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Varicella-zoster virus (VZV) reactivation causes herpes zoster, which is accompanied by an influx of
lymphocytes into affected ganglia, but the stimulus for this infiltrate is not known. We report that VZV infection
of ganglia leads to increased CXCL10 production in vitro, in an explant ganglion model and in naturally
infected dorsal root ganglia (DRG) during herpes zoster. Lymphocytes expressing the receptor for CXCL10,
CXCR3, were also observed throughout naturally infected ganglia during herpes zoster, including immediately
adjacent to neurons. This study identifies VZV-induced CXCL10 as a potential driver of T lymphocyte

recruitment into DRG during herpes zoster.

Varicella-zoster virus (VZV) establishes latency in sensory
ganglia, mainly dorsal root ganglia (DRG) (2, 13, 18), and can
reactivate to cause herpes zoster (3). Studies of postmortem
ganglia from patients with herpes zoster near the time of death
have shown infiltration of these ganglia by immune cells (9),
largely T cells (5). However, the cytokines and chemokines
which may be responsible for this inflammatory infiltrate are
unknown. The chemokine CXCL10 specifically binds to
CXCR3 on memory T cells and NK cells to induce migration
(11, 21). Neurons and their supporting cells are capable of
producing CXCL10 (14), and the expression of CXCL10
during a number of viral infections of the nervous system,
including herpes simplex virus encephalitis, rabies, West
Nile fever, and dengue, has been reported (7, 8, 15, 17).
Therefore, we sought to determine whether VZV replica-
tion in human DRG alters the expression of CXCL10 as a
potential driver of the immune cell infiltration observed in
DRG during herpes zoster.

VZV is highly species specific, and so the whole-explant fetal
DRG model which we previously described (4) provides a
platform to study the innate immune response to VZV infec-
tion within intact human DRG. Furthermore, access to ganglia
obtained postmortem from patients suffering from herpes zos-
ter at the time of death allows for comparisons of our in vitro
model to natural reactivation. In the present study, CXCL10
production was assessed in experimentally infected human ex-
plant ganglia as well as in rare naturally infected ganglia re-
moved from a patient with herpes zoster at the time of death.

For experimental VZV infection, human fetal DRG were
harvested, explanted, and infected with VZV S as previously
described (4). DRG were formalin fixed and paraffin embed-
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ded at 24 and 48 h postinfection (p.i.). Productive infection of
DRG was confirmed by immunostaining for VZV proteins as
described previously (4) (data not shown). Mock- and VZV-
infected explant DRG from the same donor were also har-
vested for RNA extraction, and quantitative reverse transcrip-
tion-PCR (qRT-PCR) was performed for CXCL10 and
normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as described previously (19). Primer sequences are
listed in Fig. 1A. At both 24 and 48 h p.i., CXCL10 mRNA was
significantly upregulated (P < 0.05) within VZV-infected

A Primer name Sequence
CXCL10 Forward | 5-CCAATTTTGTCCACGTGTTG-3'
Reverse | 5-GCTCCCCTCTGGTTCCAAGG-3'
GAPDH Forward | 5-TCACCAGGGCTGCTTTTAAC-3'
Reverse | 5-GACAAGCTTCCCGTTCTCAG-3'
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FIG. 1. CXCL10 mRNA levels in human ganglia experimentally
infected with VZV. CXCL10 mRNA levels in mock- and VZV-in-
fected ganglia were determined by qRT-PCR and normalized to
GAPDH. (A) Forward and reverse primer sequences are shown.
(B) The relative quantity of CXCL10 transcripts is represented as a
fold change in VZV-infected ganglia in comparison to mock infection.
Error bars represent standard error of the mean from three indepen-
dent experiments using different ganglia samples. Significant difference
from the mock-infected control was determined using a one-tailed,
paired Student’s ¢ test (*, P < 0.05).
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DRG compared to mock-infected DRG (Fig. 1B). At 24 h p.i.,
a 15-fold increase in CXCLI10 transcript levels over mock
DRG was observed, and this increased to 70-fold at 48 h p.i.

We next determined if VZV infection of DRG increased
CXCL10 protein secretion. Supernatants from mock- and
VZV-infected DRG cultures were harvested at 48 h (n = 1),
72 h (n = 3), and 96 h (n = 3) p.., and an enzyme-linked
immunosorbent assay (ELISA) for CXCL10 was performed
(R&D Systems, Minneapolis, MN). This analysis revealed an
increase in the amount of secreted CXCL10 in VZV-infected
DRG versus mock-infected DRG at all three time points p.i.,
with statistical significance confirmed at 72 h p.i and 96 h p.i,,
where three independent biological replicates were performed
(Fig. 2). From 48 h p.i. to 96 h p.i., the level of CXCL10 protein
remained high in infected DRG culture supernatants, with
averages ranging from 400 pg/ml to 506 pg/ml. In contrast, the
level of CXCL10 protein in mock-infected DRG supernatants
decreased from 183 pg/ml at 48 h p.i. to 38 pg/ml by 96 h p.i.
As human foreskin fibroblasts (HFFs) were used as a cell-
associated inoculum, supernatants from mock- and VZV-in-
fected HFFs were also assessed by ELISA for CXCL10. Ex-
pression in these HFFs remained below the limit of detection
(12.5 pg/ml), demonstrating that ganglionic cells were the
source of the CXCL10 detected in supernatants from VZV-
infected DRG.

As CXCLI10 can be induced by type I (« and B) and type 11
(y) interferon (IFN) (12, 16), ELISA was performed (PBL
Biomedical, Piscataway, NJ) to determine whether VZV in-
duced these IFNs. At all time points p.i., IFN-«, -B, and -y
levels in supernatants from VZV-infected DRG showed no
evidence of induction, but rather remained close to or below
the limit of detection (25 pg/ml) (Fig. 2B to D). These data
suggest that IFN induction is not a prominent feature of VZV
infection of explant DRG, suggesting that an alternative mech-
anism may be responsible. However, our findings do not elim-
inate the possibility that localized IFN production (not de-
tected in culture supernatants) may play a role in driving
CXCL10 production. The processes which underpin the up-
regulation of CXCL10 during VZV infection of DRG remain
to be determined, and this will be an important component of
future studies. This will be particularly important in naturally
infected DRG as it is possible that infiltrating immune cells
(e.g., T cells) reported in ganglia following reactivation in vivo
(5) may express IFN and so contribute to the induction of
CXCLI10.

To elucidate the cell type(s) producing CXCL10, mock- or
VZV-infected DRG were incubated for 72 h and exposed to
GolgiPlug (BD, Australia) for the last 8 h. Five-micrometer
sections were immunostained for CXCL10 and either the VZV
early gene product pORF29; a satellite cell marker, S100b (4);
or a neuronal cell marker, synaptophysin (22). Bound anti-
CXCLI10 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) was detected with anti-mouse Alexa Fluor 594 (Invitro-
gen, Australia), and pORF29, S100b (Dako, Australia), and
synaptophysin (Invitrogen, Australia) antibodies were detected
with anti-rabbit Alexa Fluor 488. CXCL10-positive cells were
observed in both mock- and VZV-infected DRG; however, in
VZV-infected DRG, the CXCLI10-positive cells were more
abundant (Fig. 3A and B). These findings were consistent with
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FIG. 2. Secreted CXCL10 protein levels in human ganglia experi-
mentally infected with VZV. (A) Supernatants from mock- and VZV-
infected explant ganglia were tested for CXCL10 by ELISA at 48, 72,
and 96 h postinfection. Error bars represent the standard error of the
mean from three independent experiments (with the exception of
CXCLI10 with mock infection 48 h p.i., for which n = 1). Significant
differences from the mock-infected controls were determined for the
time points where n = 3, using a one-tailed, paired Student’s ¢ test (*,
P < 0.05). (B to D) Supernatants from mock- and VZV-infected
explant ganglia were also tested for IFN-a, -8, and -y by ELISA. The
values for the mock infection are shown as an average from superna-
tants collected at all three time points. Error bars represent the stan-
dard error of the mean from three independent experiments.

the elevated levels of CXCL10 mRNA and secreted protein
detected in VZV-infected DRG (Fig. 1B and Fig. 2).

The majority of CXCL10-positive cells in VZV-infected
DRG costained for synaptophysin (Fig. 3D), with only spo-
radic costaining for S100b (Fig. 3E), demonstrating that neu-
rons were the main source of CXCLI10. In sections costained
for CXCL10 and pORF29, only a few scattered cells were
dually positive, with most CXCL10-positive cells showing no
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FIG. 3. Identification of cell types producing CXCL10 following experimental VZV infection of human ganglia. (A to C) Dual-
immunofluorescence staining for cytoplasmic CXCL10 (red) and nuclear VZV pORF29 (green) was performed on mock- and VZV-infected
ganglia treated with GolgiPlug. CXCL10-positive cells were observed in both VZV-infected (A) and mock-infected (B) ganglia. (A) VZV
pORF29 was only detected in VZV-infected ganglia, and in these ganglia, both pORF29-positive (arrowhead) and -negative (arrow) cells
were CXCL10 antigen positive. (C) No specific CXCL10 or VZV pORF29 staining was observed in VZV-infected ganglia stained with
isotype control antibodies. (D) Dual-immunofluorescence staining for CXCL10 (red) and the neuronal marker synaptophysin (green)
showed dually positive cells within infected ganglia (arrowhead). (E) Dual immunofluorescence staining for CXCL10 (red) and S100b to
label satellite cells (green) showed that the vast majority of CXCL10 positive cells were S100b negative (arrowhead), in VZV infected
ganglia, although occasionally smaller, dually positive cells were observed (arrow). (F) No specific CXCL10, synaptophysin, or S100b staining
was observed in VZV-infected ganglia stained with isotype control antibodies. Images are representative of immunofluorescence staining on

ganglia from four independent experiments.

evidence of VZV infection (Fig. 3A). Taken together, these
findings demonstrate that following VZV infection of DRG,
CXCLI10 protein is upregulated predominantly by bystander,
uninfected neurons and not by the infected neurons them-
selves.

We next sought to determine if neurons and/or satellite
cells produce CXCL10 in response to natural VZV infec-
tion. We obtained a very rare sample consisting of ganglia
from a patient with herpes zoster at the time of death, but
who died from unrelated causes. The patient was a 93-year-
old male with dementia who died from pneumonia and had
a herpes zoster rash at the left L2 dermatome at the time of
death. Sections from the formalin-fixed lumbar ganglion
innervating the site of the rash and an unaffected cervical
ganglion from the same patient were used for nucleic acid
extraction and immunohistochemistry (IHC). Both ganglia

were VZV DNA positive by PCR; however, VZV gE, which
has not been shown to be expressed during latency, was
detected by IHC only within the lumbar ganglion innervat-
ing the zoster rash site (data not shown), consistent with
active VZV replication in the innervating ganglion and la-
tency in the cervical ganglion.

RNA was extracted from ganglionic sections using the
RecoverAll total nucleic acid isolation kit (Ambion, Carls-
bad, CA) as per the manufacturer’s instructions, except the
protease digestion was an overnight incubation (1) and a
20-min incubation at 70°C was added following protease
digestion (10). From this limited RNA, qRT-PCR was per-
formed for CXCL10, with normalization to GAPDH.
CXCL10 mRNA was detected within both ganglia; however,
it was 46 times more abundant in the reactivated DRG
compared to the unaffected DRG (Fig. 4A). To determine

FIG. 4. CXCL10 and CXCR3 detection in naturally infected human ganglia during herpes zoster. From a patient who died with a herpes zoster
rash but not from VZV-related causes, two dorsal root ganglia (DRG) were obtained, one of which innervated the site of the lumbar rash.
The other was from an unaffected cervical region. (A) The relative amount of CXCL10 mRNA was determined by qRT-PCR and normalized to the
housekeeping gene coding for GAPDH. (B to E) Immunohistochemical staining of DRG sections for CXCL10. (B) The ganglion innervating
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the site of the rash contained CXCL10-positive neurons (arrow) and infiltrating cells (arrowhead). (C) Staining with isotype control antibody
performed on the consecutive section (corresponding neurons are indicated by asterisks) showed no specific CXCL10 staining. (D and E) Weak
CXCLI10 staining was observed in the unaffected DRG (D) but not in the consecutive section stained with isotype control antibody (E). (The
corresponding neurons are indicated by asterisks.) Sections were counterstained with azure B to distinguish true staining from lipofuscin and
neuromelanin. (F to I) Sections from the same ganglia were immunofluorescently stained for CXCR3 (red) and S100b (green) and counterstained
with DAPI (4',6-diamidino-2-phenylindole) (blue). (F) Nonneuronal CXCR3-positive cells were observed throughout the reactivated lumbar DRG
(arrows), with some CXCR3-positive cells juxtaposed to neurons (boxed region). Panel G shows a higher-power magnification of an inset from
panel F. (H) CXCR3-positive cells were rarely detected in the unaffected DRG from the same patient. (I) Isotype control staining performed on
the consecutive section to that shown in panel H showed no specific staining. (Corresponding neurons are indicated by asterisks.)
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whether this increased CXCL10 mRNA expression was re-
flected at the protein level, 5-pm sections were immuno-
stained for CXCL10 by IHC, as described previously (5).
Bound CXCL10 antibody (R&D Systems, Australia) was
detected using a rabbit anti-goat biotin-conjugated antibody
(Dako, Australia), followed by streptavidin-horseradish per-
oxidase (HRP), and visualized with diaminobenzidine
(Dako, Australia). To distinguish specific staining from nat-
urally occurring neuronal pigments, azure B was used as a
counterstain (5, 23). Strong CXCLI10 staining was clearly
visible in the reactivated lumbar ganglion in both neurons
and infiltrating cells (Fig. 4B). Some CXCL10 staining was
detected in the unaffected cervical ganglion neurons (Fig.
4D); however, the staining intensity was markedly lower
than that of the productively infected lumbar ganglion which
innervated the site of the zoster rash. Counting of neurons
from multiple random fields of view revealed that 48% of
neurons were CXCL10 positive in the reactivated ganglion,
whereas only 19% of neurons in the nonaffected ganglion
displayed any evidence of CXCL10 staining. No staining was
observed with the isotype control antibody on consecutive
sections (Fig. 4C and E). Thus, CXCL10 expression was
upregulated in vivo in naturally infected human DRG inner-
vating the site of the herpes zoster rash.

CXCLI10 recruits memory T cells and NK cells which express
CXCR3 (11, 20, 21). To determine whether cells infiltrating
into DRG expressed CXCR3, we immunostained sections
from the DRG innervating the herpes zoster rash and the
unaffected DRG for CXCR3. Sections were also stained for
S100b to better visualize resident satellite cells which provide a
protective ring around neurons (6). Sudan black B was used to
block neuronal autofluorescence, and staining was performed
as described previously (5). Bound CXCR3 (Abcam, United
Kingdom) and S100b (Dako, Australia) antibodies were de-
tected with Alexa Fluor 595 and 488 antibodies, respectively.
Numerous CXCR3-positive infiltrating cells were visible within
areas of infiltration throughout the DRG innervating the site
of the herpes zoster rash (Fig. 4F), including immediately
adjacent to neurons (Fig. 4G). In contrast, very few CXCR3-
positive cells were observed in the unaffected DRG (Fig. 4H).
No CXCR3 staining was detected in neurons. Thus, in vivo
reactivation of VZV within DRG is associated with an increase
in CXCL10, together with an infiltration of CXCR3-positive
cells. It is currently not possible to determine if these infiltrat-
ing immune cells are VZV antigen specific or if neurons in vivo
are capable of presenting VZV antigens to T cells; however,
the observation that some CXCR3-positive cells were imme-
diately adjacent to neurons (Fig. 4G) raises the possibility that
they may interact directly to control the spread of the virus in
reactivated DRG.

In summary, we identify upregulated CXCL10 expression
as a prominent feature of VZV replication in DRG during
experimental infection and, most significantly, also in vivo
during reactivation of naturally infected DRG. Further-
more, infiltrating cells expressing CXCR3, the receptor for
CXCL10, were identified in DRG during VZV reactivation.
CXCL10 may therefore be a signature chemokine that re-
cruits CXCR3-positive inflammatory cells, resulting in gan-
glionitis. In addition to CXCL10, there are multiple other
chemokines and cytokines which act as drivers of immune
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cell recruitment, and these warrant further investigation to
identify additional potential cellular mediators of the in-
flammatory response in VZV-infected DRG. In the context
of CXCL10, other neurotropic viruses such as HSV, West
Nile virus, and rabies virus also induce expression of this
chemokine (8, 15, 17), and in the case of West Nile virus,
this has been reported to drive the influx of T cells to regions
of infection (8), suggesting that CXCL10 production may be
a common antiviral host response to neuronal infection.
This study provides the first evidence for a mechanism by
which immune cells are recruited into human ganglia fol-
lowing natural VZV reactivation in vivo.
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