0
Cervical 4 0 0 2500 O 9 0
Thoracic 0 0 0 2700 5 6 0
Lum/sac 0 0 0 5300 3 18 0
24953 Trigeminal 0 0 0 51 0 0 0
Cervical 0 0 0 55 0 0 0
Thoracic 0 0 0 600 6 6 3
Lum/sac 0 0 0 8 0 0 0
25043 Trigeminal 0 0 0 10 0 0 0
Cervical 0 0 0 6 0 0 0
Thoracic 0 0 0 21 0 0 0
Lum/sac 0 0 0 0 0 0 0
doi:10.1371/journal.ppat.1000657.t003

However, proliferation of other T cell subsets in BAL was detected
at 7 dpi in monkeys 24953 and 25043 and 14 dpi in monkeys
23986 and 23942 (Figure 5B, D and E). Interestingly, varicella
rash was detected slightly earlier in monkeys 24953 and 25043
(day 7) compared to monkeys 23986 and 23942 (day 10), which
could explain the earlier proliferative response observed in
monkeys 24953 and 25043. Furthermore, 25043 had the lowest
viral load, least amount of rash and lowest T cell proliferation,
which suggests that T cell proliferation correlates with viral load.
Overall, as described for B cells, T cell proliferation occurred
earlier in BAL compared to peripheral blood.

Table 4. Abundance of SVV ORF 61 sense and antisense
transcripts (per 1-3 pg RNA) in SVV DNA-positive ganglia
assessed by gRT-PCR.
Monkey
number Tissue SVV ORF 61 PRIMER used in RT
61R (antisense)® 61F (sense)®

23942 Trigeminal 25 153

Thoracic 14 62

Lum/Sac 80 584
23986 Trigeminal 527 7300

Cervical 1277 8609

Thoracic 1135 9835
24953 Cervical 8 53

Thoracic 148 4100

Lum/Sac 0 0
SVV-infected Vero 1x107 5x10°
“Detects sense transcripts.
PDetects antisense transcripts.
doi:10.1371/journal.ppat.1000657.t004
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To determine the frequency of SVV-specific T cells, we used
intracellular cytokine staining analysis to detect IFNy/TNFo-
producing T cells after stimulation with SVV antigen. Since SVV
is highly cell-associated and cell-free SVV is difficult to obtain, we
used an SVV lysate (1 pg/well) to stimulate PBMCs and BAL cells
isolated from infected monkeys at different dpi in the presence of
Brefeldin A, which blocks protein export. This allowed efficient
detection of cytokine-producing CD4 cells, which responded to
SVV but not to the vaccinia (VV) lysate (Figure 6A); CD8 T cells
showed no detectable response to either lysate (Figure 6A, right),
likely due to the absence of free virus in the SVV lysate; another
possibility is a low efficacy of cross-presentation of MHC class I-
associated viral antigens due to the low abundance of viral proteins
compared to cellular proteins in the lysate. Previous studies with
VZV viral lysates did not detect CD8 T cell responses ex vivo
without prior stimulation [36]. SVV-specific CD4 T cells were
detected at 7 dpi, with a peak at 14 dpi in both BAL (Figure 6B
and C) and PBMCs (Figure 6D and E), but the frequency of
responding CD4 CM and EM T cells was higher in BAL
compared to PBMCs. After 14 dpi, the frequency of responding
CD4 T cells decreased and a stable memory population was
established.

Since VZV infection is associated with the development of
cytolytic CD4 and CD8 T cells [37,38,39], we measured an increase
in granzyme B, a major component of cytolytic granules and an
indicator of cytolytic activity. A considerable increase in granzyme
B+ EM CD8 and CD4 T cells in both BAL (Figure 7B and C) and
PBMC:s (Figure 7D and E) was found in all samples as compared to
levels at O dpi (Figure 7A, middle). These data indicate that SVV
infection elicits a T cell response with cytotoxic potential.

Discussion

In this study, we show for the first time that intrabronchial
infection of rhesus macaques with SVV results in viremia and
varicella rash followed by resolution of viremia and establishment of
SVV latency in ganglionic neurons. The incubation period for SVV
(7-10 days) seems to be slightly shorter than that of VZV, which has
been estimated at 14 days. As early as 2 months after varicella, SVV
DNA was found exclusively in ganglia and not in any of multiple
visceral tissues examined. Transcripts corresponding to SVV ORFs
21,61, 62, 63 and 66, but not 40 or 29, were also found in latently
infected ganglia (Table 3). Except for ORF 61, the SVV transcripts
found in ganglia are the same as those detected in latently infected
human ganglia [27]. The detection of SVV ORF 61 RNA in
latently infected monkey ganglia suggests that it should be searched
for in human ganglia latently infected with VZV. Finally, like VZV,
SVV ORF 63 protein was seen exclusively in the cytoplasm of
neurons in latently infected monkey ganglia.

Two different NHP models of SVV infection have been
developed. African green or Cynomolgus monkeys inoculated
intratracheally with SVV develop viremia followed by varicella
and an antibody response [23,40,41]. Unfortunately, this model
does not results in latency but rather the persistence of SVV DNA
in blood, lung and liver for months to years after experimental
infection [24,25]. More recently, Mahalingam et al., developed a
natural infection model whereby naive African green or
Cynomolgus monkeys were exposed to experimentally inoculated
cage mates [21,26]. Although naturally infected animals developed
varicella followed by the establishment of latency, viremia and
seroconversion were not consistently observed [21,26]. Thus, in
our initial experiments we inoculated two rhesus macaques
mtravenously. The first monkey developed persistent viremia.
The second monkey was re-challenged with SVV 4 months later,
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23986 (th) - anti VZV63

—
poian,

23953 (th) - anti VZV61

Figure 2. Detection of SVV ORF 63 protein in the cytoplasm of neurons in monkey ganglia latently infected with SVV.
Paraformaldehyde-fixed, paraffin-embedded sections (5 p) of thoracic (th) ganglia from monkey 23986, trigeminal (tg) ganglia from monkey 23942
and thoracic ganglia from monkey 24953 were analyzed by immunohistochemistry using a 1:800 dilution of rabbit anti-VZV ORF 63 (anti-VZV63), a
1:1000 dilution of rabbit anti-VZV ORF 61 (anti VZV61) antiserum or normal rabbit serum (NRS). SVV ORF 63 protein was detected in thoracic and
trigeminal ganglia of monkeys 23986 and 23942, respectively, and SVV ORF 61 protein was detected in thoracic ganglia of monkey 24953. No SVV
antigen was seen using normal rabbit serum. SVV ORF63 protein, but not SVV ORF61 protein was detected in trigeminal ganglia of monkey 23942.

doi:10.1371/journal.ppat.1000657.g002

at which point it did not show any signs of disease and SVV DNA
was detected only on 4 dpi, indicative of subclinical infection.
These data suggested that the immune response generated after
primary infection protects against subsequent exposures. Encour-
aged by the results in the latter monkey and the fact that varicella
virus is naturally transmitted through inhaled aerosolized viral
droplets, we redesigned our strategies to deliver virus by the
intrabronchial route. This strategy led to viremia, varicella, the

Table 5. Detection of SVV antigens in latently infected rhesus

macaque ganglia.

Monkey number Tissue SVV antigens (ORFs)

61 63

23942 Trigeminal - +
Lum/sac - +

23986 Trigeminal - +
Thoracic - +

24953 Trigeminal - nd?®
Thoracic + +
Cervical - +
Lumbar = +

25043 Trigeminal - +
Thoracic - +
Cervical + +
Lumbar - +

“nd = not done.

doi:10.1371/journal.ppat.1000657.t005
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establishment of latency in sensory ganglia, and the development
of SVV-specific cellular and humoral immune responses. Although
the difference in the route of infection (intratracheal versus
intrabronchial) cannot be discounted, it is very likely that the
change in nonhuman primate species is the main reason for
resolution of viremia. For example, African green monkeys
infected with simian immunodeficiency virus (SIV) show high
levels of viremia without signs of simian AIDS. In contrast, rhesus
macaques infected with SIV develop a profound loss of CD4 T
cells and simian AIDS [42,43].

As described for VZV [44,45,46], SVV infection resulted in
viremia and in the detection of SVV DNA in T cells (CD4, CD8
and v9), B cells, macrophages and dendritic cells (data not shown).
The increased levels of SVV DNA in BAL cells compared to
PBMC:s are consistent with the severity of VZV infection seen in
lungs of humans with varicella [47,48,49,50]. The presence of
SVV ORF61 transcripts was the only difference between VZV
and SVV latency. SVV ORF 61 protein shares 37% amino acid
identity with that of VZV ORF 61 protein with highly conserved
domains [51]. Transcripts associated with VZV ORF61 have not
been reported in latently infected human ganglia. Nevertheless,
given parallels between varicella latency in humans and monkeys,
a more aggressive search for VZV ORF 61 transcripts in humans
is indicated. Interestingly SVV ORF 61 protein was detected only
sparingly despite the presence of a high level of transcripts. It is
unlikely that the low level detection of SVV ORF61 is due to poor
sensitivity of the antibody used. Rather, the high number of
antisense transcripts detected in same ganglia could be inhibiting
protein translation.

The kinetics of the immune response to SVV in rhesus
macaques also parallel findings in humans infected with VZV.
In humans, antibodies are detected at about 6 days after the onset
of varicella rash, and we found peak SVV-specific IgG titers about
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Figure 3. SVV infection of rhesus macaques elicits a B cell response after the appearance of varicella rash. B cells were separated into
three subsets based on expression of IgD and CD27: CD27—IgD+; CD27+IgD+; and isotype-switched CD27+IgD— cells. A representative profile from
PBMCs obtained from monkey 24953 on day 0 (A, left) is shown. B cell proliferation within CD27+IgD+ and CD27+IgD— subsets was measured using
flow cytometry based on expression of the nuclear protein Ki67, which is up-regulated upon entry into the cell cycle. B cell proliferation was minimal
before SVV infection (0 dpi, A, middle), but increased dramatically 14 dpi (A, right). Throughout the course of SVV infection in all 4 monkeys, the
number of Ki67+ CD27+IgD+ (panel B) and CD27+IgD— B cells (C) increased dramatically 14 dpi compared to 0 dpi in PBMCs. In BAL of all 4 monkeys,
increased numbers of Ki67+ IgD—CD27+ B cells were seen throughout the course of infection compared to 0 dpi (panel D), although no significant
proliferation of IgD+CD27+ B cells was detected (data not shown). In all 4 monkeys, SVV-specific IgG antibodies appeared 7 dpi, peaked 18-21 dpi (as
detected by ELISA) and remained stable up to 70 dpi (E).

doi:10.1371/journal.ppat.1000657.g003
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Figure 4. SVV infection of rhesus macaques elicits a robust peripheral T cell response. CD4 and CD8 T cells were separated into three
subsets based on expression of CD28 and CD95: naive (CD28+CD95—); central memory (CM, CD28+CD95+); and effector memory (EM, CD28—CD95+)
cells. A representative profile of CD8 T cell subsets of monkey 24953 on 0 dpi is shown (A, left). T cell proliferation was measured as described in
Figure 3 based on expression of the nuclear protein Ki67 using flow cytometry. T cell proliferation dramatically increased 14 dpi (A, right) compared
to 0 dpi (A, middle). Fold increases (relative to 0 dpi) in the numbers of Ki67+ CD4 CM and EM (B and C) and CD8 CM and EM T cells (D and E) in
PBMCs indicate a peak proliferative response of all T cell subsets 14 dpi in all monkeys (B-E).

doi:10.1371/journal.ppat.1000657.9g004
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Figure 5. SVV-induced T cell proliferation occurs earlier in BAL than in peripheral blood. In contrast to PBMCs, BAL revealed only CM and
EM T cells subsets as illustrated by a profile of CD8 T cells from 24953 day O (A, left). T cell proliferation was measured as described in Figure 3. A
representative example of Ki67 staining within CD8 EM T cells from monkey 24953 on 0 dpi (A, middle) and 14 dpi (A, right) is shown. Fold increases
(relative to O dpi) in the percentages of Ki67+ CD4/CM, CD4/EM, CD8/CM and CD8/EM T cells subsets in BAL from all 4 monkeys indicate a robust
proliferative response of all T cell subsets 7-14 dpi in all monkeys (B-E).

doi:10.1371/journal.ppat.1000657.9005

8 days after rash (18 dpi). VZV-specific T cells are present at 3 i.e., at about 4 days post-rash, and SVV-specific IFNy-secreting T
days after the onset of varicella in humans [52]. We detected T cell cells were also first detected at 7 dpi and peaked at 14 dpi. We also
proliferation after SVV infection at 7 dpi, with a peak at 14 dpi, detected an increase in granzyme B+ T cells indicative of a
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Figure 6. Appearance of SVV-specific CD4 T cells correlates with Ki67 expression. The frequency of SVV-specific T cells in PBMCs and BAL
was measured by intracellular cytokine staining. (A) Representative examples of IFNy and TNFa production by CD4 CM, CD4 EM, CD8 CM and CD8 EM
T cells from BAL of monkey 24953 7 dpi after stimulation with vaccinia virus (VV) lysate (negative control) and SVV lysate. A robust response by CD4
CM and CD4 EM cells was detected after exposure to SVV lysates, but not VV lysates (A, left), whereas no response by CD8 CM and CD8 EM cells was
seen after exposure to either SVV or VV lysate (A, right). The percentage of responding (IFNy+ alone or both IFNy+ and TNFa+) CD4 CM and CD4 EM T
cells in BAL (B and C) and PBMCs (D and E) in all 4 monkeys was determined and averaged. At all time points, more SVV-responsive CD4/CM and CD4/
EM cells were found in BAL (B and C) than in PBMCs (D and E).

doi:10.1371/journal.ppat.1000657.g006
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Figure 7. Increased granzyme B expression in EM T cells after SVV infection. (A) Intracellular granzyme B expression in CD4 and CD8 T cell
subsets as assessed by flow cytometry. An example of CD8 T cell subsets in BAL on day 0 from animal 24953 is shown in left panel. Frequency of
granzyme B+ EM T cells increased dramatically after SVV infection as shown in BAL-resident CD8 EM T cells from monkey 24953 (A, middle and right),
while the increase in granzyme B+ CM T cells was comparatively modest (data not shown). Measurement of fold increases (compared to 0 dpi) in the
percentages of granzyme B-expressing CD8/EM and CD4/EM from BAL and PBMCs during the course of infection indicated a significant increase in
these percentages in both BAL and PBMCs 12-14 dpi in all samples (B-E).

doi:10.1371/journal.ppat.1000657.9g007

cytotoxic T cell response as described for VZV [53]. In peripheral subsets analyzed. Interestingly, 23986 displayed the most extensive

blood, the peak of the proliferative burst occurred 14 dpi with rash and the highest viral load in ganglia. On the other hand,
23986 displaying the highest level of proliferation in all T cell monkey 25043, which had the least amount of rash, viral DNA
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and minimal virus transcription in latently infected ganglia, also
had a low proliferative T cell response. The kinetics of T cell
proliferation in BAL correlated with the onset of the rash, with T
cells form 24953/25043, which showed signs of varicella on day 7,
proliferating earlier (7 dpi) that T cells from 23942/23986, which
showed sings of varicella on day 10. These data suggest a
correlation between the extent of rash, the development of the T
cell response and the extent of viral load and expression in latently
infected ganglia. Overall, SVV-infected rhesus macaques develop
an adaptive immune response to virus with kinetics like those seen
in humans after primary infection with VZV.

Together, our data indicate that SVV infection of rhesus
macaques provides a robust animal model that recapitulates
clinical, virological and immunological hallmarks of VZV infection
in humans. This model will provide unique opportunities to define
host and viral factors needed to maintain latency and to characterize
immune correlates needed for protection against VZV infection.
Future studies will dissect the antiviral functions of the antibody
response (neutralization, complement fixation, ADCC). It will also
be important to characterize the specificity and function of SVV-
specific CD4 and CD8 T cells, and to determine if the SVV
homologues of VZV ORFs 4, 10, 29, 62, 63, ¢l and gE are also
immunogenic in rhesus macaques [39,54,55,56,57].

Materials and Methods

Ethics statement

All animals were handled in strict accordance with good animal
practice as defined by the relevant national and/or local animal
welfare bodies, and all animal work was approved by the Oregon

National Primate Research Center Institutional Animal Care and
Use Committee (IACUC#0779).

Cells and virus

The Delta strain of SVV was propagated in Vero cells as
described [17]. SVV cell lysate were obtained by scraping SVV-
infected Vero cells at the height of a cytopathic effect (CPE).
Infected cells were pelleted by centrifugation at 500G for 5 min
and resuspended in RPMI medium and sonicated using 7 pulses of
70-80 W (Sonicator 3000, Misonix) followed by centrifugation at
100G for 5 min. Vaccinia virus (VV) WR strain lysates were
obtained from Vero cells infected at a multiplicity of infection of
0.1, harvested by scraping at the height of CPL, and treated as
described for SVV-infected cells. Total protein concentration was
determined by standard Bradford assay (Bio-Rad, Hercules, CA).
1 ug/well was used in T cell stimulation assays.

Monkeys

Four 3-to-4-year-old male rhesus macaques (Macaca mulatta),
seronegative for SVV and without any history of chronic illness,
were inoculated intrabronchially with 4x10° PFU SVV. Rhesus
macaques were sedated by ketamine (10 mg/Kg) and positioned
in dorsal recumbency and monitored continuously with a pulse
oximeter. A pediatric fiber optic endoscope was introduced into
the tracheal lumen with the aid of a laryngeal scope followed by
mstillation of 1 ml of 1% lidocaine to control bronchospasm. The
tip of the bronchoscope was gently wedged into a right subsidiary
bronchus, and the virus inoculum was infused in a volume of 2 ml
followed by additional infusion of a 5 ml aliquot of sterile,
pyrogen-free saline into the bronchus. Heparinized blood and
bronchial alveolar lavages (BAL) were obtained after ketamine
(10 mg/kg body weight) sedation. PBMCs were isolated using a
histopaque gradient (Sigma) as per the manufacturer’s recom-
mendation. The absolute number of lymphocytes/pl blood was
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obtained using a complete blood count machine (Hemavet, Drew
Scientific). BAL samples were pelleted and resuspended in RPMI
medium supplemented with 10% FBS, penicillin/streptomycin
and L-glutamine. During varicella, monkeys were anesthetized
and a punch biopsy of the area of rash was obtained and divided
into two portions; one portion was used to extract total DNA, and
the second portion was fixed in 4% paraformaldehyde and
paraffin-embedded. Monkeys were euthanized at 73 or 105 dpi
and ganglionic and non-ganglionic tissues were harvested at
necropsy. Tissues were divided into two portions; one portion was
snap-frozen for DNA extraction and the other portion was fixed in
4% paraformaldehyde and paraffin-embedded. Ganglia from the
two sides of the neuraxis were kept separate. Pooled ganglia from
specific dermatomes and from one side of the neuraxis were snap-
frozen in liquid nitrogen, and pooled ganglia from the same
dermatomes of the other side were fixed in 4% paraformaldehyde
and paraffin-embedded.

DNA/RNA extraction and real-time PCR

DNA was extracted from heparinized whole blood, from skin
biopsies and from BAL as well as from portions of frozen lung and
ganglia using the Qiagen genomic DNA extraction kit (QQiagen) as
described [58]. RNA was extracted from SVV DNA-positive
ganglia as previously described [59]. SVV DNA loads were
determined by real-time PCR using primers and probes specific
for ORF 21 using the ABI 7700 and ABI StepOne instruments
(Applied Biosystems).

Oligonucleotide primers (Integrated DNA Technologies) and
probes specific for SVV ORFs 21, 29, 40, 61, 62, 63 and 66 were
used to amplify and detect SVV DNA and RNA in monkey tissues.
Table 1 lists the primer sequences and probes used. Total RNA
(1 pg) was treated with 1 U of DNase (Invitrogen) for 15 min at
room temperature in a 10-ul volume The reaction was terminated
by the addition of 1 ul 25 mM EDTA and heating at 65°C for
10 min and transferred to ice. Reverse transcription was performed
using the Transcriptor First Strand ¢cDNA Synthesis Kit (Roche)
with anchored-oligo(dT),s primers and random hexamer primers,
as per manufacturer’s instructions in a total volume of 20 pl. The
reaction was then diluted to 50 pl with nuclease-free water.

Real-time PCR was performed in a 20-pl volume of 1X qPCR
Mastermix (Abgene Products) containing 900 nM concentrations
of each SVV OREF specific primer, 250 nM probe and 10% of
each cDNA sample using the 7500-Fast real-time PCR system
(Applied Biosystems). All samples were analyzed in triplicate.
Amplification conditions included initial denaturation at 95°C for
15 min followed by 50 two-step cycles of 15 sec at 95°C and 1 min
at 60°C. Sense and anti-sense transcripts specific for SVV ORF61
were analyzed using SVV ORF 61 reverse or forward primer
(Table 1), respectively in the reverse transcription step.

Measurement of T and B cell proliferation

PBMC and BAL cells were first stained with surface antibodies
directed against CD8b (Beckman Coulter), CD4, CD28 and
CDY5 (Biolegend) to delineate naive, central and effector memory
T cell subsets as described [32,34,60]. Cells were then fixed and
permeabilized as per the manufacturer’s recommendation using
fixation buffer (Pharmingen). The nuclear membrane was
subsequently permeabilized using fixation buffer supplemented
with 10% DMSO, and cells were stained with an antibody
directed against Ki67 as per the manufacturer’s recommendation
(Pharmingen). Samples were prepared using the LSRII instrument
(Beckton Dickenson) and FlowJo software (TreeStar). The
percentages of Ki67+ cells within T and B cell subsets were
converted to absolute numbers using the lymphocyte numbers/pl
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whole blood obtained using a complete blood count machine
(Hemavet). For instance, the number of Ki67" CD8 EM T cells in
PBMC:s was calculated as: number of lymphocytes x percentage of
CD8 T cells x percentage of EM CD8 T cells x percentage of
Ki67" cells within CD8 EM.

Intracellular cytokine staining

PBMCs and BAL cells were stimulated with lysates from SVV
(1 pg) or VV (negative control) or with CD3 (0.1 pug/sample,
positive control) for 12 h followed by incubation with Brefeldin A
(Sigma) for 6 h to block cytokine export. After stimulation, cells
were stained with surface antibodies directed against CD4, CD8b,
CD28 or CDY95 as described for Ki67 staining above. Samples
were then fixed and permeabilized using fixation buffer (Pharmin-
gen) before addition of antibodies to detect IFNy and TNFa
(Biolegend). Samples were prepared on the LSRII and analyzed by
FlowJo software as described above.

Granzyme B staining

PBMCs and BAL were stained with surface antibodies directed
against CD8b, CD4, CD28 and CD95 to delineate naive, central
and effector memory T cell subsets as described above. Cells were
then fixed and permeabilized using fixation buffer (Pharmingen)
before the addition of anti-granzyme B antibody (Pharmingen).
The number of granzyme B+ cells was calculated as: number of
lymphocytes obtained using the complete blood count machine x
percentage CD8 T cells x percentage EM cells x percentage
granzyme B+ cells.

SVV-specific enzyme-linked immunoabsorbent assay

(ELISA)

ELISA plates were coated with SVV lysates (0.25 ug/ml)
overnight at 4°C, washed 3 times with 0.05% Tween-PBS and
incubated with 3-fold dilutions of plasma in triplicate for 1 h. After
3 additional washes with 0.05% Tween-PBS, plates were
incubated with horseradish peroxidase (HRP)-conjugated anti-
rhesus IgG (Nordic Immunology) for 1 h, followed by addition of
chromogen OPD substrate to allow detection and quantitation of
bound antibody molecules. End-point IgG titers were calculated
using log-log transformation of the linear portion of the curve, and
0.1 OD units as cut-off. For each plate, a positive control sample
(pooled plasma obtained from monkeys 23974 and 23986 at
necropsy) was used to normalize ELISA titers among assays, and a
negative control sample (pooled plasma from specific-pathogen-
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Immunohistochemistry
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rabbit serum; a 1:2000 dilution of a mixture of polyclonal anti-
peptide antibodies raised in rabbits against SVV gH and gL [61]; a
1:1000 dilution of polyclonal anti-VZV ORF 61 protein [62]; or a
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Supporting Information

Figure S1 VZV ORF 63- and 61-specific antibodies cross-react
with SVV ORF63 and 61 proteins in virus-infected cells. SVV-
infected (A, C) and uninfected (B, D) Vero cells in culture were
analyzed by immunohistochemistry using a 1:800 dilution of
rabbit anti-VZV ORF 63 (A, B) or a 1:1000 dilution of rabbit anti-
VZV ORF 61 antiserum (C, D). ORF 61 and 63 proteins were
detected only in infected cells.

Found at: doi:10.1371/journal. ppat.1000657.s001 (3.49 MB TIF)

Acknowledgments

We thank Dr. Jennifer Wilk for expert help with surgeries, Drs. Anne Lewis
and Lois Colgin for conducting the necropsies and histopathology, and Dr.
Paul Kinchington (University of Pittsburgh) and Dr. Wayne Gray
(University of Arkansas) for providing monospecific polyclonal rabbit
anti-VZV ORF 61 and anti-SVV gH+gL antisera, respectively. We thank
Marina Hoffman for editorial assistance, and Cathy Allen for manuscript
preparation.

Author Contributions

Conceived and designed the experiments: IM. Performed the experiments:
IM AB MW FE AL SP RM. Analyzed the data: IM AB MW FE RM.
Contributed reagents/materials/analysis tools: DG RM. Wrote the paper:
IM DG RM. Conceived and designed preliminary experiments with Ilhem
Messaoudi that led to the development of the current model: JNZ.

9. Soike KF, Rangan SR, Gerone PJ (1984) Viral disease models in primates. Adv
Vet Sci Comp Med 28: 151-199.

. Pumphrey CY, Gray WL (1992) The genomes of simian varicella virus and
varicella zoster virus are colinear. Virus Res 26: 255-266.

. Gray WL, Starnes B, White MW, Mahalingam R (2001) The DNA sequence of
the simian varicella virus genome. Virology 284: 123-130.

. Gray WL (2004) Simian varicella: a model for human varicella-zoster virus
infections. Rev Med Virol 14: 363-381.

. Felsenfeld AD, Schmidt NJ (1975) Immunological relationship between delta
herpesvirus of patas monkeys and varicells-zoster virus of humans. Infect Immun
12: 261-266.

. Felsenfeld AD, Schmidt NJ (1977) Antigenic relationships among several simian
varicella-like viruses and varicella-zoster virus. Infect Immun 15: 807-812.

. Fletcher TM 3rd, Gray WL (1992) Simian varicella virus: characterization of
virion and infected cell polypeptides and the antigenic cross-reactivity with
varicella-zoster virus. J Gen Virol 73 (Pt 5): 1209-1215.

. Kennedy PG, Grinfeld E, Traina-Dorge V, Gilden DH, Mahalingam R (2004)
Neuronal localization of simian varicella virus DNA in ganglia of naturally
infected African green monkeys. Virus Genes 28: 273-276.

. Mabhalingam R, Clarke P, Wellish M, Dueland AN, Soike KF, et al. (1992)
Prevalence and distribution of latent simian varicella virus DNA in monkey
ganglia. Virology 188: 193-197.

November 2009 | Volume 5 | Issue 11 | 1000657



20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

. Mahalingam R, Smith D, Wellish M, Wolf W, Dueland AN, et al. (1991) Simian

varicella virus DNA in dorsal root ganglia. Proc Natl Acad Sci U S A 88:
2750-2752.

. Mahalingam R, Wellish M, Soike K, White T, Kleinschmidt-DeMasters BK,

et al. (2001) Simian varicella virus infects ganglia before rash in experimentally
infected monkeys. Virology 279: 339-342.

Kolappaswamy K, Mahalingam R, Traina-Dorge V, Shipley ST, Gilden DH,
et al. (2007) Disseminated Simian Varicella Virus Infection in an Irradiated
Rhesus Macaque (Macaca mulatta). J Virol 81: 411-415.

Mabhalingam R, Traina-Dorge V, Wellish M, Lorino R, Sanford R, et al. (2007)
Simian varicella virus reactivation in cynomolgus monkeys. Virology.

Schoeb TR, Eberle R, Black DH, Parker RF, Cartner SC (2008) Diagnostic
exercise: papulovesicular dermatitis in rhesus macaques (Macaca mulatta). Vet
Pathol 45: 592-594.

Dueland AN, Martin JR, Devlin ME, Wellish M, Mahalingam R, et al. (1992)
Acute simian varicella infection. Clinical, laboratory, pathologic, and virologic
features. Lab Invest 66: 762-773.

White TM, Mahalingam R, Traina-Dorge V, Gilden DH (2002) Simian
varicella virus DNA is present and transcribed months after experimental
infection of adult African green monkeys. J Neurovirol 8: 191-203.

. White TM, Mahalingam R, Traina-Dorge V, Gilden DH (2002) Persistence of

simian varicella virus DNA in CD4(+) and CD8(+) blood mononuclear cells for
years after intratracheal inoculation of African green monkeys. Virology 303:
192-198.

Mahalingam R, Traina-Dorge V, Wellish M, Smith J, Gilden DH (2002)
Naturally acquired simian varicella virus infection in African green monkeys.
J Virol 76: 8548-8550.

Cohrs RJ, Gilden DH (2007) Prevalence and abundance of latently transcribed
varicella-zoster virus genes in human ganglia. J Virol 81: 2950-2956.

Ou Y, Davis KA, Traina-Dorge V, Gray WL (2007) Simian varicella virus
expresses a latency-associated transcript that is antisense to open reading frame
61 (ICPO) mRNA in neural ganglia of latently infected monkeys. J Virol 81:
8149-8156.

Mabhalingam R, Wellish M, Cohrs R, Debrus S, Piette J, et al. (1996) Expression
of protein encoded by varicella-zoster virus open reading frame 63 in latently
infected human ganglionic neurons. Proc Natl Acad Sci U S A 93: 2122-2124.
Lungu O, Panagiotidis CA, Annunziato PW, Gershon AA, Silverstein SJ (1998)
Aberrant intracellular localization of Varicella-Zoster virus regulatory proteins
during latency. Proc Natl Acad Sci U S A 95: 7080-7085.

Arvin AM (2008) Humoral and Cellular Immunity to Varicella-Zoster Virus: An
Opverview. The Journal of Infectious Diseases 197: S58-S60.

Pitcher CJ, Hagen SI, Walker JM, Lum R, Mitchell BL, et al. (2002)
Development and homeostasis of T' cell memory in rhesus macaque. J Immunol
168: 29-43.

Bar-Or A, Oliveira EM, Anderson DE, Krieger JI, Duddy M, et al. (2001)
Immunological memory: contribution of memory B cells expressing costimula-
tory molecules in the resting state. ] Immunol 167: 5669-5677.

Messaoudi I, Warner J, Fischer M, Park B, Hill B, et al. (2006) Delay of T cell
senescence by caloric restriction in aged long-lived nonhuman primates. Proc

Natl Acad Sci U S A 103: 19448-19453.

. Walker JM, Maecker HT, Maino VC, Picker IJ (2004) Multicolor flow

cytometric analysis in SIV-infected rhesus macaque. Methods Cell Biol 75:
535-557.

Asanuma H, Sharp M, Maecker HT, Maino VC, Arvin AM (2000) Frequencies
of memory T cells specific for varicella-zoster virus, herpes simplex virus, and
cytomegalovirus by intracellular detection of cytokine expression. J Infect Dis
181: 859-866.

Diaz PS, Smith S, Hunter E, Arvin AM (1989) T lymphocyte cytotoxicity with
natural varicella-zoster virus infection and after immunization with live
attenuated varicella vaccine. J Immunol 142: 636-641.

Arvin AM (1992) Cell-mediated immunity to varicella-zoster virus. J Infect Dis
166 Suppl 1: S35-41.

Arvin AM, Sharp M, Moir M, Kinchington PR, Sadeghi-Zadeh M, et al. (2002)
Memory cytotoxic T cell responses to viral tegument and regulatory proteins
encoded by open reading frames 4, 10, 29, and 62 of varicella-zoster virus. Viral
Immunol 15: 507-516.

Gray WL, Gusick NJ, Fletcher TM, Soike KF (1995) Simian varicella virus
antibody response in experimental infection of African green monkeys. J Med

Primatol 24: 246-251.

@ PLoS Pathogens | www.plospathogens.org

14

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

54.

56.

57.

58.

59.

60.

61.

Primate Model for Varicella Zoster Virus Infection

Gray WL, Williams RJ, Chang R, Soike KF (1998) Experimental simian
varicella virus infection of St. Kitts vervet monkeys. J Med Primatol 27:
177-183.

Paiardini M, Pandrea I, Apetrei C, Silvestri G (2009) Lessons Learned from the
Natural Hosts of HIV-Related Viruses. Annual Review of Medicine 60:
485-495.

Sodora DL, Allan JS, Apetrei C, Brenchley JM, Douck DC, et al. (2009) Toward
an AIDS vaccine: lessons from natural simian immunodeficiency virus infections
of African nonhuman primate hosts. Nat Med 15: 861-865.

Mainka C, Fuss B, Geiger H, Hofelmayr H, Wolff MH (1998) Characterization
of viremia at different stages of varicella-zoster virus infection. J] Med Virol 56:

91-98.

. de Jong MD, Weel JFL, Schuurman T, Wertheim-van Dillen PME, Boom R

(2000) Quantitation of Varicella-Zoster Virus DNA in Whole Blood, Plasma,
and Serum by PCR and Electrochemiluminescence. J Clin Microbiol 38:
2568-2573.

Ito Y, Kimura H, Hara S, Kido S, Ozaki T, et al. (2001) Investigation of
varicella-zoster virus DNA in lymphocyte subpopulations by quantitative PCR
assay. Microbiol Immunol 45: 267-269.

Cameron JC, Allan G, Johnston F, Finn A, Heath PT, et al. (2007) Severe
complications of chickenpox in hospitalised children in the UK and Ireland.
Arch Dis Child 92: 1062-1066.

Rivest P, Bedard L, Valiquette L, Mills E, Lebel MH, et al. (2001) Severe
complications associated with varicella: Province of Quebec, April 1994 to
March 1996. Can J Infect Dis 12: 21-26.

Beby-Defaux A, Brabant S, Chatellier D, Bourgoin A, Robert R, et al. (2009)
Disseminated varicella with multiorgan failure in an immunocompetent adult.
J Med Virol 81: 747-749.

Lee S, Ito N, Inagaki T, Okajima T, Muramatsu A, et al. (2004) Fulminant
varicella infection complicated with acute respiratory distress syndrome, and
disseminated intravascular coagulation in an immunocompetent young adult.
Intern Med 43: 1205-1209.

Gray WL, Davis K, Ou Y, Ashburn C, Ward TM (2007) Simian varicella virus
gene 61 encodes a viral transactivator but is non-essential for in vitro replication.
Arch Virol 152: 553-563.

Arvin AM, Koropchak CM, Williams BR, Grumet FC, Foung SK (1986) Early
immune response in healthy and immunocompromised subjects with primary
varicella-zoster virus infection. J Infect Dis 154: 422-429.

Sharp M, Terada K, Wilson A, Nader S, Kinchington PE, et al. (1992) Kinetics
and viral protein specificity of the cytotoxic T lymphocyte response in healthy
adults immunized with live attenuated varicella vaccine. J Infect Dis 165:
852-858.

Sadzot-Delvaux C, Kinchington PR, Debrus S, Rentier B, Arvin AM (1997)
Recognition of the latency-associated immediate early protein IE63 of varicella-
zoster virus by human memory T lymphocytes. J Immunol 159: 2802-2806.

. Jones L, Black AP, Malavige GN, Ogg GS (2006) Persistent High Frequencies of

Varicella-Zoster Virus ORF4 Protein-Specific CD4+ T Cells after Primary
Infection. J Virol 80: 9772-9778.

Malavige GN, Jones L, Black AP, Ogg GS (2007) Rapid Effector Function of
Varicella-Zoster Virus Glycoprotein I-Specific CD4 + T Cells Many Decades
after Primary Infection. J Infect Dis 195: 660-664.

Malavige GN, Jones L, Black AP, Ogg GS (2008) Varicella zoster virus
glycoprotein E-specific CD4+ T cells show evidence of recent activation and
effector differentiation, consistent with frequent exposure to replicative cycle
antigens in healthy immune donors. Clin Exp Immunol 152: 522-531.

Estep RD, Powers MF, Yen BK, Li H, Wong SW (2007) Construction of an
infectious rhesus rhadinovirus bacterial artificial chromosome for the analysis of
Kaposi’s sarcoma-associated herpesvirus-related disease development. J Virol
81: 2957-2969.

White TM, Gilden DH, Mahalingam R (2001) An animal model of varicella
virus infection. Brain Pathol 11: 475-479.

Jankovic V, Messaoudi I, Nikolich-Zugich J (2003) Phenotypic and functional T-
cell aging in rhesus macaques (Macaca mulatta): differential behavior of CD4
and CD8 subsets. Blood 102: 3244-3251.

Ashburn CV, Gray WL (2002) Expression of the simian varicella virus
glycoprotein L and H. Arch Virol 147: 335-348.

2. Ng TI, Keenan L, Kinchington PR, Grose C (1994) Phosphorylation of

varicella-zoster virus open reading frame (ORF) 62 regulatory product by viral
ORF 47-associated protein kinase. J Virol 68: 1350-1359.

November 2009 | Volume 5 | Issue 11 | 1000657



