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Simian varicella virus DNA is present
and transcribed months after experimental infection
of adult African green monkeys
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To study the pathogenesis of simian varicella virus (SVV) infection in its
natural primate host, we inoculated adult SVV-seronegative African green
monkeys intratracheally with 103-10% PFU of SVV, sacrificed them 11 days,
2, 5, 10, and 12 months postinfection (p.i.), and examined lung, liver, and gan-
glia for SVV DNA and RNA. PCR analysis revealed SVV DNA in ganglia and
viscera at 11 days and 2, 5, and 10 months p.i. Similarly, SVV transcripts
corresponding to immediate early (IE), putative early (E), and late (L) SVV
open-reading frames (ORFs) were found in liver, lung, and ganglia of most mon-
keys at multiple intervals for the 12-month study period. SVV-specific antigens
were detected in ganglia and liver during acute varicella, but not in ganglia 12
months p.i. Analysis of control tissue (ganglia, lung, and liver) from uninfected
SVV-seronegative adult African green monkeys did not reveal SVV DNA, SVV
RNA, SVV-specific antigen, or varicella-specific pathological changes. Over-
all, intratracheal inoculation of SVV in African green monkeys resulted in
the presence of viral DNA and transcription of multiple viral genes in many
tissues for months after experimental infection. Journal of NeuroVirology (2002)

8, 191-203.
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Introduction

Simian varicella virus (SVV) is an alphaherpesvirus
that produces a naturally occurring exanthematous
disease of nonhuman primates that mimics human
varicella (Clarkson et al, 1967; Soike et al, 1984;
Padovan and Cantrell, 1986). Further, like varicella
zoster virus (VZV), SVV remains in ganglia at mul-
tiple levels of the neuraxis for the life of the host
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(Mahalingam et al, 1990, 1991). Months after pri-
mary infection, most, if not all, of the SVV genome is
present (Mahalingam et al, 1992), and the SVV open
reading frame (ORF) 21 is transcribed (Clarke et al,
1996).

The SVV and VZV genomes share considerable
nucleotide sequence homology (Gray and Oakes,
1984). SVV ORFs corresponding to VZV immediate
early (IE) genes 4, 62, and 63, which encode regula-
tory proteins (Felser et al, 1988; Jackers et al, 1992;
Defechereux et al, 1993), have been identified (Clarke
etal, 1993; Gray et al, 1995, 2001), as well as ORFs ho-
mologous to VZV genes 21, 28, and 29, which encode
putative early (E) proteins (Kinchington et al, 1988;
Bergen et al, 1990; Mahalingam et al, 1998). A ho-
mologue of VZV gene 40, which encodes the late (L)
major viral capsid protein (Davison and Scott, 1986),
is also present in SVV.

To study the pathogenesis of SVV in its natu-
ral primate host, we inoculated 12 adult African
green monkeys intratracheally with SVV (Figure 1).
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Figure 1 Outline of protocol used to detect SVV DNA and SVV-specific transcripts in multiple tissues from adult African green monkeys

inoculated intratracheally with 10°-10* PFU of SVV.

To obtain as many monkeys as possible, we in-
cluded three that had been treated with an experi-
mental non-nucleoside antiviral drug; one monkey
that had been treated with interferon-8 before and
during acute varicella; and four monkeys that had
been treated with oral famciclovir daily for 7 days
at 3 months and 4 months after experimental in-
oculation. Trigeminal ganglia (TG) and dorsal root
ganglia (DRG) as well as lung and liver were an-
alyzed at various times for viral DNA, RNA, and
antigen.

Materials and methods

Cells and virus

African green monkey kidney (BSC-1) cells and SVV-
infected BSC-1 cells (SVV-BSC-1) were propagated as
described (White et al, 1997).

Experimental inoculation of African green monkeys
Adult African green monkeys (M1-M12) were in-
oculated intratracheally with 103-10* PFU of SVV
(Figure 1). Table 1 summarizes the inoculum dose,
antiviral treatment, viremia, and severity in each
monkey. Viremia developed 5 to 7 days p.i. and rash
developed 7 to 11 days p.i. Monkey M1 and M2
died 10 and 11 days p.i., respectively. Monkeys M3—
M12 were sacrificed 2 (M3-M5), 5 (M6-M8), 10 (M9—
M11), or 12 (M12) months p.i. Monkeys M3-M12 did
not have varicella or zoster when sacrificed. Animals

M2-M5 received no antiviral treatment. Monkey M1
was treated with 5 x 10° IU/kg of interferon-8 on days
1and 6 p.i. Monkeys M6-M12 received 100 mg of oral
famciclovir daily for 7 days at 3 and 4 months p.i.
In addition, monkeys M6, M11, and M12 were given
20 mg or 40 mg of an experimental antiviral drug
(Wyeth-Ayerst, Radnor, PA) twice daily for 10 days
starting 48 h p.i. The experimental drug is a small
hydrophobic non-nucleoside molecule with an ap-
proximate molecular weight of 500 Da. At the time of
sacrifice, samples of lung, liver, and pooled TG and
DRG from individual monkeys were quick-frozen in
liquid nitrogen and stored at —70°C.

DNA and RNA extraction

Frozen viscera and ganglia were pulverized with a
mortar and pestle in the presence of liquid nitro-
gen. DNA was extracted from tissues using a tis-
sue kit (QIAGEN, Inc, Santa Clarita, CA), and total
RNA was extracted using TRIzol (Life Technologies,
Inc, Gaithersburg, MD). Since DRG from monkey M3
were attached to the spinal cord, the tissues were
processed together. Poly(A*) RNA samples were pre-
pared from total RNA extracted from lung and to-
tal RNA extracted from spinal cord/DRG from mon-
key M3 using an mRNA separator kit (Clontech, Palo
Alto, CA).

In vitro transcription
The pSP64 Poly(A) vector containing the green flu-
orescent protein (GFP) gene was linearized using



Table 1 Viremia and rash in adult African green monkeys
experimentally infected with SVV by intratracheal inoculation

Sacrificed Inoculum

Monkey (time p.i.) (PFU) Antiviral ~ Viremia’  Rash’
M1 10 days® 2.7 x 10° yesP TNTC?# 4+
M2 11 days® 2.0 x 10* no NAR 3+
M3 2 mo 2.0 x 10* no NA 2+
M4 2 mo 1.5 x 10° no 13 PFU 1+
M5 2 mo 1.5 x 10° no 9 PFU 2+
M6 5 mo 4.0 x 10° yes® 660 PFU 3+
M7 5 mo 4.0 x 10° yes? 690 PFU 2+
M8 5 mo 4.0 x 10° yes? 1550 PFU 2+
M9 10 mo 4.0 x 10° yes? TNTC 2+
M10 10 mo 4.0 x 10° yes? 285 PFU 3+
M11 10 mo 4.0 x 10° yes® 945 PFU 3+
M12 12 mo 4.0 x 10° yes® 1550 PFU 2+

*Found dead at indicated times.

b5 x 10° IU/kg of interferon-g on days 1 and 6 p.i.

©20 mg of an experimental antiviral drug twice daily for 10 days
(started 48 h p.i.) and 100 mg of famciclovir daily for 7 days at
3 months and 4 months p.i.

4100 mg of famciclovir daily for 7 days at 3 months and 4 months
p.i.

°40 mg of experimental antiviral drug twice daily for 10 days
(started 48 h p.i.) and 100 mg of famciclovir daily for 7 days, at
3 months and 4 months p.i.

*Viremia determined by the detection of a varicella-specific cyto-
pathic in Vero cells after cocultivation with blood mononuclear
cells from day 7 p.i.

8TNTC = plaques too numerous to count.

"NA = not available.

iSeverity of rash determined by Dr. Kenneth Soike (Tulane
Regional Primate Research Center) based on the extent of rash
and hemorrhagic vesicles.

Vspl restriction enzyme, and 400 ng of DNA were
transcribed in vitro using SP6 RNA polymerase. RNA
was cleaned using the OIAGEN RNA cleanup kit
per the manufacturer’s instructions and eluted using
50 ul of RNase-free ddH,O.

PCR amplification of actin and SVV DNA

Based on published SVV DNA sequences (Clarke
et al, 1993, 1996; Fletcher and Gray, 1993) oligo-
nucleotide primers were selected using DNASIS soft-
ware (Hitachi Software Engineering America Ltd,
South San Francisco, CA) (Table 2). Table 3 lists
the primer sets used in the primary and nested
PCR to amplify actin and SVV ORF 4-, 21-, and
63-specific sequences, and the sizes of nested PCR
products. For the primary PCR, 100-u1 reactions con-
tained 0.1-0.5 ug DNA or total RNA in 50 mM KCl,
10 mM Tris-HCI (pH 8.3), 200 M each of dATP, dCTP,
dTTP, and dGTP, 1.5 mM or 3 mM MgCl,, 0.2 uM of
each primer, and 2.5 units of Perkin-Elmer Tag DNA
polymerase (Foster City, CA). Samples were overlaid
with mineral oil, heated to 80°C for 5 min, and cy-
cled 35 times in an automated DNA thermal cycler
(Perkin-Elmer) programmed as follows: denaturation
at 94°C for 30 s; annealing at 55°C for 30 s (60°C for
SVV ORF 40 primer set); and polymerization at 72°C
for 1 min, extended in the final cycle to 7 min. Nested
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PCR conditions were the same as before, using 5 ul
of a 1:20 dilution of the primary reaction product.

RT-PCR amplification of GFP-, actin-,

and SVV-specific transcripts

GFP, actin, and SVV ORF 4, 21, 28, 29, 40, 62, and 63
transcripts were detected by nested RT-PCR followed
by Southern blot hybridization. Total RNA extracted
from lung, liver, and ganglia and GFP in vitro tran-
scription reaction products were treated with RQ1
RNase-free DNase (Promega, Madison, WI) until no
amplifiable GFP or SVV DNA was detected. To deter-
mine the sensitivity of the RT-PCR reaction, 3 ug of
DNased total ganglionic RNA was mixed with 1, 10,
100, 1000, or 10000 copies of GFP in vitro transcripts
before incubation with AMV reverse transcriptase
(+RT) (Promega). For all other reactions, 3 ug of
DNase-treated total RNA or 2 ug of poly(A)*-selected
RNA (M3) was incubated with AMV RT (Promega).
Negative controls were provided by omitting RT from
the reaction. cDNA synthesis for GFP was primed
using the oligonucleotide primer LU-T7-oligo(dT)
(Table 2), and all other cDNA synthesis was primed
using the oligonucleotide primer RACE-oligo(dT)
(Table 2). DNase-treate d total RNA (3 ug) or poly(A)*-
selected RNA (2 pg) was mixed with 0.3 ug RACE-
oligo(dT) and double-distilled (dd) H,O to a volume
of 17 pl, and heated to 65°C for 5 min. After cooling
the mixture to 43°C, 2 ul of 10 mM dNTPs, 0.5 ul
of bovine serum albumin (10 mg/ml), 5 ul of 5 x RT
reaction buffer (Promega), and 10 units of AMV RT
or nuclease-free H,O were added to a final volume of
25 ul. Reactions were incubated at 43°C for 2 h, and
RT was inactivated by incubating samples at 95°C for
5 min.

After reverse transcription, nuclease-free H,O
(75 nl) was added to each RT reaction to a final vol-
ume of 100 ul. For each primary PCR, 5-10 ul of
the RT product was used to amplify GFP, actin, and
SVV ORF 4-, 21-, 28-, 29-, 40-, 62-, and 63-specific
cDNAs. Primary and nested PCRs were performed
as described previously. The sequences for the GFP,
actin and SVV ORF 4-, 21-, 28-, 29-, 40-, 62-, and
63-specific primers are shown in Table 2. The actin
RT-PCR was not nested. Advantage-GC 2 polymerase
(Clontech) was used to amplify SVV ORF 62 cDNAs.
The primary SVV ORF 62 PCR reaction included 5-
10 ul of diluted RT sample, 10 ul 5x GC 2 PCR buffer,
10 ul GC-Melt, 2 u110 mM dNTPs, 2 ul of each primer
(5 uM stock), 1 ul 50x Advantage-GC 2 polymerase
mix, and ddH,0 in a final volume of 50 ul. Samples
were overlaid with mineral oil, heated to 95°C for
1min, and cycled 35 times in an automated DNA ther-
mal cycler (Perkin-Elmer) programmed as follows:
denaturation at 94°C for 30 s; annealing at 55°C for
30 s; polymerization at 68°C for 1 min, extended in
the final cycle to 7 min. Actin amplification was per-
formed on cDNA reverse-transcribed from lung and
liver RNA.
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Table 2 Oligonucleotides used in this study
Gene Name Sequence (5' to 3') Location
ORF 4 4P1 ACTGGAATCTGCAGACGAA 4639°
4P2 TGATGGTGTGTCTCAGGAACA 4176
4P3 GTCTGTTGATACGGCGTGATG 4497
4P4 TAATACACCGGCCTTACAAGA 4265
Prb4 TTATCCCCACGTAAAACAG 4346
ORF 21 21P1 CGCACTTCGGCTAAACTTGGA 31666
21P2 GTGGCGTAAAAGAATCGCT 31957
21P3 AAGACAGGGAATGGTAGAAAGTGCTG 31785
21P4 TGCACGCTGTGTTAGAATTCG 31896
Prb21A GACACATCAGCGGTTTGCA 31821
21P5 ATGCGCGTGGAATGGATAA 34079
21P6 GTACATCCCAGTACATTCC 34390
21P7 AACGTTTCCGATACATCAGGTG 34150
21P8 ATTTCGTCTATCATAAGCCATCT 34322
Prb21B TAACATTCACGGATGTCCAA 34222
ORF 28 28P1 TAATGATGTGTCGCAGTTGCAGCA 48476
28P2 CGACTTGTTCCTCCTCGTAATG 47805
28P3 CCAACCAACGAAGCTGAAATAGA 48181
28P4 ACGCTCTGTAAGTCTTGTGTC 47951
Prb2s CATTTACTGGGAACTGCAAG 48019
ORF 29 29P1 CTACGGTTATACGTGCATTGG 54650
29P2 GTATGAAGGTGGTGCGTGATTCTCTTCTGT 54936
29P3 GCCTTACAGACGACGAATATTTA 54710
29P4 CGTTAATTACTGTAGCTCCATCGT 54850
Prb29 TGATGCCGTTTTAGAAG 54795
ORF 40 40P1 GTACTTTAGAACTGCGTAAC 75188
40P2 TTGACTTACAGACAGACAAC 75728
40P3 CCTATACAGACAGGGCTACC 75301
40P4 AGAGCTAAGTCACTCGCACATACA 75622
Prb40o TTAAACGACCTCCTGGATCTAAC 75529
ORF 62 62P1 CTATCATTCTCCCACCGGTAG 105121
62P2 CCACCCCCGATTAAACTCT 104341
62P3 ATGGAGTGGATGTCCTCGTCCTCCT 104666
62P4 GAGTGTTCCAACGTGTTTTATTG 104459
Prb62 GTGGCTTATTGCAGTCGCGGGCTTATT 104496
ORF 63 63P1 GCAACAGCGATGACGACCA 110322
63P2 TTGTGTACAGACTCTCGTAACTCCGT 110622
63P3 ACCCGGATGATGAATGTTGTACGGAA 110373
63P4 ATCTTAGCGGCCATATGCTCTACC 110592
Prb63 TGACGACGGCTCCGAAGATGTTGAA 110447
GFP GFP-P1 GAAGTTCATCTGCACCACCGGCAA 131°
GFP-P2 GATGCCGTTCTTCTGCTTGTC 482
GFP-P3 TTCTTCAAGTCCGCCATGCCC 246
GFP-P4 TTGTACTCCAGCTTGTGCCCCAGGAT 430
PrbGFP TTGCCGTCCTCCTTGAAGTCGATG 403
B-Actin ActP1 GATGCATTGTTACAGGAAGT 3260°
ActP2 TCATACATCTCAAGTTGGGGG 3500
PrbAct CAAGTCCACACAGGGGAGGTG 3339
Other LU-T7-oligo(dT) GTAAAACGACGGCCAGGTA ATACGACTCACTATAGGGATCGTT

RACE-oligo(dt)
RACE

TTTTTTTTTTTTTT
GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTNY
GACCACGCGTATCGATGTCGAC

aLocation of the 5’ nucleotide on the SVV genome (GenBank Accession No. AF275348) (Gray et al, 1995).

bLocation of the 5 nucleotide with respect to the GFP DNA sequence supplied by Clontech.
“Location of the 5’ nucleotide with respect to the g-actin cDNA sequence (Nakajima-lijima et al, 1985).

4N = nucleotide A, G, or C.

DNA electrophoresis, Southern blotting,

and DNA hybridization

PCR and RT-PCR DNA amplification products were
resolved by electrophoresis through a 2% agarose
gel, electrophoreticall y transferred to a Zeta-probe
membrane (BIO-RAD, Laboratories, Hercules, CA)
and hybridized overnight at 42°C to the appropriate
32p-end-labeled internal oligonucleotide (Table 3).

Oligonucleotides were end-labeled with [*2P]dATP
using T4 kinase (Life Technologies, Inc) according
to the manufacturer’s instructions. Probed South-
ern blots were processed as described (LaGuardia
et al, 1999). Images were developed by exposure to
a Phosphorlmager and analyzed using ImageQuant
software (Molecular Dynamics, Inc, Sunnyvale,
CA).



Table 3 Oligonucleotide primer sets from Table 2 used in PCRs
to amplify actin and SVV DNA and cDNA sequences

Product
ORF Primary Nested Probe  length
SVV 4 4P1/4P2 4P3/4P4 Prb4 232 bp
SVV 21 21P1/21P2 21P3/21P4 Prb21A 111 bp
21P5/21P6 21P7/21P8 Prb21B 172 bp
SVV 28 28P1/28P2 28P3/28P4 Prb28 230 bp
SVV 29 29P1/28P2 29P3/29P4 Prb29 140 bp
SVV 40 40P1/40P2 40P3/40P4 Prb40 323 bp
SVV 62 62P1/62P2 62P3/62P4 Prb62 207 bp
SVV 63 63P1/63P2 63P3/63P4 Prb63 219 bp
Actin ActP1/ActP2 — PrbAct 240bp
(DNA)
Actin ActP1/RACE — PrbAct 369 bp
(cDNA)
GFP GFP-P1/GFP-P2 GFP-P3/GFP-P4 PrbGFP 184 bp

Preparation of preimmune rabbit IgG and rabbit
anti-SVV IgG

Rabbit anti-SVV antiserum was prepared by subcu-
taneous inoculation of purified SV virions as de-
scribed for rabbit anti-VZV antiserum (Wroblewska
et al, 1982). IgG was prepared from preimmune rab-
bit serum and rabbit anti-SVV antiserum. One ml of
preimmune and hyperimmune sample was passed
through a protein A-bead column twice. Beads were
washed with 10 column volumes of 100 mM Tris
(pH 8.0) and 10 column volumes of 10 mM Tris
(pH 8.0) followed by one wash with 0.5 ml ddH,O.
IgG was eluted stepwise with 500 pl of 100 mM
glycine (pH 3.0). Eluates were collected in 1.5-ml
Eppendorf tubes containing 50 pl of 1 M Tris (pH
8.0). IgG-containing fractions were identified by ab-
sorbance at 280 nm and pooled. Concentration of the
pooled fractions was determined using the BCA pro-
tein assay (Pierce, Rockford, IL).

Immunohistochemistry

Sections (6—8 um) of frozen monkey ganglia and liver
were fixed in cold acetone and stained with hema-
toxylin and eosin (H&E). Other sections were an-
alyzed by immunohistochemistry with preimmune
rabbit IgG, rabbit anti-SVV IgG, or a mouse anti-
neurofilament monoclonal antibody (mAb) (clone
N52; SIGMA, St. Louis, MO). The preimmune rab-
bit IgG and rabbit anti-SVV IgG were preabsorbed
twice on BSC-1 cells and twice on acetone-dried un-
infected monkey ganglia powder for 1 h at 37°C fol-
lowed by 20 h at 4°C with mixing. Unless indicated,
all incubations were at room temperature. Fixed sec-
tions were incubated with a 10% (vol/vol) solution
of normal goat serum for 1 h, washed three times
with phosphate-buffered saline (PBS), and incubated
for 1 h with preimmune rabbit IgG (2 pg/ml), rab-
bit anti-SVV IgG (2 ug/ml) or a 1:2500 dilution of
mouse anti-neurofilament mAb in PBS. Sections were
washed three times with PBS, incubated for 1 h with
a 1:500 dilution of goat anti-rabbit IgG (Vector Lab-
oratories, Inc, Burlingame, CA) or a 1:400 dilution
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of alkaline phosphatase-conjugated horse anti-mouse
IgG in PBS containing 5% normal goat serum and
washed three times with PBS. The color reaction
was developed for 5-10 min with fresh fuchsin sub-
strate system (code K698; DAKO, Carpinteria, CA).
One drop of 125 mM levamisole (Vector Laborato-
ries, Inc) was added to the reaction mix to block en-
dogenous phosphatases. Acetone-fixed SVV-infected
and uninfected BSC-1 cells on coverslips were treated
identically.

Results

Sensitivity of nested PCR used to detect SVV DNA
DNA extracted from liver of an SVV-seronegative
monkey was spiked with 0, 1, 10, 100, or 1000 copies
of the previously described cloned SVV restriction
fragments, EcoRI G, Pst N, and EcoRI C (Clarke et al,
1992) to determine the sensitivity of the primer sets
used in this study. SVV EcoRI G, Pst N, and EcoRI C
contain SVV ORF 4-, 21-, and 63-specific sequences
respectively. Liver DNA (0.2 pg) from an uninfected
monkey was mixed with 0, 1, 10, 100, or 1000 copies
of the prior SVV restriction fragments and analyzed
by nested PCR using SVV ORF 4-, 21-, or 63-specific
primers followed by Southern blot hybridization of
nested PCR amplification products (Figure 2). The
lower limit of detection was 1 copy using primer sets
specific for SVV ORFs 4 or 63, and 10 copies using a
primer set specific for SVV ORF 21.

Sensitivity of the nested RT-PCR procedure used

to detect SVV-specific transcripts

Total RNA extracted from ganglia was spiked with
1, 10, 100, 1000, or 10000 copies of in vitro synthe-
sized transcripts specific for green fluorescent pro-
tein (GFP) to determine the sensitivity of the nested
RT-PCR procedure used in this study. The gene that

copies of SVV fragments

0 1 10 100 1000
ore | D
ORF 21 [
ORFEI| A—

Figure 2 Sensitivity of nested PCR used to detect multiple regions
of the SVV genome. Southern blot showing detection of 0, 1, 10,
100, and 1000 copies of SVV DNA sequences representing ORFs
4, 21, and 63. One, 10, 100, or 1000 copies of plasmid DNA con-
taining each SVV-specific sequence was mixed with 0.2 ug of DNA
extracted from the liver of an SVV-seronegative African green mon-
key. The DNA mixture was analyzed by nested PCR followed by
Southern blot hybridization of the amplification products using
internal SVV-specific oligonucleotides as described in Materials
and methods.
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Figure 3 Sensitivity of nested RT-PCR. Southern blot showing detection of 0, 1, 10, 100, 1000, and 10000 copies of in vitro synthesized
transcripts specific for green fluorescent protein (GFP). Sensitivity of the nested RT-PCR reaction was determined using ganglionic RNA
of an African green monkey spiked with known copies in vitro GFP transcripts prior to RT reaction. Each RNA sample was analyzed by

nested RT-PCR followed by Southern blot hybridization of the amplification products using an internal GFP-specific oligonucleotide as

described in Materials and methods.

encodes GFP was used because of its lack of homol-
ogy to African green monkey genomic DNA. There-
fore, there was no concern that the GFP-specific
primers would amplify cellular cDNA sequences.
The RNA mixture was analyzed by RT-PCR followed
by Southern blot hybridization of the nested ampli-
fication product (Figure 3). The RT-PCR detected 10
to 10000 copies of in vitro GFP transcripts.

Detection of SVV DNA sequences in ganglia, lung,
and liver

SVV DNA sequences representing at least one of the
three ORFs (4, 21, or 63) were detected in ganglia
from all monkeys (M1-M12) 10 and 11 days p.i., and
2,5,10,and 12 months p.i. (Table 4). DNA sequences
representing at least one of the three SVV ORFs (4,
21, or 63) were detected in lung at 10 and 11 days
p-i. and 2, 5, and 10 months p.i. (M1-M4, M6-M11;
Table 4). SVV DNA sequences were not detected in
lung of monkeys M5 and M12 (2 and 12 months p.i.).
DNA sequences representing at least one of the three
SVV ORFs (4, 21, or 63) were detected in liver of
monkeys M1-M10 (10 and 11 days p.i., and 2, 5, and
10 months p.i.); livers from monkeys M11 and M12

were negative for SVV ORFs 4 and 21, respectively
(Table 4). SVV ORF 4, 21, and 63 DNA sequences were
not detected in ganglia, lung, and liver from an SVV-
seronegative adult African green monkey (Table 4).
Actin sequences were detected in all DNA.

Detection of SVV-specific transcripts in ganglia,
Iung, and liver

SVV IE ORF 4-, 62-,63-, E ORF 21-, 28-, 29-, or L ORF
40-specific transcripts were detected in ganglia, lung,
and liver of 11 SVV-infected monkeys (M2-M12) at
11 days, 2, 5, 10, and 12 months p.i. (Tables 5-8).
SVV-IE ORF 4-, 62-, 63-, E ORF 21-, 28-, 29-, and L
ORF 40-specific were not detected in RNA extracted
from ganglia, lung, or liver of an SVV-seronegative
monkey (Figure 4). We analyzed the RNA extracted
from the monkey tissues using RT followed by nested
PCR and Southern blot hybridization. The strong
intensity of the bands obtained after hybridiza-
tion of the nested RT PCR product indicated that
the detection of SVV transcripts was not due to a
low level of false starts that could have produced
partial RNAs. Actin-specific transcripts were de-
tected in all RNA samples from liver and lung.

Table4 Detection of SVV DNA in multiple tissues in monkeys sacrificed after intratracheal inoculation of adult African green monkeys

with 10°-10* PFU of SVV

Sacrificed Ganglia Lung Liver

Monkey (time p.i.) 4 21 63 4 21 63 4 21 63
SVV-seronegative - - - - - - - - -
M1 10 days nd? nd + nd nd + nd nd +
M2 11 days + + + + + + + + +
M3 2 mo nd —+ nd nd —+ nd nd —+ nd
M4 2 mo + + + + + + - + +
M5 2 mo nd + nd nd — nd nd —+ nd
M6 5 mo + + + + + + - + =
M7 5 mo + + nd — + nd —+ —+ nd
M8 5 mo + + + + + + - + =
M9 10 mo + + + + + + - + =
M10 10 mo + + nd - + - + + nd
M11 10 mo + + nd — nd + — nd nd
M12 12 mo nd + + nd — nd nd — nd

ind = not done.
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Table 5 Detection of SVV ORF- and actin-specific transcripts in multiple tissues by nested RT-PCR after intratracheal inoculation of
adult African green monkeys with 10°-10* PFU of SVV

Ganglia Lung Liver
ORF M3* M4 Ms5* M2° M3 M4 M5 M2 M3 M4 M5 M2
IE 4 + + + + nd° nd nd + nd nd nd +
IE 62 + + + + nd nd nd + nd nd nd +
IE 63 + + + + - - - + nd - + +
E 21 - + + + nd nd nd + nd nd nd +
E 28 - + + + - - - + nd - + +
E 29 + + + + - - - + nd - + +
L 40 - - - + - - - + nd - + +
Actin + + + + + + + + nd + + +

22 months, ®11 days p.i.
°nd = not done.

Table 6 Detection of SVV ORF- and actin-specific transcripts in multiple tissues by nested RT-PCR after intratracheal inoculation
of adult African green monkeys with 10°-10* PFU of SVV

Ganglia Lung Liver
ORF Me6? M7? M8? M2b M6 M7 M8 M2 M6 M7 M8 M2
IE 4 —+ —+ —+ —+ nd°® nd nd —+ nd nd nd —+
IE 62 —+ —+ —+ —+ nd nd nd —+ nd nd nd —+
IE 63 + + + + - - - + - + - +
E 21 —+ —+ —+ —+ nd nd nd —+ nd nd nd —+
E 28 + + + + - - - + - + - +
E 29 + + + + - - - + - + - +
L 40 + + + + - - - + - + - +
Actin + + + + + + + + nd + nd +

5 months, ®11 days p.i.
°nd = not done.

Table 7 Detection of SVV ORF- and actin-specific transcripts in multiple tissues by nested RT-PCR after intratracheal inoculation of
adult African green monkeys with 10°-10* pfu of SVV

Ganglia Lung Liver
ORF Mo9* M10? Mi11® Mi12° Mz¢ M9 M10 Mi11 Mi12 M2 M9  M10 M11 Mi12 M2
IE 4 + + + + + + nd! + - + nd - nd - +
IE 62 —+ —+ — —+ —+ — nd — nd —+ nd — nd nd —+
IE 63 + + + + + + nd + nd + nd + nd nd +
E 21 + + + + + + nd + nd + nd + nd nd +
E 28 + + + + + - nd - - + nd - nd - +
E 29 + + + + + + nd + - + nd + nd - +
L 40 + + + + + - nd - - + nd - nd - +
Actin + + + + + + nd + + + nd + nd + +

210 months, ®12 months, ¢11 days p.i.
dnd = not done.

Table 8 Detection of SVV ORF-specific transcripts in ganglia, lung, or liver in SVV-infected adult African green monkeys 2, 5, 10, and
12 months p.i.

Ganglia Lung Liver
ORF 2 5 10 12 2 5 10 12 2 5 10 12
IE 4 3/3% 3/3 3/3 1/1 nd® nd 2/2 0/1 nd nd 0/1 0/1
IE 62 3/3 3/3 2/3 1/1 nd nd 0/2 nd nd nd 0/1 nd
IE 63 3/3 3/3 3/3 1/1 0/3 0/3 2/2 nd 1/2 1/3 1/1 nd
E 21 2/3 3/3 3/3 1/1 nd nd 2/2 nd nd nd 1/1 nd
E 28 2/3 3/3 3/3 1/1 0/3 0/3 0/2 0/1 1/2 1/3 0/1 0/1
E 29 3/3 3/3 3/3 1/1 0/3 0/3 2/2 0/1 1/2 1/3 1/1 0/1
L 40 0/3 3/3 3/3 1/1 0/3 0/3 0/2 0/1 1/2 1/3 0/1 0/1

*Number of animals positive/number analyzed.
bnd = not done.
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Figure 4 Detection of actin and SVV ORF 4-, 21-, 28-, 29-, 40-,
62-, and 63-specific transcripts in multiple monkey tissues of adult
African green monkeys inoculated intratracheally with 10* pfu of
SVV and sacrificed at 11 days or 10 months p.i. No SVV-specific
transcripts were detected in multiple tissues from an adult SVV-
seronegative African green monkey. Total RNA extracted from each
tissue was analyzed by RT-PCR followed by Southern blot hy-
bridization of nested PCR amplification products using internal
actin and SVV-specific oligonucleotides as described in Materials
and methods.

Actin RT-PCR was not performed on the RNA
from ganglia since most of them were positive for
SVV-specific transcripts which indicated the pres-
ence of amplifiable RNA. No actin- or SVV-
specific amplification products were detected in
reactions containing RNA that had not been reverse-
transcribed.

Eleven days p.i. SVV IE ORF 4-, 62-, 63-, E ORF
21-, 28-, 29-, and L ORF 40-specific transcripts were
detected in ganglia, lung, and liver of monkey M2
(Figure 4; Tables 5-8).

Two months p.i. In monkeys M3-M5, SVV IE
ORF 4-, 62-, 63-, and E ORF 29-specific transcripts
were detected in ganglia from all three animals. SVV
transcripts representing E ORFs 21 and 28 were de-
tected in ganglia from two of three animals. No L ORF
40-specific transcripts were detected in any ganglia,
and no IE, E, or L gene transcripts were detected in
lung from any of the 3 monkeys. SVV IE ORF 63-, E
ORF 28-, 29-, and L ORF 40-specific transcripts were
detected in the liver of monkey M5 (Tables 5 and 8).

Five months p.i. In monkeys M6-M8, SVV IE
ORF 4-, 62-, 63-, E ORF 21-, 28-, 29-, and L. ORF 40-
specific transcripts were detected in ganglia from all
three monkeys. No IE, E, or L gene transcripts were

detected in RNA from lung of any monkey, or in RNA
from liver of monkeys M6 and M8. SVV IE ORF 63-, E
ORF 28-, 29-, and L ORF 40-specific transcripts were
detected in the liver of monkey M7 (Tables 6 and 8).

Ten months p.i. In monkeys M9-M11, SVV IE
ORF 4-,63-,E ORF 21-, 28-, 29-, and L. ORF 40-specific
transcripts were detected in ganglia from all three
monkeys. IE ORF 62 transcripts were detected in gan-
glia of monkeys M9 and M10, but not in ganglia of
M11. In the lung of monkeys M9 and M11, SVV tran-
scripts representing IE ORFs 4 and 63 and E ORFs 21
and 29, but not SVV IE ORF 62-, E ORF 28- or L. ORF
40-specific transcripts, were detected. SVV IE ORF
63- and E ORF 21- and 29-specific transcripts were
detected in liver of monkey M10, but not SVV IE ORF
4-, 62-, E ORF 28-, or L. ORF 40-specific transcripts
(Figure 4; Tables 7 and 8). RNAs from the lung of mon-
key M10 and livers of monkeys M9 and M11 were not
analyzed.

Twelve months p.i. In monkey M12, SVV IE ORF
4-,62-,63-, E ORF 21-, 28-, 29-, and L. ORF 40-specific
transcripts were detected in ganglia. No SVV IE ORF
4-, E ORF 28- or 29-, or L. ORF 40-specific transcripts
were detected in lung or liver (Tables 7 and 8).

Although we did not analyze every tissue from ev-
ery monkey with all SVV ORFs, the data indicate
that intratracheal inoculation of SVV in African green
monkeys results in the presence of viral DNA and
transcription of multiple viral genes in many tissues
for months after experimental infection.

Immunohistochemistry and immunocytochemistry
Serial sections (6—8 wm) of frozen liver from an SVV-
seronegative monkey and monkey M1 (10 days p.i.)
were examined for viral antigens. SVV-specific anti-
gens were detected throughout liver from monkey
M1 (Figure 5A), in SVV-infected cells in tissue cul-
ture, but not in liver from an uninfected monkey
(Figure 5B) or in uninfected cells in culture (data
not shown). No staining was observed on adjacent
sections of each liver sample, uninfected BSC-1, or
SVV-infected cells using control preimmune rabbit
IgG (data not shown).

Serial frozen sections of ganglia from two SVV-
seronegative monkeys and SVV-infected monkeys
M1 (10 days p.i.) and M12 (12 months p.i.) were
stained with H&E and analyzed by immunohisto-
chemistry using anti-SVV IgG. No inflammation or
inclusions were seen in the ganglia of monkey M1
(Figure 6A), in ganglia, lung, and liver from two SVV-
seronegative monkeys, or in ganglia from monkey
M12 (datanot shown). SVV-specific antigens were de-
tected by immunohistochemistry in six different sec-
tions of a dorsal root ganglion from monkey M1 (Fig-
ure 6B), but not in one section of a trigeminal ganglion
from an SVV-seronegative monkey (data not shown),
or in two sections of a ganglion of monkey M12,
even though adjacent sections from the same gan-
glion of M12 were positive for SVV DNA by PCR (data
not shown). No staining was observed on adjacent
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Figure 5 Immunohistochemical analysis of liver from SVV-
infected (M1) and uninfected monkey, 10 days p.i. Indirect al-
kaline phosphatase staining using a 1:5000 dilution of rabbit
anti-SVV IgG. (A) Note numerous dark-staining cells containing
SVV-specific antigen in SVV-infected liver. (B) No SVV-specific
antigen was observed in liver from an uninfected monkey. 216 x.

ganglionic sections of each sample using control
preimmune rabbit IgG.

Staining of adjacent ganglia sections with an anti-
neurofilament mAb revealed neurofilament protein
in the cytoplasm of ganglionic cells of all mon-
keys tested: M1 (10 days p.i.) (Figure 6C), M12
(12 months p.i.), and an SVV-seronegative monkey
(data not shown).

Overall, SVV DNA sequences were detected in all
ganglia up to 12 months p.i. and in most lungs and
livers for 10 months p.i. (Table 4). SVV-specific tran-
scripts representing all gene classes were detected in
ganglia 5, 10, and 12 months p.i. SVV-specific IE, E,
and L transcripts were also detected 2 and 5 months
p-i. in liver, and SVV-specific IE and E transcripts in
liver and lung 10 months p.i. SVV-specific antigens
were detected in liver and ganglia 10 days p.i., but
not in ganglia 12 months p.i.

Discussion

Herein, we analyzed the molecular events after reso-
lution of acute SVV infection in monkeys produced
by intratracheal inoculation. A particular advantage

Figure 6 Dorsal root ganglion of SVV-infected monkey M1
(10 days p.i.). (A) Hematoxylin and eosin-stained section show-
ing a large neuron (closed arrow) and smaller non-neuronal cells
(open arrow). No inflammation was seen. (B) Indirect alkaline
phosphatase staining with 1:5000 dilution of rabbit anti-SVV IgG.
Note dark SVV-specific antigen staining in area around a neu-
ron (closed arrow). (C) Indirect alkaline phosphatase staining
on an adjacent ganglia section with 1:2500 dilution of mouse
anti-neurofilament mAb. Note dark staining of neurofilament pro-
tein in cytoplasm of ganglionic cells (closed arrow). 216 x.

of our model system is that SVV-infected tissues were
harvested immediately after death, thus obviating
concerns about postmortem reactivation of virus. We
analyzed multiple tissues for the presence of SVV-
specific DNA and RNA. To study as many animals
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as possible virologically (while recognizing that sta-
tistical significance could not be achieved), we in-
cluded eight monkeys that had been treated with
short courses of different antiviral agents as presented
in Table 1. The short course of antiviral treatments
given to monkeys was part of different studies un-
related to the pathogenesis of SVV and was not an
attempt by us to drive virus back into the latent state.
In fact, none of the short antiviral treatments affected
SVV transcription. Nevertheless, our model devel-
oped herein could still be used to determine if in-
travenous antiviral therapy followed by prolonged
oral antiviral therapy might effectively reduce vi-
ral replication. For example, in humans with zoster
sine herpete (radicular pain without rash caused by
VZV), oral acyclovir failed to help patients, whereas
intravenous acyclovir cured these patients and
cleared their blood and cerebrospinal fluid of VZV
(Gilden et al, 1994).

Previously, our laboratory had demonstrated the
presence of SVV ORF 21-specific transcripts in
pooled ganglia from 12 monkeys sacrificed 14 months
after experimental infection (Clarke et al, 1996).
Herein, we expanded this analysis to include more
monkeys, more viral genes, more organs, and more
intervals after infection. Individual animals were an-
alyzed for SVV DNA and for SVV ORF 4-, 21-, 28-,
29-,40-, 62-, and 63-specific transcripts, representing
each gene class: IE, E, and L. SVV ORFs 21, 29, 62,
and 63 are homologous to VZV-specific transcripts
that have been detected in latently infected human
ganglia (Cohrs et al, 1995, 1996). In addition to SVV-
specific transcripts, sections of ganglia from two mon-
keys were analyzed for SVV-specific antigens.

SVV DNA sequences were detected in lung and
liver up to 10 months p.i. and in all ganglia up to
12 months p.. from SVV-infected animals, but not
in lung, liver, and ganglia from an SVV-seronegative
monkey. Since all TG and DRG from individual an-
imals were pooled before nucleic acid extraction,
while only small portions of each lung and liver were
used, it is possible that lack of detection of SVV DNA
in lung or liver 12 months p.i. reflects random sam-
pling of viscera. We previously showed that most if
not all of the SVV genome is present in ganglia and
in adrenal gland years after experimental infection
with SVV (Mahalingam et al, 1992, 1998). Interest-
ingly, all regions of the SVV genome that were ex-
amined were detected in ganglia months after ex-
perimental infection; in contrast, not all regions of
the SVV genome were present in some lung and
liver samples at the same intervals. Thus, the SVV
genome may be incomplete in these lung and liver
samples. An incomplete alphaherpesvirus genome,
that of herpes simplex virus (HSV), has been detected
in nonganglionic sites such as brain years after pri-
mary infection (Fraser et al, 1981). Alternatively, the
amount of SVV DNA in some lung and liver sam-
ples might have been below the limit of detection of

the primer pairs used in the assay. Our results show
that the lower limit of detection of the nested PCR
used to amplify SVV ORF 4- and 63-specific DNA
was 1 copy compared to 10 copies for SVV ORF
21-specific DNA. Thus, two of the three primer sets
used in our PCR would detect a single copy of SVV
DNA, and the third primer set would require 10
copies for detection.

We also showed that SVV is transcriptionally ac-
tive in infected ganglia and other organs months af-
ter experimental infection. Nested PCR and RT-PCR
were used because of their high level of sensitiv-
ity, thus ensuring that all negative samples were
truly negative. Regarding RT-PCR, because oligo-
dT primers were used to reverse transcribe mRNA,
only polyadenylated transcripts would have been
detected by our RT-PCR. Although no SVV-specific
transcripts were detected in ganglia, lung, and liver
RNA from an SVV-seronegative African green mon-
key, SVV-specific transcripts representing IE and E,
but not L, gene classes were detected in ganglia from
all monkeys 2 months p.i. SVV transcripts represent-
ing IE, putative E, and L gene classes were detected
in all ganglia 5, 10, and 12 months p.i., respectively.
Ganglia from one monkey 10 months p.i. revealed
no SVV IE ORF 62-specific transcripts. Either ORF
62 was not transcribed in this ganglion or perhaps it
was not polyadenylated and thus not detected after
reverse transcription using an oligo(dT) primer. VZV
ORF 62-specific transcripts expressed in latently in-
fected human ganglia are not polyadenylated (Cohrs
et al, 1996), and this also might be the case for SVV
ORF 62 in some of the monkey ganglia.

IE, E, and L transcripts were detected in liver 2 and
5 months p.i., but not in lung from the same mon-
keys. In lung and liver, restricted viral transcription
was observed 10 months p.i., with the detection of
some IE and E transcripts, but not L transcripts. In
one monkey sacrificed 10 months p.i., IE ORF 4 tran-
scripts were detected in lung, but DNA representing
ORF 4 was not detected. Although surprising, this
could reflect a greater abundance of transcripts com-
pared to the copy number of DNA below our limit of
detection. No SVV DNA or SVV-specific transcripts
were detected in lung and liver 12 months p.i. Lim-
ited transcription of other alphaherpesviruses in non-
ganglionic tissue has been reported. For example, the
latency-associated transcripts (LATs) of herpes sim-
plex virus have been found in cornea and brain (Cook
et al, 1991; Kaye et al, 1991; Abghari et al, 1992;
Lynas et al, 1993; Wharton et al, 1995), and bovine
herpesvirus LATs were detected in lymphoreticular
tissue of infected calves (Winkler et al, 2000) months
after primary infection.

Our detection of SVV IE, E, and L transcripts
in non-ganglionic tissue, a unique finding for vari-
cella, prompted a search for SVV-specific pro-
teins. We found SVV-specific antigen in ganglia and
liver 10 days p.i., consistent with that reported by



Dueland et al (1992). However, despite the detec-
tion of multiple SVV-specific transcripts in ganglia
12 months p.i.,, no SVV-specific proteins were de-
tected in a SVV DNA-positive ganglion from the same
monkey. In fact, no SVV-specific protein was de-
tected in any ganglia examined 12 months p.i. While
conclusions about the extent of SVV translation in
monkeys months after experimental infection await
analysis of additional ganglia, SVV-specific protein
is either not present or is present at low abundance,
consistent with the need to use nested RT-PCR to de-
tect SVV-specific transcripts in ganglia at 12 months
p-i. It is also possible that polyclonal anti-SVV IgG
does not contain sufficient SVV-specific antibodies to
detect low-abundance proteins in ganglia 12 months
p.i. The use of SVV ORF-specific monoclonal or
monospecific polyclonal antibodies may enhance the
detection of SVV antigens in ganglia.

Because our monkeys were inoculated intratra-
cheally with varicella virus, an exact comparison of
our model to the pathogenesis of naturally occur-
ring primary VZV infection in humans is impossi-
ble. Nonetheless, numerous virological differences
are immediately obvious. First, in humans latently
infected with VZV, only ganglia contain VZV com-
pared to multiple organs of monkeys that contain
SVV months after intratracheal inoculation. Second,
the results of multiple investigations indicate that the
extent of varicella transcription in latently infected
humans appears to be limited to VZV genes 21, 29,
62, and 63, and translation is restricted to VZV gene
63 protein (Mahalingam et al, 1996; Kennedy et al,
2000). There is one outstanding, yet to be confirmed,
report on the detection of VZV-specific proteins en-
coded by multiple viral genes in latently infected
human ganglia (Lungu et al, 1998). Although fur-
ther studies are necessary to determine the exact ex-
tent of varicella gene expression in ganglia, the most
accurate comparison of VZV latency in humans to
SVV in latency in monkeys will come from the study
of tissues from monkeys with naturally acquired
chickenpox.

Our only other study that experimentally infected
monkeys with SVV both intratracheally and intra-
venously did reveal that multiple organs, including
ganglia, became infected hematogenously before the
rash of chickenpox developed (Mahalingam et al,
2001). However, those monkeys were sacrificed at
earlier times after experimental infection, and no con-
clusion can be drawn about varicella latency to com-
pare with the data from humans.

SVV has been recovered from viscera and on rare
occasions from ganglia 2-10 days p.i. (Wenner et al,
1977; Iltis et al, 1982), but there are no reports of
virus isolation from SVV-infected monkey tissues at
later times. Because SVV has not been isolated from
monkey tissue months after infection, and because
the cell-associated nature of varicella virus prohibits
its efficient isolation (Plotkin et al, 1977), we did not
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attempt to isolate SVV by cocultivation of ganglionic
and nonganglionic cells with indicator cells. How-
ever, since our findings reveal a greater presence and
transcription of virus than is seen during varicella la-
tency in humans, our future studies will attempt to
isolate virus as well as to identify virus particles by
electron microscopy.

The detection of transcripts representing all gene
classes, particularly L. SVV transcripts, in multiple
ganglia and viscera from most monkeys sacrificed 2—
12 months p.i. indicates possible viral DNA replica-
tion. The expression of most L herpesvirus genes is
thought to depend on functional IE viral proteins and
virus DNA replication. However, it is unknown if the
extensive SVV-specific transcription observed in gan-
glia 2, 5, 10, and 12 months p.i. is regulated by vi-
ral proteins present at undetectable levels or by host
cell-specific proteins. Furthermore, detection of SVV
DNA and SVV-specific transcripts in lung or liver or
both at multiple times p.i. indicates that SVV is tran-
scriptionally active months after primary infection
in nonganglionic tissues. Limited SVV transcription
in these tissues may reflect a mechanism used by the
virus to evade the hostimmune system. Alternatively,
lung and liver cells that harbor SVV may be unable
to support productive infection.

SVV transcription was limited to IE and E genes in
ganglia of monkeys sacrificed 2 months p.i., which
exhibited less severe rash and viremia during acute
SVV infection compared to monkeys sacrificed 5, 10,
and 12 months p.i., which expressed all three SVV
gene classes. More animals inoculated under simi-
lar experimental conditions will need to be analyzed
before further correlations can be made.

The discovery of SVV DNA and extensive viral
transcription in ganglia and viscera months after ex-
perimental infection was unexpected. If SVV DNA
had been found only in ganglia, and if viral gene ex-
pression had been restricted to 4-5 genes as in hu-
man ganglia latently infected with VZV, then two
of the criteria for varicella latency would be satis-
fied. However, our detection of viral DNA and IE, E,
and L transcripts in multiple tissues months after ex-
perimental infection indicates that this is not vari-
cella latency. Our findings probably reflect the high
virus load delivered intratracheall y compared to nat-
urally acquired varicella infection. To study SVV
latency will require a careful virological exam-
ination of ganglia and other tissues from SVV-
seropositive monkeys months after naturally ac-
quired infection.

Overall, the model described herein underlines the
importance of route of inoculation and quantity of
viral inoculum in determining the virological find-
ings after experimental infection. In addition, our
model of SVV infection has the potential to deter-
mine if treatment with antiviral agents, at a time when
varicella gene expression is high, can clear tissue of
virus.
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