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Acute Simian Varicella Virus Infection Causes Robust and Sustained
Changes in Gene Expression in the Sensory Ganglia

Nicole Arnold,a Thomas Girke,b Suhas Sureshchandra,c Ilhem Messaoudia,c,d

Graduate Program in Microbiology, University of California—Riverside, Riverside, California, USAa; Department of Botany and Plant Sciences, University of California—Riverside,
Riverside, California, USAb; Graduate Program in Genetics, Genomics and Bioinformatics, University of California—Riverside, Riverside, California, USAc; Division of Biomedical
Sciences, School of Medicine, University of California—Riverside, Riverside, California, USAd

ABSTRACT

Primary infection with varicella-zoster virus (VZV), a neurotropic alphaherpesvirus, results in varicella. VZV establishes latency
in the sensory ganglia and can reactivate later in life to cause herpes zoster. The relationship between VZV and its host during
acute infection in the sensory ganglia is not well understood due to limited access to clinical specimens. Intrabronchial inocula-
tion of rhesus macaques with simian varicella virus (SVV) recapitulates the hallmarks of VZV infection in humans. We leveraged
this animal model to characterize the host-pathogen interactions in the ganglia during both acute and latent infection by mea-
suring both viral and host transcriptomes on days postinfection (dpi) 3, 7, 10, 14, and 100. SVV DNA and transcripts were de-
tected in sensory ganglia 3 dpi, before the appearance of rash. CD4 and CD8 T cells were also detected in the sensory ganglia 3
dpi. Moreover, lung-resident T cells isolated from the same animals 3 dpi also harbored SVV DNA and transcripts, suggesting
that T cells may be responsible for trafficking SVV to the ganglia. Transcriptome sequencing (RNA-Seq) analysis showed that
cessation of viral transcription 7 dpi coincides with a robust antiviral innate immune response in the ganglia. Interestingly, a
significant number of genes that play a critical role in nervous system development and function remained downregulated into
latency. These studies provide novel insights into host-pathogen interactions in the sensory ganglia during acute varicella and
demonstrate that SVV infection results in profound and sustained changes in neuronal gene expression.

IMPORTANCE

Many aspects of VZV infection of sensory ganglia remain poorly understood, due to limited access to human specimens and the
fact that VZV is strictly a human virus. Infection of rhesus macaques with simian varicella virus (SVV), a homolog of VZV, pro-
vides a robust model of the human disease. Using this model, we show that SVV reaches the ganglia early after infection, most
likely by T cells, and that the induction of a robust innate immune response correlates with cessation of virus transcription. We
also report significant changes in the expression of genes that play an important role in neuronal function. Importantly, these
changes persist long after viral replication ceases. Given the homology between SVV and VZV, and the genetic and physiological
similarities between rhesus macaques and humans, our results provide novel insight into the interactions between VZV and its
human host and explain some of the neurological consequences of VZV infection.

Varicella-zoster virus (VZV) is a neurotropic alphaherpesvirus
and the causative agent of varicella (chickenpox) (1). VZV

establishes latency in the sensory ganglia and can reactivate later in
life to cause herpes zoster (shingles), a painful disease that affects
almost 1 million individuals in the United States alone (2). VZV is
transmitted through the inhalation of virus-laden saliva droplets
or by direct contact with the infectious fluid from vesicles (1). It is
believed that VZV replicates in the upper respiratory tract, includ-
ing the tonsillar lymph nodes, where it infects memory CD4 T cells
that disseminate the virus to cutaneous sites where infection of
keratinocytes results in varicella exanthem (1).

Two models have been put forth to explain how VZV reaches
the ganglia. One model proposes that cell-free virus in varicella
lesions infects the nerve terminals and travels to the ganglia via
retrograde transport as described for the closely related herpes
simplex virus (HSV) (3). A second model proposes that VZV is
transported to the ganglia via the hematogenous route within in-
fected T cells (4, 5). The contribution of retrograde axonal trans-
port versus hematogenous spread to VZV dissemination to the
ganglia in vivo is poorly understood. Furthermore, whether VZV
establishes latency immediately or replicates first in sensory gan-
glia remains unclear. Experiments using human fetal dorsal root

ganglion xenografts directly inoculated with VZV-infected fibro-
blasts in hu-SCID mice have shown VZV transcription in the gan-
glia until 14 days postinfection (dpi) (6). However, it is unknown
whether viral gene expression is sustained for a similar duration in
an immunocompetent host.

Similarly, the host response that develops in the ganglia during
primary VZV infection remains poorly understood. Previous
studies report the presence of T cells (primarily noncytolytic
CD8� T cells), B cells, macrophages, and natural killer cells within
ganglia isolated from individuals who suffered from herpes zoster
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shortly before they died from other causes (7–9). These studies
also showed increased expression of chemokine CXCL10, which
binds to CXCR3 to induce migration of memory T cells and nat-
ural killer cells (8), as well as increased expression of major histo-
compatibility complex class I (MHC-I) and MHC-II molecules
(9). These observations suggest that both innate and adaptive im-
munity play a critical role in the resolution of VZV reactivation.
However, it is uncertain if similar responses occur in the ganglia
during acute infection.

Our incomplete understanding of host-pathogen interactions
in the ganglia during acute VZV infection is due to the difficulty in
obtaining clinical samples and the strict human host specificity of
VZV. Intrabronchial infection of rhesus macaques (RM) with the
closely related simian varicella virus (SVV) recapitulates hall-
marks of primary VZV infection, including the appearance of
varicella, the development of cellular and humoral immunity, and
establishment of latency in sensory ganglia (10). Moreover, as
described for VZV, SVV can reactivate during episodes of im-
mune suppression and stress (11–13), and this reactivation is ac-
companied by the upregulation of CXCL10 and T cell infiltration
(14). Recent studies using African green monkeys (AGMs) inoc-
ulated with SVV-enhanced green fluorescent protein (EGFP) have
shown that SVV infects T cells that infiltrate the ganglia during
acute infection 9 dpi (15). However, SVV infection of AGMs, in
contrast to human VZV infection, results in significant mortality
(16), and SVV-GFEP is attenuated compared to the wild type
(WT) (15). Moreover, ganglion samples were analyzed only at
time points after the appearance of varicella rash (�9 dpi); there-
fore, the role of T cells versus the axonal route in SVV dissemina-
tion to the ganglia remain unclear.

In this study, we leveraged SVV infection of rhesus macaques
to interrogate the kinetics by which SVV reaches the ganglia and
establishes latency as well as the host response to SVV using gan-
glia collected from naive animals 3, 7, 10, 14, and 100 days postin-
fection (dpi). At every time point, we measured viral loads and
characterized both viral and host gene expression. We show that
SVV DNA and RNA transcripts are detected in the ganglia as early
as 3 dpi at the same time as memory T cells. Peripheral T cells from
the same animals 3 dpi harbor viral DNA, suggesting a role for
these cells in SVV transport to the ganglia. In addition, cessation of
viral gene expression in the ganglia coincides with the induction of
a robust antiviral innate immune response. Robust changes in
expression of genes associated with nervous system development
were observed throughout the study, suggesting that SVV infec-
tion has a sustained effect on neuronal gene expression long after
viral replication ceases.

MATERIALS AND METHODS
Ethics statement. The study was carried out in strict accordance with the
recommendations described in the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health, the Office of Animal
Welfare, and the United States Department of Agriculture (17). All animal
work was approved by the Oregon National Primate Research Center
(ONPRC) Institutional Animal Care and Use Committee (IACUC proto-
col 0779). The ONPRC has been continuously accredited by the American
Association for Accreditation of Laboratory Animal Care since 1974
(PHS/OLAW Animal Welfare Assurance A3304-01). Animals were either
housed single or paired in caging that allowed for social interactions in a
temperature- and humidity-controlled environment. Food and water
were available ad libitum, and enrichment was provided daily. All proce-
dures were carried out under ketamine anesthesia in the presence of vet-

erinary staff, and all efforts were made to minimize animal suffering.
Animals were euthanized in accordance with the recommendations of the
American Veterinary Medical Association guidelines for euthanasia.

Cells and virus. SVV was propagated in primary rhesus fibroblasts
(1° RF) (a generous gift from Scott Wong, Oregon National Primate Cen-
ter) at 37°C in 175-cm2 flasks with Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). SVV-in-
fected 1° RF were frozen in FetalPlex with 10% dimethyl sulfoxide
(DMSO), stored in liquid nitrogen (LN2), and assayed by plaque assay.

Animals and sample collection. Fifteen colony-bred rhesus macaques
(RM; Macaca mulatta) 3 to 5 years of age and of Indian origin were used in
these studies. Twelve were inoculated intrabronchially with 4 � 105 PFU
of wild-type SVV as previously described (10) and subsequently eutha-
nized at 3 (n � 3), 7 (n � 2), 10 (n � 2), 14 (n � 3), and 100 (n � 2) dpi.
An additional 3 animals served as noninfected controls. Animals were
housed and handled in accordance with the guidance of the Oregon Na-
tional Primate Research Center Institutional Animal Care and Use Com-
mittee. These animals were previously used to characterize specificity of
the anti-SVV T cell response (18). Blood, bronchial alveolar lavage (BAL)
fluid, and sensory ganglia were collected from all animals. Blood and BAL
fluid were used to measure viral loads and isolate CD20, CD4, and CD8 T
cell populations for additional viral load and viral transcription analyses.
Trigeminal (TG) and dorsal root ganglia (cervical, thoracic, and lumbar-
sacral [DRG-C, DRG-T, and DRG-LS, respectively]) were collected from
each animal and were divided to carry out multiple assays described in
greater detail below: DNA extraction for viral loads, RNA extraction for
viral transcription, digestion and isolation of mononuclear cells, and par-
affin embedding for immunohistochemistry (IHC) analysis. DRG ganglia
from naive animals were used for transcriptome sequencing (RNA-Seq)
analysis. Skin biopsy specimens were collected from the trunk of the ani-
mals at 3 dpi.

Isolation of immune cells from ganglia. Ganglia were digested in 150
U/ml collagenase for 1 h at 37°C with shaking and then homogenized
using a cell strainer to generate single-cell suspensions. Cells were pelleted
at 2,000 rpm for 5 min and then resuspended in 30% Percoll gradient and
spun for 15 min at 2,000 rpm to isolate mononuclear cells. Cells were then
stained with antibodies directed against surface markers: CD4 (Tonbo
Biosciences, San Diego, CA), CD8� (Beckman Coulter, Brea, CA), CD28
(Tonbo Biosciences), CD95 (BioLegend, San Diego, CA), and CCR7 (BD
Pharmingen, San Diego, CA) to delineate naive and memory T cell sub-
sets, as well as CD20 (Southern Biotech, Birmingham, AL), IgD (Southern
Biotech, Birmingham, AL), and CD27 (BioLegend) to delineate B cell
subsets as previously described (19). Samples were analyzed using the
LSRII instrument (Becton, Dickinson and Company, San Jose, CA) and
FlowJo software (TreeStar, Ashland, OR). Due to the small amount of
lymphocytes in the ganglia, half of the DRG-C, DRG-T, and DRG-LS
from the same animal were pooled in order to get a sufficient number of
events to quantify the frequency of lymphocytes. The same number of
DRG was used for every animal.

Purification of CD4/CD8 T cells. CD4 and CD8 T cells were isolated
from BAL fluid and peripheral blood mononuclear cell (PBMC) samples
using magnetic cell sorting (MACS). BAL fluid and PBMCs were first
incubated with CD4 microbeads (Miltenyi Biotec, San Diego, CA) for 20
min at 4°C. Cells were then washed in buffer, and the cell suspension was
applied to the magnetic column to capture CD4 T cells. The CD4-negative
fraction was then stained with CD8-phycoerythrin (PE) (Beckman
Coulter) and incubated with the cells for 20 min in the dark at 4°C. Cells
were then washed, and anti-PE beads (Miltenyi Biotec) were added and
incubated for 15 min in the dark at 4°C. Cells were then washed, and the
cell suspension was applied to a magnetic column to isolate CD8 T
cells. Finally, the CD4- and CD8-negative population was incubated
with CD20 microbeads (Miltenyi Biotec) to isolate B cells. The purity
of the fractions was determined using flow cytometry. All samples used
had a purity of �90%.

Arnold et al.

10824 jvi.asm.org December 2016 Volume 90 Number 23Journal of Virology

http://jvi.asm.org


DNA/RNA extraction and quantitative PCR. Ganglia and skin tissue
were digested in proteinase K solution (20 mg/ml) overnight, and DNA
was extracted using the Qiagen genomic DNA extraction kit (Qiagen,
Valencia, CA). Viral DNA loads were determined exactly as previously
described (10) by real-time PCR using primers and probes specific for
ORF21 and the ABI StepOne instruments (Applied Biosystems, Foster
City, CA). One microgram of DNA was used for ganglion tissue viral
loads. For RNA extraction, ganglion tissue in TRIzol was homogenized
using a bead beater and zirconia-silica beads followed by extraction using
the PureLink RNA minikit (Ambion, Carlsbad, CA).

Measuring anti-SVV T and B cell responses. The enzyme-linked im-
munosorbent spot (ELISpot) assay data were derived from a previous
study characterizing the specificity of the T cell response to SVV during
acute and latent infection (18). The total number of spot-forming cells
(SFC) in PBMCs or BAL fluid was determined by adding up the individual
responses to each of the 70 open reading frames (ORFs). SVV-specific IgG
titer was determined as previously described (10).

Viral gene expression analysis. Ten nanograms of total RNA from
each sample and from the External RNA Controls Consortium (ERCC;
internal positive control used for normalization) were randomly primed
for reverse transcription and subsequently amplified with 71 custom viral
gene-specific and 10 ERCC-targeted primers for 19 cycles of PCR. Bar-
coded DNA adapters were ligated to amplicons to allow multiplexing
libraries for sequencing. Libraries were amplified onto Ion Sphere parti-
cles (ISPs) using the OneTouch 2 instrument (Life Technologies, Carls-
bad, CA) and sequenced on the Ion Torrent Proton (Life Technologies,
Carlsbad, CA) per the manufacturer’s protocol for v3 templating and
sequencing chemistries. Sequencing reads that were less than 60 bp long
were removed from further analysis, and remaining reads were stringently
aligned to the viral genome and ERCC sequences using TMAP, an Ion
Torrent Proton specific sequence aligner.

Host transcriptome analysis. RNA was extracted from ganglia using
the Ambion PureLink RNA minikit extraction kit (Life Technologies,
Carlsbad, CA). RNA library preparation was done using the New England
BioLabs (NEB) Next Ultra Direction RNA Prep kit for Illumina (Ipswich,
MA). DNA libraries were then multiplexed and sequenced on the Illu-
mina HiSeq2500 (Illumina, San Diego, CA) platform at single ends (100
bp). All data analysis steps were performed with the RNA-Seq workflow
module of the systemPiperR package available on Bioconductor (20, 21).
Next-generation sequencing (NGS) quality reports were generated with
the seeFastq function defined by the same package. RNA-Seq reads were
mapped with the splice-junction-aware short-read alignment suite Bow-
tie2/Tophat2 (22, 23) against the Macaca mulatta genome sequence
downloaded from Ensembl (24). The default parameters of Tophat2 op-
timized for mammalian genomes were used for the alignments. Raw ex-
pression values in the form of gene-level read counts were generated with
the summarizeOverlaps function (25). Only reads overlapping the exonic
regions of genes were counted, while reads mapping to ambiguous regions
of exons from overlapping genes were discarded. Given the nonstranded
nature of our RNA-Seq libraries, the read counting was performed in a
non-strand-specific manner.

Analysis of differentially expressed genes (DEGs) was performed with
the general linear modeling (GLM) method from the edgeR package (26,
27). Differentially expressed genes (DEGs) were defined as those with a
fold change (FC) of �3 and a false-discovery rate (FDR) of �0.01. En-
richment analysis of functional annotations was performed to identify
significant gene ontology (GO) processes using MetaCore software
(GeneGo, Philadelphia, PA).

Gene validation. RNA was reverse transcribed using random hexam-
ers and SuperScript IV reverse transcriptase (RT) in the SuperScript IV
first-strand synthesis system (Invitrogen, Lithuania) to generate cDNA.
TaqMan gene expression assays (Thermo Fisher, Waltham, MA) of can-
didate genes and the housekeeping gene (RPL32) were used with 50 ng of
cDNA and carried out in duplicate on the ABI StepOne instrument (Ap-

plied Biosystems). mRNA expression levels were calculated relative to our
housekeeping gene (RPL32) using threshold cycle (2���CT) calculations.

Immunohistochemistry staining. Four-micrometer ganglion sec-
tions were deparaffinized and rehydrated before antigen retrieval. Antigen
retrieval was done using a pressure cooker in citrate buffer for 20 min. The
sections were then blocked in 10% bovine serum albumin (BSA) and 1%
normal goat serum for 1 h followed by avidin and then biotin for 15 min.
Tissues were then stained with primary antibodies CD3 (1:200 dilution;
Dako M0452) for labeling T lymphocytes, CD68 (1:75 dilution; Dako) for
labeling macrophages, CD20 (1:300 dilution; Dako M0755) for labeling B
cells, proteoglycan 4 (PRG4) (1:200 dilution; Antibodies-Online), glial
fibrillary acidic protein (GFAP) (1:500 dilution; Dako), and complexin 1
(CPLX1) (1:200 dilution; Proteintech Group). Slides were then incubated
with the appropriate secondary antibody and treated with 10% peroxidase
in methanol for 10 min in the dark. Color development of antigen staining
was done with ImmPACT diaminobenzidine (DAB) (Vector Laborato-
ries, Burlingame, CA), and counterstaining was done with hematoxylin
QS (Vector Laboratories, Burlingame, CA). Slides were then covered with
coverslips using Omnimount (National Diagnostics, Atlanta, GA). Im-
ages were taken on the Leica DM5500 B (Leica Biosystems, Buffalo Grove,
IL) microscope at �40 magnification. Isotype IgG antibody was used as a
negative control.

IHC quantification for PRG4 was done using ImageJ software. Optical
density (OD) values of DAB (brown) and hematoxylin staining (blue)
were taken from three different sections of each slide and then averaged.
Ganglia from three different infected animals and the three naive controls
were used for each staining.

For hematoxylin and eosin (H&E) stains, 4-	m ganglion sections
were deparaffinized with Histo-Clear II (National Diagnostics, At-
lanta, GA) and rehydrated. Tissue was then stained with hematoxylin
for 2 min followed by eosin for 40 s, hydrated back to Histo-Clear, and
then covered with coverslips using Omnimount (National Diagnos-
tics, Atlanta, GA).

Statistical analysis. Statistical analysis and graphing were conducted
through the GraphPad Prism software (GraphPad Software, Inc., La Jolla,
CA). Significant values were determined using one-way analysis of vari-
ance (ANOVA).

RESULTS
SVV DNA is detected before the appearance of the rash. To de-
termine the kinetics of viral replication in the lung and in the
blood, we performed quantitative PCR (qPCR) using primers and
probes against open reading frame 21 (ORF21). SVV replication
kinetics and viral loads in the bronchial alveolar lavage (BAL) fluid
and whole blood (WB) following intrabronchial infection (Fig.
1A) were similar to those in our previous studies, with higher SVV
viral loads detected in the BAL fluid than in peripheral blood (10).
SVV-specific cellular and humoral immune responses were de-
tected 7, 10, 14, and 100 days postinfection (dpi) (Fig. 1B). Ani-
mals euthanized at 10 and 14 dpi showed a characteristic varicella
rash (data not shown).

To determine when SVV reached the ganglia, SVV viral loads
were measured in trigeminal ganglia (TG) and dorsal root ganglia
(DRG) (cervical, thoracic, and lumbar-sacral) collected from na-
ive animals and from animals euthanized at 3, 7, 10, 14, and 100
dpi. SVV viral DNA was detected in sensory ganglia at 3 dpi, before
the appearance of varicella rash. Genome copy numbers were ini-
tially higher in the TG than in the DRG (Fig. 1C) but comparable
at 7 dpi (Fig. 1C). Since SVV DNA was detected in the ganglia
before the appearance of skin lesions and SVV viral DNA was not
detected in nonlesioned skin, these data suggest that SVV first
reaches the ganglia via means other than retrograde transport
from skin lesions.
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T cells infiltrate the ganglia during acute SVV infection. Pre-
vious studies have shown a role for T cells in VZV and SVV dis-
semination (14, 28, 29). To determine whether T cells infiltrate the
ganglia early after SVV infection in rhesus macaques, we digested
DRG-T, DRG-C, and DRG-LS collected 3, 7, 10, 14, and 100 dpi
and analyzed the isolated lymphocytes using flow cytometry and
antibodies directed against CD4, CD8, CD28, CD95, and CCR7 in
order to delineate naive and memory T cell subsets as well as
CD20, CD27, and IgD to delineate naive and memory B cell sub-
sets as recently described (19). Both CD4 and CD8 T cells were
detected 3 to 14 dpi (Fig. 1D), and they were highly differentiated

into the memory (CD28�/� CD95� CCR7�) phenotype (Fig. 1E).
No T cells were detected in the ganglia isolated from naive animals
(day 0) or animals euthanized 100 dpi. No B cells were detected in
the ganglia at any time point.

We then carried out immunohistochemistry (IHC) analysis using
CD3 antibody to get a better understanding of the spatial distribution
of T cells and CD20 antibody to confirm the absence of B cells. Our
analysis confirmed the presence of T cells in the ganglia at 3 to 14 dpi
(Fig. 2). CD68� cells were detected on day 3 postinfection (Fig. 2). In
line with the flow cytometry data described above, no CD20� B cells
were detected at any time point (Fig. 2).

FIG 1 SVV viral DNA and immune infiltrates are detected in sensory ganglia as early as 3 dpi. (A) SVV DNA levels in the BAL fluid and WB were measured by
quantitative real-time PCR (100 ng/sample) using primers and probes specific for SVV ORF21 (0 dpi, n � 15; 3 dpi, n � 11; 7 dpi, n � 8; 10 dpi, n � 5; 14 dpi,
n � 4; 100 dpi, n � 2) (ND, not detected). Dashed line indicates limit of detection. (B) Frequency of SVV-specific T cells in the BAL fluid was measured using
IFN-
 ELISpot assay by enumerating the number of spot-forming cells (SFC) in response to all 69 unique SVV open reading frames as previously described (122)
(0 dpi, n � 3; 3 dpi, n � 3; 7 dpi, n � 3; 10 dpi, n � 2; 14 dpi, n � 3; 100 dpi, n � 2). SVV-specific IgG titers were determined using enzyme-linked immunosorbent
assay (0 dpi, n � 15; 3 dpi, n � 11; 7 dpi, n � 8; 10 dpi, n � 5; 14 dpi, n � 3; 100 dpi, n � 2). (C) SVV viral DNA was detected in the ganglia using quantitative
PCR (1 	g/sample); TG, trigeminal; DRG-T, dorsal root ganglia, thoracic; DRG-C, dorsal root ganglia, cervical; DRG-L/S, dorsal root ganglia, lumbar-sacral (3
dpi, n � 3; 7 dpi, n � 2; 14 dpi, n � 3). No SVV DNA was detected in ganglia from naive animals. (D) DRG-C, -T, and -L/S isolated at the indicated times
postinfection were pooled and digested, and mononuclear cells were isolated over a Percoll gradient. Frequencies of CD4 and CD8 T cells were then measured
using flow cytometry (0 dpi, n � 2; 3 dpi, n � 3; 7 dpi, n � 2; 14 dpi, n � 3; 100 dpi, n � 2). (E) The percentages of effector memory (EM) or transitional effector
memory (TEM) T cells were determined also using flow cytometry (3 dpi, n � 3; 7 dpi, n � 2; 14 dpi, n � 3). *, P � 0.05 compared to day 0.
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To determine if T cells support SVV replication and dissemi-
nation, we isolated CD4 and CD8 T cells from BAL fluid and
PBMC samples collected from the same animals from which we
collected ganglia 3, 7, 10, and 14 dpi. SVV DNA was detected 3 to
14 dpi in CD4 and CD8 T cells from both BAL fluid and PBMCs
(Fig. 3A and B). No viral DNA was detected in T cells obtained
from naive animals at 100 dpi or from B cells detected at any time
point. To determine whether T cells can support SVV replication,
viral transcripts were measured using Ion AmpliSeq technology.
Due to the limited amount of RNA and because the viral loads
were comparable, we pooled RNA from BAL fluid CD4 and CD8 T
cells isolated 3 and 7 dpi. Transcripts from immediate early, early,
and late genes were detected in both CD4 and CD8 T cells, albeit at
a lower frequency in CD8 T cells (Fig. 3C and data not shown).
The most abundant transcripts were ORF9 (tegument protein),
ORF16 (viral DNA polymerase subunit), and ORF62 (viral trans-
activator) (30) (Fig. 3C).

SVV transcripts are detected during acute infection. We next
determined when SVV establishes latency in the ganglia by mea-
suring the abundance of SVV viral transcripts using Ion Torrent
AmpliSeq technology (Fig. 4). Viral transcripts associated with

almost all SVV ORFs were detected 3 dpi in the ganglia (Fig. 4A).
As previously described for infected BSC-1 and Vero cells (31),
transcripts of ORF9 (tegument protein) were the most abundant
at 3 dpi. In addition, transcripts of ORF16, ORF15 (membrane
protein), ORF 37 (glycoprotein H), and ORF62/ORF63 (viral
transactivators) were also abundant (30). In contrast, only tran-
scripts from ORF18 (viral ribonucleotide reductase), ORF34 (viral
DNA packaging protein), and ORF35 (a nuclear matrix protein
required for infectivity of skin and T cells [32]) were detected at 7
dpi (Fig. 4B). No viral transcripts were detected at 10 and 14 dpi.

These data suggest that SVV begins to establish latency 7 dpi.
Previous studies from our lab have shown that ORF61 transcripts
were the most abundant latency-associated transcripts during
SVV latency (�70 dpi) (33). Interestingly, ORF61 transcripts were
not detected by AmpliSeq on days 7, 10, and 14 postinfection.
Since our previous studies looked at later time points (�70 dpi)
(34), we hypothesized that ORF61 transcription may first be
turned off and then restart after 14 dpi. To test this hypothesis, we
measured ORF61 and ORF21 transcripts using reverse transcrip-
tase quantitative PCR (qRT-PCR) using the same RNA samples,
including samples from 100 dpi. ORF21 served as our control

FIG 2 Immunohistochemistry staining shows immune infiltration of T cells and macrophages. Representative immunohistochemistry staining for CD3�,
CD68�, and CD20� cells in the dorsal root ganglia (cervical) (DRG-C) from naive animals at 3 and 7 dpi and in the thoracic DRG at 14 dpi. Bar, 50 	m (�40
magnification). Arrows indicate CD3� and CD68� cells. Isotype IgG served as our negative control.
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transcript. In line with our AmpliSeq data, ORF61 and ORF21
transcripts were detected at 3 dpi but not at 7, 10, and 14 dpi (Fig.
4C and D). More importantly, ORF61 but not ORF21 transcripts
were detected at 100 dpi, in agreement with our previous data (33)
(Fig. 4C).

SVV infection results in large and sustained changes in gene
expression in the ganglia. To characterize the host response in the
ganglia during acute SVV infection, we used RNA-Seq to deter-
mine the transcriptome of sensory ganglia isolated from naive
animals (n � 3) and SVV-infected animals 3 (n � 3), 7 (n � 2), 10
(n � 2), 14 (n � 3), and 100 (n � 2) dpi. Types of ganglia and
average viral loads of samples used for RNA-Seq are shown in
Table 1. Given the limited number of animals and available gan-
glia harboring SVV DNA, it was not possible to use the same type
of ganglia at every time point. To address the issue of our small
sample size, we used a cutoff fold change (FC) of �3 and a false-
discovery rate (FDR) corrected P value of �0.01 compared to
naive animals (instead of the traditional cutoff FC of �2 and FDR
corrected P value of �0.05) to identify differentially expressed
genes (DEGs). SVV infection resulted in large changes in gene
expression at all time points examined (Table 1; Fig. 5A; also see
Data Sets S1 to S5 in the supplemental material). We confirmed
changes in the expression of 8 genes by qRT-PCR and 3 genes by
IHC analysis (Fig. 6 and 7). Functional enrichment of the DEGs
was carried out using Metacore software, which requires the use of
human gene identifiers for analysis. On average, 83% of rhesus
DEGs were successfully mapped to human homologs.

A total of 24 (20 characterized; 3 upregulated and 17 down-
regulated) genes were differentially expressed at all time points
examined (Fig. 5B and C). The three genes that remained upregu-
lated throughout infection were proteoglycan 4 (PRG4), filamin

A-interacting protein 1 (FILIP1), and HECT/RCC1-like domain-
containing protein 6 (HERC6) (Fig. 5C). PRG4 (confirmed by
IHC staining [Fig. 7A]) is a lubricating glycoprotein that can in-
duce Schwann cell proliferation (35). FILIP1 (confirmed by qRT-
PCR [Fig. 6A]) interacts with filamin A to control neuron migra-
tion out of the ventricular zone (36), and it interferes with myosin
2b binding to F-actin in glutamatergic neurons, affecting the neu-
ral spine structure (37). The current function of HERC6 is un-
known; however, HERC5, with which it shares 50% nucleotide
sequence identity, plays a role in innate antiviral responses (38).

Glial fibrillary acidic protein (GFAP), an intermediate filament
protein that plays a critical role in maintaining astrocyte function
(39), was the most downregulated common gene throughout in-
fection (Fig. 5C) (confirmed by IHC and qRT-PCR [Fig. 6B and
7B]). Other genes that remained downregulated during infection
were neurochondrin (NCDN), involved in neurite outgrowth
(40); complexin 1 (CPLX1), expressed by neurons and regulating
synaptic vesicle exocytosis (41) (confirmed by IHC and qRT-PCR
[Fig. 6C and 7C]); and progestin and adipoQ receptor 6 (PAQR6)
a G-coupled membrane progesterone receptor that exhibits neu-
roprotective properties (42) (Fig. 5C).

DEGs on day 3 play a role in axon transport, immunity, and
neuronal development. Of the 137 upregulated DEGs in the gan-
glia 3 dpi, several mapped to gene ontology (GO) terms associated
with filament movement (Table 2). The 2 most significantly up-
regulated genes were subunits C and T of the troponin complex
(TNNC, FC of 272, and TNNT, FC of 226), which plays a role in
intra-axonal movements in rat dorsal root ganglia (43). Addi-
tional genes that were highly upregulated include myosin essential
light chain (MYL3, FC of 44), which plays a role in synaptic plas-
ticity (44), and tetranectin (CLEC3B, FC of 24), a glycoprotein

FIG 3 SVV trafficking and replication are supported in T cells of the BAL fluid. (A and B) SVV viral loads in purified CD4 and CD8 T cells from BAL fluid (A)
and PBMC (B) were measured by qRT-PCR with primers and probes for ORF21. Dashed line indicates limit of detection. (C) SVV viral transcripts in BAL fluid
T cells (n � 5 [n � 3, CD4; n � 2, CD8]) isolated 3 and 7 dpi using Ion AmpliSeq technology.
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that regulates proteolytic processes in neurons and dendrites (45).
In addition, a number of innate immune genes were upregulated
at 3 dpi (Fig. 8A), most notably several interferon (IFN)-induced
genes that play a critical role in the antiviral immune response
(46), such as MXA (FC of 7, confirmed by qRT-PCR [Fig. 6D])
(47); chemokine ligand 1 (CCL1, FC of 6), secreted by activated T
cells to recruit monocytes (48); and bone marrow stromal cell
antigen 2 (BST2, FC of 5), a restriction factor that interferes with
the release of enveloped viruses, including herpes simplex virus 2
(HSV-2) (confirmed by qRT-PCR [Fig. 6E]) (49).

Almost half of the 187 downregulated DEGs at 3 dpi mapped to

GO terms associated with transport and localization (Table 2).
The most downregulated genes among these DEGs were myelin-
associated oligodendrocyte basic protein (MOBP, FC of 41, in-
volved in myelin formation [50]), ATP-binding cassette subfamily
A member 2 (ABCA2, FC of 13, regulating transmembrane lipid
transport in neural tissues [51]), myelin-associated glycoprotein
(MAG, FC of 10, important for myelination and maintaining the
axon-Schwann cell arrangement [52]), and sodium channel volt-
age-gated type VII alpha subunit (SCN7A, FC of 7, regulating
sodium homeostasis in neural cells [53]).

The most downregulated gene among the 9 DEGs that mapped

FIG 4 SVV replicates in the ganglia before establishing latency at 7 dpi. (A and B) Abundances of SVV viral gene transcripts at day 3 (A) (n � 3) and day 7 (B)
(n � 3) postinfection in the ganglia were measured using Ion AmpliSeq technology. (C and D) Viral transcripts of ORF61 (A) and ORF21 (B) (control transcript)
were measured using qRT-PCR (0 dpi, n � 3; 3 dpi, n � 3; 7 dpi, n � 2; 10 dpi, n � 2; 14 dpi, n � 3; 100 dpi, n � 2). *, P � 0.05 compared to day 0.

TABLE 1 Number of DEGs found in ganglia after SVV infection

dpi Samplesa Avg viral load � SEMb

No. of DEGs

Total
With human
homologsc Upregulated Downregulated

3 DRG-L/S, DRG-C, DRG-T 28 � 6 393 324 137 187
7 DRG-T, DRG-C 26 � 6 1,118 904 368 536
10 DRG-C, TG 17 � 5 809 643 164 479
14 TG, DRG-C, TG 17 � 9 576 512 51 461
100 TG, TG 39 � 3 1100 839 203 636
a Types of ganglia used for RNA-Seq analysis.
b Average SVV genome copy number of all ganglia used in the RNA-Seq experiment per 1 	g DNA.
c Number of rhesus macaque DEGs with human homologs used for enrichment analysis.
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to the GO term “regulation of synaptic plasticity” (Fig. 8B) was
GFAP (FC of 43), one of the 17 genes that remained downregu-
lated throughout infection. Other notable DEGs that mapped to
this GO term are calcium/calmodulin independent protein kinase
II inhibitor 2 (CAMK2N2, FC of 6, regulating neuronal synaptic
plasticity through phosphorylation of glutamate receptors [54]),
helix-loop-helix member e41 (BHLHE41, FC of 6, a transcrip-
tional repressor suppressed by axonal injury [55]), synaptoporin
(SYNPR, FC of 4, synaptic vesicle component [56], confirmed by
qRT-PCR [Fig. 6F]), and angiotensinogen (AGT, FC of 4, regulat-
ing salt uptake by astrocytes and neurons [57]). DEGs that
mapped to both GO terms “ion transport” and “anion transport”
(Fig. 8B) include fatty acid transport protein (SLC27A1, FC of 5)
(58); solute carrier family 38 member 1 (SLC38A1, FC of 4, a
glutamine transporter in the central nervous system [CNS] [59]);
complexin 1 (CPLX1, FC of 4, a regulator of synaptic vesicle exo-
cytosis), and sideroflexin 5 (SFXN5, FC of 4, involved in iron
transport in the brain [60]). DEGs that mapped to “endocytosis”
(Fig. 8B) are known to regulate phagocytosis (e.g., DNM2, FC of
7, and signal-regulatory protein alpha [SHPS-1], FC of 5) and
chemotaxis (e.g., ectonucleotide pyrophosphatase/phosphodies-
terase 2 [ENPP2, FC of 6]) by macrophages (61–63).

DEGs at 7 dpi play a role in antiviral immunity and neuron
development. “Response to virus” and “defense response to vi-
rus” were the most significant GO terms to which DEGs upregu-
lated at 7 dpi mapped (Table 2 and Fig. 9A). Five of these genes
were also upregulated at 3 dpi: ISG15, IFI44, MxA, RIG-G, and
MDA-5. The 5 most upregulated genes at 7 dpi were ISG15 (FC of
16), IFI56 (FC of 12), IFI44-like (IF44L, FC of 9), guanylate bind-
ing proteins 1 and 3 (GBP1 and GBP3, respectively; FC of 8), and
IFI44 (FC of 7). These genes are induced by a type I interferon
(IFN) response and block viral replication (46). Other immune
genes that were upregulated but did not map to these GO terms
were C-X-C motif chemokine 10 (CXCL10, FC of 7), a chemokine
that binds to CXCR3 to induce monocyte, NK, and activated T cell
migration to sites of infection (64); chemokine ligand 8 (CCL8, FC
of 6), which is primarily produced by monocytes and may be
involved in neurodegeneration (65); tumor necrosis factor ligand
superfamily member 10 (TNSF10, FC of 4), AIM2 (FC of 4), and
IFI27 (FC of 4), which induce apoptosis of virus-infected cells
(66–68); and monocyte-to-macrophage differentiation protein
(MMD, FC of 3) (69). Upregulated DEGs that mapped to the
remaining 8 GO terms were associated with nucleic acid metabo-
lism (Fig. 9B) and play a role in splicing, e.g., splicing factor argi-

FIG 5 SVV infection results in robust changes in gene expression. (A) Number of upregulated and downregulated differentially expressed genes (DEGs) detected
at days 3, 7, 10, 14, and 100 postinfection. (B) Five-way Venn diagram of the DEGs detected at each time point with human homologs. (C) Heat map analysis of
the 20 characterized DEGs common at all time points. Numbers at bottom are days postinfection.
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nine/serine rich 12 (SFRS12, FC of 6) and formin binding protein
21 (FBP21, FC of 9) (70, 71), or antiviral defense, e.g., guanylate
binding proteins 3 and 6 (GBP3 and GBP6, respectively; FCs of 3
and 5), which repress viral polymerases (72).

DEGs downregulated at 7 dpi mapped to GO terms associated
with neuron development and function (Table 2). Network anal-
ysis of 155 DEGs that mapped to the GO term “nervous system

development” showed that 41 are regulated by transcription fac-
tors important for nervous system function: nuclear factor I/X
(NF1, FC of 4), sex-determining region Y-box 2 and 10 (SOX 2
and SOX10, respectively; FC of 3), and nuclear factor kappa-light-
chain-enhancer of activated B cells (NFkb, FC of 4) (73–75) (Fig.
9C). The most downregulated gene in this group was GFAP (FC of
41), while other DEGs play an important role in myelination, such

FIG 6 Gene validation. (A to H) TaqMan assays were done on FILIP1, upregulated at 10, 14, and 100 dpi (A); GFAP, downregulated at 3, 7, 10, 14, and 100 dpi
(B); CPLX1, downregulated at 3, 7, 10, 14, and 100 dpi (C); MXA, upregulated at 3 and 7 dpi (D); BST2, upregulated at 3 and 7 dpi (E); SYNPR, upregulated at
7 dpi (F); SEC62, upregulated at 10 dpi (G); and APLP1, downregulated at 10, 14, and 100 dpi (H) (one additional ganglion tissue from the same animal was used
at 7 dpi and 10 dpi). *, P � 0.05 compared to day 0. (I) Heat map of genes confirmed by TaqMan in panels A to H showing the median normalized transcript
number for each day postinfection.

FIG 7 Immunohistochemistry gene validation. IHC staining and IHC quantification of PRG4 (A), GFAP (B), and CPLX1 (C) on isotype controls and naive and
infected ganglion tissue (n � 3, for naive and infected tissue used for quantification). Representative images are all from DRG-L/S isolated 10 dpi. Quantification
data on infected tissue were from 3 dpi (DRG-T), 7 dpi (DRG-T), and 10 dpi (DRG-L/S). Unpaired t test; *, P � 0.05 compared to naive tissue.
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as MAG (FC of 38), MOBP (FC of 24), plasmolipin (PLLP, FC of
23), claudin 11 (CLDN11, FC of 14), PAQR6 (FC of 13), myelin
basic protein (MBP, FC of 12), fatty acid 2-hydroxylase (FA2H, FC
of 10), and gap junction protein beta 1 (GJP1, FC of 8) (52, 76–79).
Other highly downregulated genes include ABCA2 (FC of 16),
which was also significantly downregulated at 3 dpi, and the lipid-
anchored membrane paralemmin (PALM, FC of 8), which regu-
lates neuron cell shape and motility (80). Some of the most down-
regulated DEGs that mapped to these GO terms were also detected
at 3 dpi, notably GFAP, MAG, MOBP, and CLDN11. Other down-
regulated DEGs play a role in the maintenance of the blood-brain
barrier, such as matrix-remodeling associated 8 (Mxra8; FC of 10)
and vasohibin (VASH1, FC of 9) (81, 82). Interestingly, T cell
differentiation protein (MAL, FC of 10), which is involved in T cell
signal transduction, was also downregulated (83).

DEGS at 10 dpi play a role in neuronal development. The 5
most upregulated DEGs at 10 dpi were proteoglycan 4 (PRG4, FC
of 15), coiled-coil domain-containing 80 (CCDC8, FC of 8), small
nucleolar RNA c/d box 112 (SNORD112, FC of 8), S-phase re-
sponse (SPHAR, FC of 8), actin (FC of 7), and translocation pro-
tein 1 (SEC62, FC of 3) (confirmed by qRT-PCR) (Fig. 6G). PRG4
is one of the genes that remained upregulated throughout acute

TABLE 2 Ten most statistically significant GO terms to which DEGs
enriched at each time point

GO process
No. of
genes

�log P
value

Day 3
Upregulated

Muscle filament sliding 13 14.53
Actin-myosin filament sliding 13 14.53
Muscle contraction 22 14.5
Actin-mediated cell contraction 13 13.38
Muscle system process 22 12.79
Actin filament-based movement 13 11.69
Striated muscle contraction 12 8.44
Heart process 10 7.64
Regulation of ATP activity 8 6.07
Regulation of muscle contraction 12 5.98

Downregulated
Localization 75 3.21
Regulation of synaptic plasticity 11 3.21
Transport 64 3.21
Establishment of localization 65 3.21
Anion transport 18 2.96
Ion transport 31 2.92
Developmental process 82 2.85
Single-organism developmental process 81 2.74
Single-organism transport 52 2.47
Endocytosis 17 2.46

Day 7
Upregulated

Response to virus 23 5.188
Defense response to virus 17 5.188
Nucleobase-containing compound metabolic process 125 5.09
Nucleic acid metabolic process 107 5.05
Smooth muscle metabolic process 11 4.77
Skeletal myofibril assembly 6 4.76
Cellular nitrogen compound metabolic process 130 4.76
Heterocycle metabolic process 125 4.47
RNA metabolic process 92 4.41
Cellular aromatic compound metabolic process 125 4.41

Downregulated
Nervous system development 155 20.63
Neurogenesis 111 14.38
System development 206 12.66
Generation of neurons 102 12.16
Anatomical structure development 219 10.38
Regulation of signaling 149 10.38
Ensheathment of neurons 23 10.38
Axon ensheathment 23 10.38
Regulation of cell communication 149 10.38
Multicellular organismal development 216 9.61

Day 10 downregulated
Nervous system development 120 10.49
Regulation of cellular component organization 101 10.49
Regulation of signaling 134 9.38
Regulation of cell communication 133 9.16
System development 176 9.16
Negative regulation of cellular process 156 8.27
Neurogenesis 87 8.15
Multicellular organismal development 190 7.96
Negative regulation of cellular component organization 43 7.96
Negative regulation of biological process 163 7.32

TABLE 2 (Continued)

GO process
No. of
genes

�log P
value

Day 14 downregulated
Regulation of signaling 132 9.84
Regulation of cell communication 132 9.84
Regulation of signal transduction 114 7.32
Nervous system development 106 7.08
Phosphate-containing compound metabolic process 107 6.48
Phosphorylation 63 6.42
Phosphorus metabolic process 108 6.42
Intracellular signal transduction 79 5.97
Epidermal growth factor receptor signaling pathway 22 5.81
ERBB signaling pathway 22 5.79

Day 100
Upregulated

Cellular component organization or biogenesis 82 8.4
Cellular component organization 79 7.73
Organelle organization 53 7.44
Cell division 22 6.36
Cell cycle 32 5.97
Microtubule-based process 18 5.94
RNA splicing 14 5.53
Nucleic acid metabolic process 63 5.4
RNA metabolic process 55 5.02
Mitotic nuclear division 13 4.92

Downregulated
Nervous system development 194 30.15
Localization 293 26.92
Regulation of cellular component organization 150 22.31
Establishment of localization 246 22.13
Neurogenesis 138 21.55
Single-organism metabolic process 281 21.16
Transport 239 21.05
Protein localization 135 20.14
Cellular localization 157 20
System development 259 19.85
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infection, while the other genes play a role in DNA replication
(CCDC80 [84] and SPHAR [85]), translation (SNORD112 [86]),
axon elongation (actin [87]), and protein transport (SEC62 [88]).

Among the 479 DEGs downregulated at 10 dpi, 120 DEGs
mapped to “nervous system development” and “neurogenesis”
(Table 2). In addition to GFAP, which was the most downregu-
lated gene (FC of 75), other notable DEGs mapping to these GO
terms include periaxin (PRX, FC of 20, important for the en-
sheathment of neurons and axons [89]), CPLX1 (FC of 16, regu-
lating synaptic vesicle exocytosis), and proprotein convertase sub-
tilisin/kexin type 1 inhibitor (ProSAAS, FC of 17, neural tissue
inhibitor of prohormone convertase 1, which is involved in insu-
lin synthesis [90]).

Of 176 DEGs that mapped to the GO term “system develop-
ment,” 60 directly interact with each other through transcription

factors SOX2 (FC of 8), SOX10 (FC of 6), and transcription inter-
mediate factor 1 beta (TIF1-beta, FC of 6) (Fig. 10A). Interest-
ingly, TIF1-beta, which associates with the KRAB domain of zinc
finger proteins, has been reported to play a critical role in the
latency of another herpesvirus, human cytomegalovirus (91).
Several of the DEGs that enriched to the GO term “regulation
of cellular processes” (Fig. 10B) play an important role in neu-
ron survival, such as hepatic and glial cell adhesion molecule
(HEPACAM, FC of 11, an axon protein that plays a role in neuron
motility [92]), mitogen-activated protein (MAP) kinase 8 inter-
acting protein 1 (JIP1, FC of 10, part of the MAP kinase signal
transduction pathway in neurons [93]), FK056-binding protein 8
(FKBP8, FC of 9, inhibiting programmed cell death in neurons
[94]), and BM88 antigen (FC of 10, involved in neuron differen-
tiation [95]).

FIG 8 DEGs at 3 dpi play a role in axon transport, immunity, and neuronal development. (A) Heat map of the immune genes upregulated 3 dpi. (B) Heat map
of the downregulated DEGs that mapped to the GO processes “regulation of synaptic plasticity,” “ion transport,” “anion transport,” and “endocytosis.”
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FIG 9 DEGs at 7 dpi play a role in antiviral immunity and neuronal development. (A) Heat map of the upregulated DEGs that mapped to the GO process
“response to virus.” (B) The 20 most upregulated DEGs that mapped to GO processes involved with nucleic acid metabolism. (C) Network image showing direct
interaction between the downregulated DEGs that mapped to the GO process “nervous system development.”
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DEGs downregulated at 14 dpi play a role in neuron signaling
and development. The most upregulated DEGs at 14 dpi are
PRG4 (FC of 10) and FILIP1 (FC of 7), important for myelination
and neuron migration; fibroblast growth factor 7 (FGF7, FC of 7),
which regulates balance between excitatory and inhibitory syn-
apse signaling in neurons (96); and NIMA-related kinase 1
(NEK1, FC of 5), which plays a role in axon development (97). The
509 DEGs downregulated at 14 dpi enriched to GO terms associ-

ated with signaling and nervous system development (Table 2).
Thirty of the DEGs enriching to the GO term “phosphorus meta-
bolic process” have direct interactions (Fig. 10C) and are regu-
lated by transcription factors AP-1 (FC of 3), heat shock factor
protein 1 (HSF1, FC of 4), and binding protein TIF1-beta (FC of
5). Casein kinase 1 gamma 2 (CSNK1G2, FC of 11) was among the
most downregulated genes in these GO terms and is critical in the
regulation of glutamatergic synaptic transmission in the brain

FIG 10 DEGs at 10 dpi and 14 dpi are associated with neuronal development. (A) Network image of DEGs downregulated at 10 dpi that mapped to the GO
process “multicellular organismal development” and directly interacted. (B) Heat map of the 20 most downregulated genes at 10 dpi mapping to the GO process
“negative regulation of biological process.” (C) Network image of DEGs downregulated at 14 dpi that mapped to the GO process “phosphorus metabolic process”
and directly interacted. (D) Heat map of DEGs downregulated at 14 dpi mapping to the GO process “ERBB signaling pathway.”
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(98) as well as neuronal gene expression through its interaction
with eukaryotic elongation factor 2 kinase (eEF2K, FC of 3) (99).
Other interesting DEGs that were associated with nervous system
development include secreted frizzled-related protein 2 (SFRP2,
FC of 35, important in neuron development [100]), C-C motif
chemokine ligand 19 (CCL19, FC of 29, important for lymphocyte
recirculation and homing to lymphoid tissue [101]), and aqua-
porin 4 (AQP4, FC of 13, a water channel expressed in astrocytes
[102]). The most downregulated DEGs that mapped to the GO
term “nervous system development” include GFAP (FC of 59),
SFRP2 (FC of 35), MOBP (FC of 26), CPLX1 (FC of 18), and
patatin-like phospholipase domain-containing 2 (PNPLA2, FC of
14). PNPLA2 plays a role in the interactions between neurons and
glial cells (103).

In addition, we also saw several downregulated DEGs known
to regulate apoptotic processes in neurons, notably NRBP2 (FC of
11) (104), proline-rich Akt substrate 40 (PRAS40, FC of 8) (105),
mitogen-activated protein kinase 11 (MAP3K11, FC of 5) (106),
homeodomain interacting protein kinase 2 (HIPK2, FC of 6)
(107), and mannosylinositol phosphorylceramide (BCL21, FC of
3) (108). Finally, 16 downregulated DEGs mapped to the GO
terms “ERBB (Erythroblastic Leukemia Viral Oncogene Ho-
molog) signaling pathway” (Fig. 10D). Insufficient ERBB signal-
ing is associated with the development of neurodegenerative dis-
eases (109, 110). Some of the most significantly downregulated
genes found in this GO term include diacylglycerol kinase1
(DAGK1, FC of 6, playing a role in myelination and neuronal
plasticity [111]), Epsin1 (EPN1, FC of 6, contributing to clathrin-
coated pit formation and endocytosis [112]), and RAS association
domain-containing protein 2 (RASSF2, FC of 5, a tumor suppres-
sor in gliomas [113]).

SVV infection results in a sustained downregulation of genes
important for nervous system development. Upregulated DEGs
at 100 dpi played a role in cell cycle progression (Table 2). The 20
most upregulated DEGs enriched to cellular component organi-
zation were as follows: intraflagellar transport 74 (IFT74, FC of 8),
important for survival and differentiation of sensory neurons
(114); thyroid hormone receptor interactor 11 (TRIP11, FC of 7),
important for maintenance of Golgi structure and protein trans-
port (115); and chromodomain helicase DNA binding protein 9
(PRIC320, FC of 6), which controls the expression of genes in-
volved in energy homeostasis and the cell cycle (116) (Fig. 11A).
Interestingly, MBP (FC of 4), which was significantly downregu-
lated during acute infection, is upregulated at latency (Fig. 11A).
DEGs that mapped to the GO term “nucleic acid metabolism” are
involved in the regulation of gene expression, such as bromodo-
main adjacent to zinc finger domain protein 2B (BAZ2B, FC of 6),
zinc finger homeobox 4 (ZFHX4, FC of 4), zinc finger protein 292
(ZNF292, FC of 4), polymerase RNA III polypeptide G (POLR3G,
FC of 4), and TWIST neighbor protein (TWISTNB, FC of 4) (117)
(Table 2).

Interestingly, 636 DEGs remained downregulated at 100 dpi,
with the majority (456 DEGs) enriching to GO terms associated
with the nervous system and cellular localization (Table 2). The
most significantly downregulated DEGs in these GO terms play a
role in immunity (myeloid differentiation marker gene, MYADM,
FC of 6 [118] and serpin peptidase inhibitor, SERPIN, FC of 9, an
inhibitor of the complement classical pathway [119]), pain (puri-
nergic receptor, P2X3, FC of 7) (120), and cell division (sushi
domain-containing 2, SUSD2, FC of 9) (121) (Fig. 11B). Several of

the 20 most downregulated genes enriched to “nervous system
development” and play a role in astrocyte function, e.g., chitinase
3-like protein 1 (CHI3L, FC of 17) and GFAP (FC of 6) (122);
inflammation, e.g., hemoglobulin alpha 2 (HBA2, FC of 13) (123);
neurite growth, e.g., amyloid beta (A4) precursor-like protein 1
(APLP1, FC of 10) (confirmed by qRT-PCR [Fig. 6H]) and neu-
rochondrin (NCDN, FC of 8) (124, 125); synaptic plasticity, e.g.,
copine 6 (CPNE6, FC of 7) (126); and myelination, e.g., MAG (FC
of 7) and CLDN11 (FC of 6) (Fig. 11C). Interestingly, a secondary
functional enrichment analysis for diseases by biomarkers using
the downregulated genes at 100 dpi showed enrichment for pro-
cesses involved with neurodegeneration and mental health disease
(Fig. 11D).

DISCUSSION

In this study, we leveraged a rhesus macaque model of intrabron-
chial SVV infection to gain a better insight into host-virus inter-
actions during acute and latent VZV infection in the ganglia. We
analyzed viral loads, viral transcriptome, and host transcriptome
in sensory ganglia collected from naive animals and on days 3, 7,
10, 14, and 100 post-SVV infection. Our analysis shows that SVV
DNA is detected in the trigeminal ganglia as early as 3 dpi before
the appearance of the rash (typically seen 7 to 10 dpi). These re-
sults are in agreement with previous studies that reported the
presence of SVV DNA in the ganglia before the appearance of rash
in intratracheally infected AGMs, the detection of VZV DNA in
the ganglia of immunocompromised children who died from
varicella before the appearance of the rash (4, 6), and the ability of
the Oka vaccine strain to establish latency in sensory ganglia in the
absence of varicella rash (127). Given that SVV rapidly reaches the
ganglia before the appearance of vesicular rash and that we cannot
detect SVV DNA in nonlesioned skin, we believe that SVV is most
likely transported to the ganglia via the hematogenous route,
which has been previously suggested for VZV (128). DNA viral
loads in the DRG were higher at 7 dpi than at 3 dpi, suggesting
additional seeding via axonal transport (rash is observed 7 dpi)
and/or as a result of viral replication detected 3 dpi in the ganglia.

In addition, our data suggest that T cells play a role in varicella
virus dissemination since memory T cells are detected in the gan-
glia 3 dpi at the same time as viral DNA. Our data also suggest that
this is a selective recruiting of T cells since no B cells were detected
at any time point. It is highly unlikely that these T cells are SVV
specific given that SVV-specific T cell responses are not detected in
the blood or BAL fluid until 7 dpi in this animal model (10, 18, 19).
Similarly, VZV-specific T cells are also not detected in the blood
until 3 days postrash (approximately 14 days after exposure) in
children during primary infection (129). Rather, we hypothesize
that these T cells are transporting SVV to the ganglia. This hypoth-
esis is in line with data from previous studies that have suggested
an initial role for T cells in VZV dissemination. In vitro experi-
ments showed an increased propensity of VZV to infect tonsillar
memory CD4 T cells (130, 131), and intravenous injection of
VZV-infected CD4 T cells and not fibroblasts results in a rash on
human skin explant in SCID-hu mice (28). In this study, we ex-
amined ganglia at earlier time points than in previous similar
studies (15, 29) and were able to show T cell infiltration as early as
3 dpi and before the onset of varicella. Although we were not able
to determine whether T cells isolated 3 dpi from the ganglia were
infected with SVV, we were able to show that BAL fluid CD4 and
CD8 T cells isolated 3 dpi from the same animals harbor SVV
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DNA and viral transcripts. Collectively, these data suggest that T
cells play a critical role in SVV dissemination and may potentially
support viral replication.

Additionally, given the intrabronchial challenge route that we
used, SVV may be reaching the ganglia at this early time point
postinfection by traveling directly from the lung (site of infection)
to the ganglia through the vagus nerve as observed in mice infected
intranasally with influenza virus (132) and intraperitoneally with
HSV (133). We also report for the first time that SVV transcripts

are detected 3 dpi in the ganglia, before viral gene expression.
Since we did not measure infectious virus, these transcripts could
be the result of abortive replication either in neurons or in the
surrounding T cells. This issue will have to be clarified in future
studies using ganglionic explants. SVV transcription in the ganglia
ceased 7 dpi, at which point we observed low-level gene expression
from ORF18, ORF34, and ORF35. This was followed by a quies-
cent period before reexpression of SVV ORF61 (viral transactiva-
tor) at 100 dpi, which suggests additional regulatory mechanisms

FIG 11 DEGS in latently infected ganglion tissue (100 dpi) play a role in the development of the nervous system and are associated with neurological diseases.
(A) Heat map of the 20 most upregulated genes that mapped to the GO process “cellular component organization or biogenesis.” (B and C) Heat map of the 20
most downregulated genes that mapped to the GO processes “localization” (B) and “system development” (C). (D) The 10 most statistically significant diseases
(by biomarkers) to which downregulated DEGs mapped.
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controlling the transcription of ORF61. This hypothesis is sup-
ported by the fact that ORF61 transcripts detected during latency
are antisense whereas those detected during acute/lytic infection
are sense (34). Similarly to our observations, HSV-1 replication
was also seen only at 4 dpi in the ganglia of mice inoculated
through the snout or the cornea (134). Our results differ from
previous studies that showed that VZV replication of directly in-
oculated fetal xenografts in SCID mice is sustained until 14 dpi
(6). This discrepancy could be due to the lack of adaptive immu-
nity in the SCID mouse, the immature nature of fetal DRG, and/or
the direct inoculation of the virus into xenografts, which bypasses
host restriction factors.

Viral gene expression at 3 dpi was accompanied by several sig-
nificant changes in host gene expression. The most highly upregu-
lated genes were involved in the troponin complex. It is believed
that the troponin complex may control intra-axonal movement in
neurons and that SVV might be using this mechanism for neuro-
nal spread as previously described for HSV (43). Elevated tro-
ponin levels in the blood are also often seen in patients during an
acute stroke (135, 136). Interestingly, both primary VZV infection
and reactivation have been associated with an increased risk of
stroke after infection (137, 138). In addition, genes associated with
synaptic plasticity and ion transport were downregulated 3 dpi,
indicative of potentially impaired neuronal signal transduction.

Several IFN-stimulated genes (ISGs) were also highly upregu-
lated 3 dpi (OAS1, ISG15, and MXA). This innate immune re-
sponse is likely mediated by the satellite glial cells (SGCs), which
share phenotypic and functional characteristics with dendritic
cells and macrophages (139). Importantly, SGCs express Toll-like
receptor 9 (TLR-9) (140), an intracellular sensor of double-
stranded DNA viruses such as SVV and VZV (141). Therefore,
recognition of SVV viral DNA by TLR-9 may result in the induc-
tion of a type I interferon response. Type I interferons play a crit-
ical role in the host defense against VZV since treatment of immu-
nocompromised patients with alpha interferon (IFN-
) within
the first 72 h after the appearance of the rash reduced the number
of lesions in children with cancer (142). Moreover, IFN-
 plays an
important role in controlling VZV spread in the skin of the SCID
mouse model (28). Interestingly, we did not detect alpha/beta
interferon transcripts. This may be due to the small number of
infected cells and the ability of SVV to suppress interferon expres-
sion within those infected cells (143, 144), which could have di-
luted the strength of the IFN signal, especially since we were using
total ganglion RNA. IFN-stimulated genes could potentially be
upregulated within infiltrating innate immune cells. Although we
detected increased expression of CD68 in ganglia at 3 dpi, it
should be noted that CD68 can also be expressed by SGCs (139).
Unfortunately, due to the limited number of cells recovered after
ganglion digestion, we were unable to quantify other immune cells
that may have infiltrated the ganglia during acute infection using
flow cytometry. Expression of ISGs and other innate immune
genes remained increased at 7 dpi and coincided with the estab-
lishment of latency.

As previously reported for ganglion explants experimentally
infected with VZV (6) and ganglia collected from acutely infected
AGMs (14), we saw an upregulation of CXCL10 in the ganglia at 7
dpi. CXCL10 is a chemokine that can be produced by neurons,
astrocytes, and oligodendrocytes (145) and binds the receptor
CXCR3 on memory T cells and NK cells to induce their migration
to the site of infection (146). Indeed, the NK-specific transcript,

natural killer cell triggering receptor (NKTR), was upregulated 7
and 10 dpi (FC of 3 and 4, respectively). NK cells have also been
shown to infiltrate the ganglia in patients who have had herpes
zoster a few months prior to death (7). Increased expression of
CXCL10 may contribute to the infiltration by antigen-specific T
cells in the ganglia after 7 dpi. However, DEGs associated with T
cell effector function (such as IFN-
, granzyme B, or CD69) were
not detected, possibly due to the low frequency of SVV-specific T
cells in the ganglia. These data differ from those in a recent study
that reported an increase in granzyme B 9 and 21 dpi in the ganglia
of SVV-infected AGMs (29). This discrepancy could be due to the
fact that in contrast to that in rhesus macaques, SVV infection in
AGMs is often fatal (16). Expression of genes important for mac-
rophage-mediated phagocytosis (DNM2, SHIPS, and ENPP2) was
reduced 3 and 7 dpi. The reduced expression of genes involved in
endocytosis may be due to increased expression of ISGs, several of
which inhibit viral uptake through endocytosis as a strategy to
stop viral spread (147, 148).

Many of the downregulated DEGs at 7, 10, 14, and 100 dpi
mapped to the GO terms associated with nervous system develop-
ment. Interestingly, these DEGs remained downregulated long
after virus replication had ended, suggesting that SVV infection of
the ganglia results in long-term changes in the ganglion transcrip-
tome. Several of these genes were involved in myelination (MOBP,
MAG, MBP, and PRG4), which suggested that SVV may lead to
demyelination, as has been described for HSV-1 and -2 (149, 150).
Genes downregulated 14 dpi were involved in neuronal apoptosis,
which may be another strategy that SVV utilizes to establish la-
tency in the ganglia. VZV ORF63 has indeed been shown to inhibit
apoptosis in neurons (151). We also report a downregulation of
genes involved in ERBB signaling, a critical pathway for DRG
development (152), at 14 dpi. As previously reported for VZV-
infected human astrocytes (153), expression of GFAP, which plays
a critical role in astrocyte function, remained downregulated in
sensory ganglia of SVV-infected macaques until 100 dpi.

A recent study examined gene expression changes in keratino-
cyte cell lines infected in vitro with VZV using RNA-Seq (154);
however, this study reported only changes in epidermal genes (cy-
tokeratins and desmosomal genes) and did not discuss changes in
the innate immune response to VZV. An earlier study using mi-
croarray studies showed altered gene expression in T cells infected
with VZV in vitro and in skin xenografts harvested from VZV-
infected SCID-hu mice (155). Only 5 DEGs in the skin xenografts
were detected in our study. These include RGS (G-coupled pro-
tein signaling, 3 and 7 dpi), RPS (ribosomal protein, 7 dpi), GAS
(apoptosis, 3 and 10 dpi), GADD (growth arrest and DNA dam-
age, 100 dpi), and CHI3L (angiogenesis, 100 dpi). Together with
the recent study using keratinocytes (154), these observations
strongly suggest that skin cells generate a different response than
neuronal cells do to varicella virus infection. In contrast, and in
line with the fact that T cells infiltrate the ganglia after SVV infec-
tion, 31 DEGs were detected in VZV-infected T cells and SVV-
infected ganglia. These include genes such as TRIP11 (protein
transport, upregulated 7 dpi), S100A11 (cell cycle, downregulated
3 dpi), BAZ2B (transcriptional regulation, upregulated 7 and 10
dpi), and APOB (lipid transport, upregulated 3 dpi).

In summary, this study is the first to use next-generation se-
quencing of ganglia collected during both acute and latent infec-
tion following experimental inoculation of a robust nonhuman
primate model of VZV infection to study both host and viral tran-
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scriptomes. Although a small number of animals were used in
these studies, the outbred nature of rhesus macaques coupled with
the stringent bioinformatics approaches provides novel insight
into host-pathogen interactions during acute varicella and latent
infection. Our data show that SVV reaches the ganglia very quickly
after infection, most likely via hematogenous spread within in-
fected T cells. SVV transcription is detected briefly before estab-
lishment of latency. Cessation of viral transcription correlates
with a robust upregulation of IFN-stimulated genes and antiviral
innate immune response. Importantly, SVV infection results in
significant changes in the expression of genes involved in neuro-
genesis and nervous system development that persist long after
cessation of viral replication. It is possible that some of these gene
changes could in part be mediated by the robust immune response
that develops during acute infection. Given the similarities be-
tween SVV and VZV, these data enhance our current understand-
ing of the neurological consequences of VZV infection.
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