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Background.  Varicella zoster virus (VZV) can present as a myelopathy with spinal astrocyte infection. Recent studies support a 
role for the neurokinin-1 receptor (NK-1R) in virus infections, as well as for cytoskeletal alterations that may promote viral spread. 
Thus, we examined the role of NK-1R in VZV-infected primary human spinal astrocytes (HA-sps) to shed light on the pathogenesis 
of VZV myelopathy.

Methods.  Mock- and VZV-infected HA-sps were examined for substance P (subP) production, NK-1R localization, morpholog-
ical changes, and viral spread in the presence or absence of the NK-1R antagonists aprepitant and rolapitant.

Results.  VZV infection of HA-sps induced nuclear localization of full-length and truncated NK-1R in the absence of the 
endogenous ligand, subP, and was associated with extensive lamellipodia formation and viral spread that was inhibited by NK-1R 
antagonists.

Conclusions.  We have identified a novel, subP-independent, proviral function of nuclear NK-1R associated with lamellipodia 
formation and viral spread that is distinct from subP-induced NK-1R cell membrane/cytoplasmic localization without lamellipodia 
formation. These results suggest that binding of a putative viral ligand to NK-1R produces a dramatically different NK-1R down-
stream effect than binding of subP. Finally, the NK-1R antagonists aprepitant and rolapitant provide promising alternatives to nucle-
oside analogs in treating VZV infections, including myelopathy.
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Varicella zoster virus (VZV) is an exclusively human, ubiqui-
tous alphaherpesvirus that produces varicella, after which it 
establishes latency in neurons within cranial nerve, dorsal root, 
and autonomic ganglia [1–3]. With advanced age or immuno-
suppression, VZV reactivates and typically travels peripherally 
to skin, producing zoster. However, virus can also travel cen-
trally along nerve fibers to infect the spinal cord, producing 
myelopathy with or without zoster [4].

VZV myelopathy is one of several neurological complications 
of VZV reactivation and presents as a self-limiting paraparesis 
with or without sensory features and sphincter problems [4]. 
In immunocompromised individuals, particularly those with 
human immunodeficiency virus infection, myelopathy can be 
progressive and fatal, with frank virus infection of the spinal 
cord [5, 6]. Pathogenic mechanisms of VZV myelopathy are 
not well characterized, mainly because VZV is an exclusively 

human virus. However, postmortem analyses of 8 patients with 
VZV myelopathy revealed that astrocytes, as well as oligoden-
drocytes and neurons, in the spinal cord were infected horizon-
tally and longitudinally [7]. The site of cord involvement was 
associated with VZV reactivation and zoster, supporting the 
notion that, following reactivation from ganglionic neurons, 
VZV travels peripherally to the skin, producing zoster, and 
centrally to the spinal cord, producing myelopathy. Additional 
support that VZV myelopathy can be caused by direct VZV 
invasion of the spinal cord is clinical improvement following 
acyclovir therapy in cases of (1) acute and rapidly progressive, 
virologically verified VZV myelopathy in patients with acquired 
immunodeficiency syndrome [8, 9] and (2) acute VZV myelop-
athy in patients with multiple sclerosis who are receiving immu-
nomodulatory therapy [10, 11].

Of the cell types within the spinal cord, astrocytes are most 
likely key contributors to central nervous system (CNS) spread 
of infection and development of VZV myelopathy, since astro-
cytes are the most abundant glial cell type in the CNS, are crucial 
regulators of extracellular homeostasis and neuroinflammation, 
and have a high capacity for migration [12]. Current knowl-
edge of VZV infection of astrocytes is limited to human cor-
tical astrocytes. Postmortem immunohistochemical studies of 
a brain with VZV encephalitis show that cortical astrocytes are 
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preferentially infected [13–15]. In vitro studies show that astro-
cytes isolated from human brain are permissive to VZV infec-
tion [16] and have decreased expression of glial fibrillary acidic 
protein (GFAP) [17].

Previous studies have shown that binding of substance P 
(subP) to the neurokinin-1 receptor (NK-1R) is involved in 
human immunodeficiency virus infection, measles, and respi-
ratory syncytial virus infection [18–20] and contributes to 
cytoskeletal rearrangements and membrane blebbing [21] that 
may facilitate VZV spread [22]. NK-1R is a G-protein–coupled 
tachykinin receptor expressed as a full-length or truncated form 
on the surface of many cells and is involved in pain transmission, 
immune modulation, and multiple cellular processes [23, 24].

Herein, we tested whether primary human spinal cord astro-
cytes are permissive to VZV infection, providing an in vitro 
model to study VZV myelopathy pathogenesis. We also tested 
whether VZV infection of primary human spinal astrocytes 
produces subP and whether blockade of NK-1R inhibits VZV-
induced cellular projections and subsequent viral spread.

METHODS

Virus and Cells

The Gilden VZV strain, isolated from the zoster vesicle of a 
75-year-old man, was propagated in human fetal lung fibro-
blasts (ATCC, Manassas, VA) and cryopreserved at passage 
3. Whole genome–based genotyping identified the strain as a 
clade 3 isolate (GenBank accession number MH379685).

Primary human spinal astrocytes (HA-sps; ScienCell, 
Carlsbad, CA) were used; cell type was confirmed by an immu-
nofluorescence antibody assay (IFA), using an anti-GFAP anti-
body and 4′,6-diamidino-2-phenylindole (DAPI) nuclear DNA 
stain, and cells were quantitated by Fiji image processing soft-
ware (available at: https://fiji.sc/).

Cell-associated infections were used in all experiments 
to more accurately represent infection in vivo. HA-sps were 
seeded at a volume of 5000 cells/cm2 in basal astrocyte medium 
containing 2% fetal bovine serum, 1% astrocyte growth supple-
ment, and 1% 100× penicillin-streptomycin (ScienCell). After 
24 hours, medium was changed to basal astrocyte medium 
containing 0.1% fetal bovine serum and 1% 100× penicil-
lin-streptomycin and was replenished every 72 hours for 7 days, 
establishing quiescence. On day 7, quiescent HA-sps (qHA-sps) 
were exposed to lysed, VZV-infected human fetal lung fibro-
blasts; medium was changed at 24 hours, and qHA-sps were 
harvested 3  days after infection and cryopreserved as a stock 
for cell-associated infections. Samples were thawed, and VZV 
was quantified by titration to 100 plaque-forming units/µL and 
verified for the absence of mycoplasma. Quiescent HA-sps were 
cocultivated with either VZV-infected HA-sps (0.008 multi-
plicity of infection [MOI]) or uninfected (ie, mock-infected) 
HA-sps and analyzed 3  days after infection, when individual 

VZV-infected cells were still clearly visualized adjacent to unin-
fected cells (<30% infected cells/culture).

To determine the contribution of replicating virus in NK-1R 
signaling, VZV lysates that were and those that were not 
exposed to UV irradiation, to inactivate infectious virus, were 
used. VZV-infected HA-sps were lysed and exposed to UV or 
ambient light for 1 hour, added to uninfected qHA-sps at a 
MOI of 0.008, and analyzed 3 days after infection by IFA.

Flow Cytometry

To determine the extent of VZV infection 3 days after infection, 
mock- and VZV-infected qHA-sps were harvested and analyzed 
for expression of VZV glycoprotein E (gE; Millipore, Billerica, 
MA), using flow cytometry as described elsewhere [25].

Substance P (subP) Enzyme-Linked Immunosorbent Assay (ELISA)

At day 3 after infection, supernatant from mock- and VZV-
infected qHA-sps were analyzed for subP, using a colorimetric 
competitive ELISA per the manufacturer’s instructions (Enzo, 
Farmingdale, NY). Rhesus macaque serum normally contain-
ing subP served as positive control [26].

IFA

Quiescent HA-sps were cultured with cell-associated virus, unin-
fected cells, and VZV lysate, with or without UV treatment, in 
24-well µ-plates (ibidi, Martinsried, Germany). Three days after 
infection, qHA-sps were fixed with 4% paraformaldehyde, per-
meabilized in 0.3% Triton X-100 for 20 minutes (GFAP) or 0.15% 
Triton X-100 for 10 minutes (NK-1R), blocked in 10% normal 
donkey serum (Jackson ImmunoResearch, West Grove, PA) for 1 
hour, and stained with a 1:500 dilution of either mouse anti-hu-
man VZV gE (Santa Cruz Biotechnology, Santa Cruz, CA) or 
mouse anti-human VZV glycoprotein B (gB; Abcam, Cambridge, 
MA). GFAP and NK-1R were detected using chicken anti-GFAP 
(1:500 dilution; Abcam) and polyclonal rabbit anti-NK-1R (1:100 
dilution; Novus Biologicals, Littleton, CO) directed against the 
N-terminus, respectively. Primary antibodies were incubated 
overnight at 4°C. Secondary antibodies consisted of Alexa Fluor 
488 donkey anti-rabbit immunoglobulin G (IgG; Invitrogen, 
Carlsbad), 594 donkey anti-mouse IgG (Invitrogen), and 647 
donkey anti-chicken IgG (MilliporeSigma, Burlington, MA), 
all at a dilution of 1:500 for 1 hour at room temperature. After 
secondary antibody application and phosphate-buffered saline 
washes, DAPI (Vector Laboratories, Burlingame, California) was 
added at 1:500 for 5 minutes, washed 3 times, and stored in 2 mL 
of phosphate-buffered saline. Cells were visualized by confocal 
microscopy (using a 3I Marianas inverted spinning disk on Zeiss 
Axio observer Z1; Oberkochen, Germany) and analyzed using 3I 
Slidebook 6 software.

As a control to verify NK-1R localization when bound to the 
endogenous ligand, subP, uninfected qHA-sps were treated with 
10–6 M subP (Abcam) for 60 minutes and visualized for process 
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formation with CellTracker Deep Red (Invitrogen) or fixed and 
examined for the distribution of NK-1R by IFA.

Calcium Imaging

To determine whether the subP-NK-1R signaling pathway was 
intact in HA-sps as shown by calcium flux, qHA-sps were incu-
bated for 30 minutes with 2 µM Fluo-4 AM (Invitrogen) fluo-
rescent calcium indicator diluted in imaging solution (125 mM 
NaCl, 5.7  mM KCl, 2.5  mM CaCl2, 1.2  mM MgCl2, 10  mM 
HEPES, pH 7.4) and treated with 10–6 M subP (Abcam). Cells 
were imaged live using a Zeiss LSM 800 microscope before and 
after subP treatment; calcium flux was quantitated using Fiji 
software.

Treatment With the NK-1R Antagonists Aprepitant and Rolapitant

Twelve hours after infection, VZV-infected HA-sps were 
treated with 10  µM aprepitant (Selleckchem, Houston, TX), 
5  µM rolapitant (AdooQ, Irvine, CA; optimal concentrations 
without cell toxicity were determined in preliminary assays on 
uninfected qHA-sps, using 1–100 µM aprepitant and 1–50 µM 
rolapitant; data not shown), or vehicle (DMSO) and retreated at 
24 and 48 hours after infection. Light microscopy images were 
obtained 12, 24, 48, and 72 hours after infection, followed by 
DNA extraction and quantitative polymerase chain reaction 
(qPCR) for VZV DNA.

DNA/RNA Extraction and qPCR

DNA was extracted using the DNeasy Blood and Tissue Kit 
(Qiagen, Germantown, MD); RNA was extracted using the 
Direct-zol RNA MiniPrep kit (Zymo Research, Irvine) and 
reverse transcribed using the Transcriptor High Fidelity cDNA 
Synthesis Kit (Roche, Basel, Switzerland). DNA and comple-
mentary DNA were analyzed with qPCR primers corresponding 
to VZV open reading frame 68 and glyceraldehyde-3-phos-
phate-dehydrogenase (GAPdH) as described elsewhere [27], 
as well as primers specific for all NK-1R isoforms (spanning 
exon 1, since truncations occur at the 3′ end and all isoforms 
contain exon 1)  and full-length-only NK-1R isoforms (span-
ning exon 5; prevalidated primers Hs.PT.58.28023671.g and 
Hs.PT.58.40639132.g; Integrated DNA Technologies, Coralville, 
IA). Data were normalized to GAPdH and analyzed using the 
∆∆ threshold cycle method.

Western Blot Analysis

At 3 days after infection, cell membrane/cytoplasmic and 
nuclear protein fractions from mock- and VZV-infected qHA-
sps were isolated by a micropreparation technique [28] and 
30 μg/fraction analyzed by western blot as previously described 
[29]. Polyvinylidene difluoride membranes were probed using a 
polyclonal rabbit anti-NK-1R antibody (1:100 dilution; Novus 
Biologicals) diluted in blocking solution (1× casein) over-
night at 4°C. Secondary goat anti-rabbit IgG antibody conju-
gated to horseradish peroxidase (Abcam) was diluted 1:1000 

and incubated at room temperature for 1 hour. Reactions 
were examined using the SuperSignal West Femto Maximum 
Sensitivity Substrate (ThermoFisher Scientific, Waltham, MA). 
Blots were stripped, blocked for 1 hour, and probed with the 
control antibodies lamin B1 (1:100 dilution; Cell Signaling 
Technology, Danvers, MA) and β-actin (1:2000 dilution; Cell 
Signaling Technology). Western blot products were evaluated 
in a single image, using the Fiji gel analysis tool.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 
(GraphPad, San Diego, CA). Significant differences in VZV 
DNA levels between treated and untreated VZV-infected qHA-
sps at each time point were determined using the unpaired 
Student t test. A 2-tailed binomial test was used to determine 
statistical significance in cytoplasmic versus nuclear protein 
expression ratios of NK-1R between groups (expected out-
comes were generated from mock-infected qHA-sps).

RESULTS

Primary Human Spinal Astrocytes Are Permissive to VZV Infection and 

Develop Lamellipodia and Filopodia

All DAPI-positive qHA-sps contained GFAP (total cells 
counted,  9787), indicating a homogeneous astrocyte culture 
(Figure  1A). Quiescent HA-sps were permissive to infection, 
with VZV-gB–positive cells exhibiting cellular projections (ie, 
lamellipodia) contacting adjacent uninfected cells (Figure 1B). 
Higher magnification of a VZV-infected qHA-sp (Figure  1C) 
showed the striking morphology of a lamellipodium, which 
contained slender cytoskeletal projections (ie, filopodia). In 
contrast, uninfected qHA-sps adjacent to a VZV-infected 
qHA-sp with lamellipodia showed a normal polygonal mor-
phology (Figure  1D). Additional images demonstrated the 
complex structure of lamellipodia in VZV-infected qHA-sps 
(Supplementary Figure 1A and 1B).

VZV Infection Is Associated With Nuclear Localization of NK-1R in 

Primary Human Spinal Astrocytes in the Absence of the Endogenous 

Ligand, subP

Three days after infection, IFA revealed diffuse NK-1R in the cell 
membrane/cytoplasm of mock-infected qHA-sps (Figure 2A), with 
minimal NK-1R detected within the nucleus on z-stack imaging 
(Figure 2B). In contrast, a VZV-gE-positive qHA-sp (Figure 2C) 
contained NK-1R predominantly in the nucleus (Figure 2C and 2D),  
as confirmed by z-stack imaging. Quiescent HA-sps during early 
infection were identified at the borders of VZV-infected cell clus-
ters. A qHA-sp during early infection was identified by the pres-
ence of a small amount of VZV gB along the bottom of the nucleus 
(Figure 2E) and the onset of adjacent NK-1R nuclear localization. 
Experiments using VZV lysates without or with UV irradiation 
revealed similar findings; qHA-sps exposed to VZV lysates con-
tained VZV-gB–positive cells with nuclear NK-1R, while qHA-sps 

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy297#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy297#supplementary-data
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exposed to UV-irradiated lysates expressed no VZV gB or nuclear 
NK-1R (Supplementary Figure 2).

ELISA of positive control rhesus macaque serum revealed 
5652 pg/mL of subP, whereas supernatant from mock- 
and VZV-infected HA-sps had no detectable subP (assay 
range,  9.76–10 000 pg/mL), indicating that VZV-induced 
nuclear localization of NK-1R is subP independent.

VZV Infection Is Associated With Nuclear Localization of 3 NK-1R 

Isoforms

Three days after infection, flow cytometry confirmed that only 
20% of cells were infected (Figure 3A), demonstrating that VZV 
cultures were not overly infected and contained dying cells with 
disrupted nuclear membranes that may interfere with accu-
rate nuclear localization of NK-1R. Western blot demonstrated 

A

C

D

B

Figure 1.  Infection of primary human spinal astrocytes with varicella zoster virus (VZV). Quiescent primary human spinal astrocytes (qHA-sps) were mock- or VZV-infected 
and analyzed by immunofluorescence antibody assay 3 days after infection, using antibodies against glial fibrillary acidic protein (GFAP; an astrocyte marker) or VZV glyco-
protein B (gB). GFAP was seen in all cells (yellow; A), confirming a pure astrocyte culture. Quiescent HA-sps were permissive to VZV infection, as shown by a cell expressing 
VZV gB (red; B); note the projections (lamellipodia) of the infected cell extending to surrounding uninfected cells. A higher-magnification image of a VZV-infected astrocyte 
(red; C) showed a strikingly long lamellipodium (long arrow) that extends toward an uninfected cell; filopodia (short arrows) were also seen sprouting from the lamellipodium. 
A phase-contrast image overlay demonstrated the normal morphology of uninfected bystander HA-sps (clear cells) and 2 lamellipodia arising from a VZV-infected astrocyte 
(red cell; D). Blue indicates cell nuclei. Original magnification ×400 (A, B, and D) and ×600 (C).

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy297#supplementary-data
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a distinct lamin band (66  kDa) in nuclear but not cell mem-
brane/cytoplasmic fractions. Use of a polyclonal anti–NK-1R 
antibody to confirm IFA results and determine the NK-1R iso-
forms involved revealed the expression of 3 NK-1R isoforms 
(a 46-kDa full-length isoform and 38- and 33-kDa truncated 
isoforms) in qHA-sps (Figure  3B). The 38-kDa isoform was 
present predominantly in the cell membrane/cytoplasm of 
VZV- and mock-infected cells (Figure 3B) and predominantly 
in the nucleus of VZV-infected cells, but it was not detected 
in the nucleus of mock-infected cells. Since this band was not 
as intense as those of the other 2 isoforms, it is possible that a 
small amount of the 38-kDa isoform was present in cell mem-
brane/cytoplasm but not detected with the amount of protein 

loaded; however, there remained a significant shift of this iso-
form to the nucleus during VZV infection. In contrast, both 
nuclear and cell membrane/cytoplasmic fractions of VZV- and 
mock-infected lysates contained the full-length and truncated 
33-kDA isoforms (Figure 3B); however, during VZV infection, 
there was a significant shift of these 2 isoforms into the nucleus. 
Calculation of band intensities by using the Fiji gel analysis tool 
showed that percentages of cytoplasmic and nuclear full-length 
NK-1R expression in mock-infected qHA-sps (70.6% and 
29.4%, respectively) shifted following VZV infection (59.3% 
and 40.7%, respectively; P < .05, by the 2-tailed binomial test; 
Figure  3C; left panel). The 33-kDa isoform showed a similar 
shift in mock-infected qHA-sps (77.8% and 22.2%, respectively) 

A

Mock-infected

VZV-infected

VZV-infected

B

C

E

D

Figure 2.  Neurokinin-1 receptor localization in mock- and varicella zoster virus (VZV)–infected primary human spinal astrocytes, detected by immunofluorescence antibody 
assay (IFA). Quiescent primary human spinal astrocytes were mock- or VZV-infected and analyzed by IFA 3 days after infection, using an antibody against neurokinin-1 recep-
tor (NK-1R) and VZV glycoprotein E (gE) or B (gB). NK-1R was expressed predominantly in the cytoplasm of mock-infected cells (green; A) and to a much lesser extent in the 
nucleus, as shown in a z-stack image (green; B). In an infected cell expressing VZV gE (red; C), NK-1R was expressed predominantly in the nucleus (green; C) and to a much 
lesser extent in the cytoplasm, as shown by a z-stack image (green; D). An astrocyte during early infection (top cell; E) showed only minimal VZV gB (red) in the cytoplasm at 
the bottom edge of the nucleus as compared to the intense VZV gB (red) throughout a highly infected cell on the bottom of the panel. In the early infected cell, NK-1R appeared 
to begin localizing to the nucleus adjacent to VZV gB (green [white arrow]; E). Original magnification ×400 (A, C, and E) and ×600 (B and D).
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versus VZV-infected qHA-sps (64.9% and 35.1%, respectively; 
P < .01, by the 2-tailed binomial test; Figure 3C; right panel). Of 
note, the percentages of NK-1R localizing to the nucleus during 
infection were an underestimate because the VZV-infected cul-
tures contained approximately 80% uninfected bystander cells 
with predominantly cell membrane/cytoplasmic NK-1R.

PCR amplification of NK-1R revealed more amplified 
product from primers that detected all isoforms than from 
primers that detected only the full-length isoform (mean ∆Ct 
[±SD], 11.59 ± 0.11 vs 13.22 ± 0.09; n = 3), suggesting that RNA 

from truncated isoforms was also contributing to total ampli-
fied products. There was not a notable change in full-length or 
all NK-1R transcripts during VZV infection.

subP Does Not Induce Nuclear Localization of NK-1R or Formation of 

Lamellipodia

Uninfected qHA-sps treated with subP expressed NK-1R pre-
dominantly in the cell membrane/cytoplasm (Supplementary 
Figure  3A and 3B), unlike the nuclear localization of NK-1R 
in VZV-infected qHA-sps (Figure 2C and 2D). No lamellipodia 
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Figure 3.  Neurokinin-1 receptor localization in mock- and varicella zoster virus (VZV)–infected primary human spinal astrocytes, determined by Western blot. Quiescent 
primary human spinal astrocytes (qHA-sps) were mock- or VZV-infected and analyzed for VZV glycoprotein E (gE) expression, using flow cytometry; mock-infected cells did not 
contain VZV gE (blue; A), whereas 20% of cells in VZV-infected cultures expressed VZV gE (red; A). These early infection cultures were used for Western blot to eliminate the 
potential of virus-induced cell death at high infection rates that may disrupt the integrity of the nuclear membrane and accurate quantitation of nuclear neurkinin-1 receptor 
(NK-1R) localization. Nuclear (nuc) and cell membrane/cytoplasmic (CM/cyto) fractions prepared from mock- and VZV-infected qHA-sps 3 days after infection revealed 3 
isoforms of NK-1R: the full-length isoform, at 46 kDa, and 2 truncated isoforms, at approximately 38 and 33 kDa. The 38-kDa NK-1R isoform was present only in the CM/cyto 
of both VZV- and mock-infected cells (lanes 4 and 5; B) but shifted predominantly to the nucleus during VZV infection (lane 1; B); no nuclear shift was seen in mock-infected 
HA-sps (lane 2; B). In contrast, both nuc and CM/cyto fractions of VZV- and mock-infected lysates contained the full-length and truncated 33-kDa NK-1R isoforms (lanes 1, 2, 
4, and 5; B); however, during VZV infection, a fraction of these isoforms appeared to shift to the nucleus, compared with observations during mock infection. Band intensities 
calculated using the Fiji gel analysis tool indicated that, in mock-infected cells, 70.6% of full-length NK-1R was located in the CM/cyto and 29.4% in the nuc fractions, com-
pared with 59.3% in CM/cyto and 40.7% in nuc fractions of VZV-infected HA-sps (left panel; C). Comparison of the proportions of nuclear full-length NK-1R to total NK-1R 
showed a significant increase in nuclear NK-1R in VZV-infected cells, compared with mock-infected cells (*P < .05). Similarly, quantitation of band intensities of the 33-kDa 
NK-1R isoform showed that, in mock-infected cells, 77.8% of NK-1R was located in the CM/cyto and 22.2% in the nuc fractions, compared with 64.9% in CM/cyto and 35.1% 
in nuc fractions of VZV-infected HA-sps (right panel; C); comparison of the proportions of nuclear 33-kDa NK-1R to total 33-kDa NK-1R showed a significant increase in nuclear 
33-kDa NK-1R in VZV-infected cells as compared to mock-infected cells (**P < .01). Of note, these proportions of nuclear NK-1R localizing to the nucleus during infection were 
underestimates, since the VZV-infected cultures contained approximately 80% uninfected bystander cells with predominantly cytoplasmic NK-1R.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy297#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy297#supplementary-data
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in subP-treated qHA-sps were detected by staining with 
CellTracker Deep Red (Supplementary Figure  3C). Calcium 
imaging of qHA-sps before and after subP treatment demon-
strated an increase in calcium flux, confirming functional 
NK-1R in the astrocytes (Supplementary Figure 3D–F).

NK-1R Antagonists Aprepitant and Rolapitant Block Formation of 

Lamellipodia and Reduce Viral DNA and Spread in VZV-Infected Spinal 

Astrocytes

Three days after infection, VZV-infected qHA-sps (Figure 4A 
and 4B) treated with vehicle revealed lamellipodia and pre-
dominantly nuclear NK-1R, while uninfected bystander cells 
showed neither lamellipodia nor nuclear NK-1R. VZV-infected 
qHA-sps treated with 10 µM aprepitant showed reduced forma-
tion of lamellipodia but retention of nuclear NK-1R in some 
cells (Figure 4C and 4D). In complimentary experiments, once 
VZV infection was established 12 hours after infection, qHA-
sps were treated with vehicle or 10  µM aprepitant; drug was 
reapplied 24 and 48 hours after infection (Figure  5A). At 12, 
24, 48 and 72 hours after infection, qHA-sps were visualized 
by light microscopy, and DNA was harvested and analyzed by 
qPCR. Forty-eight hours after infection, vehicle-treated qHA-
sps had significantly higher amounts of VZV DNA than aprep-
itant-treated qHA-sps, compared with amounts 12 hours after 
infection (mean fold-increase [±SD], 121 ± 29.2 vs 10.5 ± 3.8; 

P < .01; n = 3); similar results were seen 72 hours after infection 
(mean fold-increase [±SD], 452.9 ± 122.9 vs 24.9 ± 6.9; P < .01; 
n  =  3; Figure  5B). Thus, aprepitant treatment reduced VZV 
DNA levels by a mean (±SD) of 91% ± 0.03% and 94% ± 0.01% 
48 and 72 hours after infection, respectively. Light microscopy 
demonstrated a cytopathic effect 48 and 72 hours after infection 
in VZV-infected/vehicle-only samples (Figure  5C) but not in 
aprepitant-treated samples.

In parallel experiments, application of the NK-1R antagonist 
rolapitant (5  µM) also reduced the cytopathic effect in VZV-
infected qHA-sps as compared to mock-infected qHA-sps 48 
and 72 hours after infection (Figure 6A). In VZV-infected qHA-
sps, rolapitant reduced lamellipodia formation (Figure  6B), 
similar to aprepitant treatment (Figure 4A–D). The mean VZV 
DNA level (±SD) was significantly reduced 48 and 72 hours 
after infection (by 94% ± 0.003% and 96% ± 0.01%, respectively; 
P < .001; n = 3) following rolapitant treatment, compared with 
VZV-infected/vehicle-only samples (Figure 6C).

DISCUSSION

Herein, we found that VZV infection of human spinal astro-
cytes is associated with nuclear localization of NK-1R and 
lamellipodia/filopodia formation that may facilitate cell-to-cell 
spread of VZV (Figure  7). Additionally, 2 NK-1R antagonists 

VZV + vehicle

A B

C D

VZV + aprepitant
(10 µM)

Figure 4.  Treatment of varicella zoster virus (VZV)–infected primary human spinal astrocytes (HA-sps) with aprepitant, a neurokinin-1 receptor antagonist. Quiescent 
HA-sps (qHA-sps) were infected with VZV in the presence of vehicle (dimethyl sulfoxide) with or without 10 µM aprepitant and analyzed by immunofluorescence antibody 
assay 3 days after infection, using an antibody against neurokinin-1 receptor (NK-1R) and VZV glycoprotein B (gB). VZV-infected HA-sps expressing VZV gB (red) had long, 
extended processes (lamellipodia) and predominantly nuclear localization of NK-1R (green; A), while uninfected bystander cells did not have nuclear NK-1R. High magnifi-
cation showed a network of lamellipodia extending from cell bodies of VZV-infected qHA-sps (B, arrows); note the nuclear localization of NK-1R (green). Application of the 
NK-1R antagonist aprepitant reduced the extension of lamellipodia in infected cells expressing VZV gB (red; C), with fewer cells containing nuclear NK-1R (green). High mag-
nification demonstrated a clear reduction in lamellipodia of VZV-infected qHA-sps treated with aprepitant (red; D). Original magnification ×200 (A and C) and ×400 (B and D).

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy297#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy297#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy297#supplementary-data
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(aprepitant and rolapitant), already in clinical use as antiemet-
ics, prevent formation of lamellipodia and inhibit viral spread, 
providing novel antiviral treatments for VZV infection. Several 
important points emerged from these studies.

While outgrowth of lamellipodia occurs during astro-
cyte activation and gliosis in response to CNS injury [30–33], 
NK-1R–dependent/VZV-induced HA-sp lamellipodia were not 
diffusely spread but rather appeared to migrate preferentially 
toward uninfected cells. This unusual morphology and nuclear 
localization of NK-1R in the absence of subP was not seen in 
uninfected bystander cells or cells exposed to UV-irradiated 
VZV lysates, indicating that productive virus infection was 
required. This morphology and NK-1R nuclear localization 
was also not seen in uninfected qHA-sps treated with subP. 
Furthermore, the expected reactive gliosis of surrounding 
uninfected qHA-sps exposed to VZV-infected cells, cytokines, 

and other soluble factors that were presumably released did 
not occur, with no signs of activation and with normal mainte-
nance of their polygonal shapes in vitro. This suggested that the 
“danger” signals to prime surrounding astrocyte reactivity were 
not present or functional. The induction of extensive lamelli-
podia and filopodia in VZV-infected qHA-sps was most likely 
involved in cell-to-cell spread of VZV, consistent with a study 
showing that, during VZV infection of human melanoma cells, 
VZV particles emerged on the cell surface amid actin-based 
filopodia, which were abundant within viral highways [22].

Typically, NK-1R is expressed on the cell surface, and when 
subP binds, the ligand-receptor complex is internalized to endo-
somes within cytoplasm [34], ultimately modulating multiple 
cellular processes, including pain transmission, neuroimmune 
modulation, and vasodilation. Subsequently, the complex dis-
sociates, subP is degraded, and NK-1R is reexpressed on the cell 
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Figure 5.  Reduction in varicella zoster virus (VZV) DNA level and viral spread after treatment with the neurokinin-1 receptor antagonist aprepitant. Quiescent primary 
human spinal astrocytes (qHA-sps) were infected with VZV; 12 hours after infection, qHA-sps were treated with vehicle (dimethyl sulfoxide) or with 10 µM aprepitant. 
Treatment was reapplied 24 and 48 hours after infection (A). At 12, 24, 48, and 72 hours after infection (corresponding to 0, 12, 36, and 60 hours after treatment, respectively), 
qHA-sps were visualized by light microscopy in vehicle- and aprepitant-treated cultures and harvested for DNA. At 48 hours after infection, vehicle-treated qHA-sps had 
significantly higher amounts of VZV DNA than aprepitant-treated qHA-sps, compared with findings 12 hours after infection (mean fold-increase [±SD], 121 ± 29.2 vs 10.5 ± 3.8; 
P < .01; n = 3); similar results were seen 72 hours after infection (452.9 ± 122.9 vs 24.9 ± 6.9; P < .01; n = 3; B). The y-axis represents the fold change of VZV-infected qHA-sps 
treated with vehicle only (dotted line; n = 3) or aprepitant (solid line; n = 3), compared with findings 12 hours after infection, before treatment. Thus, aprepitant treatment 
reduced the VZV DNA level by a mean percentage (±SD) of 91% ± 0.03% and 94% ± 0.01% at 48 and 72 hours after infection, respectively. Corresponding light microscopy 
images demonstrated a cytopathic effect 48 and 72 hours after infection (corresponding to 36 and 60 after treatment, respectively) in VZV-infected, vehicle-only samples 
(arrows in upper panels; C) but not in aprepitant-treated samples (lower panels; C).
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surface. During early VZV infection, NK-1R begins to accumu-
late in the nucleus in an asymmetrical manner in association 
with VZV gB; during late infection, when VZV gB is found dif-
fusely in the cell, NK-1R is predominantly nuclear. Since subP 
was not detected in VZV-HA-sps, the redistribution of NK-1R 
and subsequent formation of lamellipodia may be induced by 
a subP-like molecule. Specifically, VZV gB shares significant 
sequence homology to the active binding site of subP, although 
its ability to bind NK-1R remains to be determined. Precedence 
for binding of a viral protein to NK-1R is shown by measles virus 
envelope fusion protein and bovine respiratory syncytial virus 
virokinin binding to NK-1R that facilitates entry to neurons 
and modulates the host immune response, respectively [19, 20]. 

Interestingly, studies involving NK-1R–deficient mice showed 
accelerated development of herpes stromal keratitis following 
herpes simplex virus type 1 (HSV1) ocular infection [35] and 
enhanced viral production in the genital tract of HSV2-infected 
animals [36]. The opposing proviral role of NK-1R during VZV 
infection may reflect differences in host species, cell types, or 
viruses. In the HSV studies, deficiency of NK-1R on immune 
cells may inhibit immune cell activation by subP and interfere 
with immune-mediated HSV1/2 clearance. Furthermore, since 
HSV1/2 does not typically spread cell to cell via lamellipodia, it 
may not exploit NK-1R in the same manner as VZV in HA-sps.

Two NK-1R isoforms have been described in humans, 1 
full length and 1 truncated (molecular weight, 46 and 38 kDa, 
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Figure 6.  Reduction in varicella zoster virus (VZV) DNA and viral spread after treatment with the neurokinin-1 receptor antagonist rolapitant. Quiescent primary human 
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94% ± 0.003% reduction; ***P < .001; n = 3) and 72 hours after infection (96% ± 0.01%; ***P < .001; n = 3), as quantified by quantitative polymerase chain reaction analysis 
(C). Original magnification ×400 (B).
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respectively); however, multiple isoforms have been reported in 
human cancer cells, including a 33-kDa isoform [37–41]. Herein, 
we found 3 distinct isoforms in HA-sps: 46- and 33-kDa isoforms 
that were present in both the cell membrane/cytoplasm and 
nucleus but increased in the nucleus during VZV infection and 
a 38-kDa isoform that was predominantly in the cell membrane/
cytoplasm and shifted almost completely to the nucleus during 
VZV infection. The presence of 3 NK-1R isoforms in HA-sps dif-
fers from a study that found only the full-length isoform in non-
human primate frontal cortex brain slices and in an immortalized 
human astrocytic cell line [42]. Our findings of multiple isoforms 
in HA-sps raises the intriguing possibility of region-specific dif-
ferences in astrocytes, since prior studies used cortical astrocytes, 
whereas our studies used spinal cord astrocytes, which have 
not been characterized for NK-1R isoforms. Finally, reports of 
nuclear localization of NK-1R are rare, with most involving can-
cer cells and human adipose tissue stem cells [39, 43], and the 
physiological significance of this localization remains unclear, 
although involvement in transcriptional alterations has been 
speculated [43]. In our case, nuclear NK-1R appears to be associ-
ated with distinct phenotypic alterations promoting viral spread.

Overall, we have demonstrated the proviral role of NK-1R 
in VZV infection and identified promising new antiviral drugs, 

aprepitant and rolapitant. VZV infection in HA-sps provides a 
useful model to elucidate additional mechanisms involved in 
VZV myelopathy.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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Figure 7.  Predominantly nuclear localization of neurokinin-1 receptor in varicella zoster virus (VZV)–infected primary human spinal astrocytes and cytoplasmic localization 
in uninfected bystander cells. Three days after infection, infected quiescent primary human spinal astrocytes (qHA-sps) expressing VZV glycoprotein B (gB; red) showed 
neurokinin-1 receptor (NK-1R) predominantly in the nucleus (green-yellow) and aberrant lamellipodia. Uninfected bystander cells had predominantly cytoplasmic, diffuse 
NK-1R (green) without VZV gB. Early infection, demonstrated by cells along the infected edge (upper right), showed the start of NK-1R nuclear migration (green [arrows]). 
Blue indicates nuclei. Original magnification ×400.
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