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Abstract
Background and Objectives
Compared with stroke controls, patients with varicella zoster virus (VZV) vasculopathy have
increased amyloid in CSF, along with increased amylin (islet amyloid polypeptide [IAPP]) and
anti-VZV antibodies. Thus, we examined the gene expression proﬁles of VZV-infected primary
human brain vascular adventitial ﬁbroblasts (HBVAFs), one of the initial arterial cells infected
in VZV vasculopathy, to determine whether they are a potential source of amyloid that can
disrupt vasculature and potentiate inﬂammation.
Methods
Mock- and VZV-infected quiescent HBVAFs were harvested at 3 days postinfection. Targeted
RNA sequencing of the whole-human transcriptome (BioSpyder Technologies, TempO-Seq)
was conducted followed by gene set enrichment and pathway analysis. Selected pathways
unique to VZV-infected cells were conﬁrmed by enzyme-linked immunoassays, migration
assays, and immunoﬂuorescence analysis (IFA) that included antibodies against amylin and
amyloid-beta, as well as amyloid staining by Thioﬂavin-T.
Results
Compared with mock, VZV-infected HBVAFs had signiﬁcantly enriched gene expression
pathways involved in vascular remodeling and vascular diseases; conﬁrmatory studies showed
secretion of matrix metalloproteinase-3 and -10, as well increased migration of infected cells and
uninfected cells when exposed to conditioned media from VZV-infected cells. In addition,
signiﬁcantly enriched pathways involved in amyloid-associated diseases (diabetes mellitus,
amyloidosis, and Alzheimer disease), tauopathy, and progressive neurologic disorder were
identiﬁed; predicted upstream regulators included amyloid precursor protein, apolipoprotein E,
microtubule-associated protein tau, presenilin 1, and IAPP. Conﬁrmatory IFA showed that
VZV-infected HBVAFs contained amyloidogenic peptides (amyloid-beta and amylin) and
intracellular amyloid.
Discussion
Gene expression proﬁles and pathway enrichment analysis of VZV-infected HBVAFs, as well as
phenotypic studies, reveal features of pathologic vascular remodeling (e.g., increased cell migration and changes in the extracellular matrix) that can contribute to cerebrovascular disease.
Furthermore, the discovery of amyloid-associated transcriptional pathways and intracellular
amyloid deposition in HBVAFs raise the possibility that VZV vasculopathy is an amyloid
disease. Amyloid deposition may contribute to cell death and loss of vascular wall integrity, as
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Glossary
APOE = apolipoprotein E; Aβ = amyloid-beta; CAA = cerebral amyloid angiopathy; DEGs = diﬀerentially expressed genes;
DPI = days postinfection; ECM = extracellular matrix; HBVAF = human brain vascular adventitial ﬁbroblast; IAPP = islet
amyloid polypeptide; IFA = immunoﬂuorescence analysis; MMP = matrix metalloproteinase; ORF = open reading frame;
PAH = pulmonary arterial hypertension; Thio-T = Thioﬂavin-T; VZV = varicella zoster virus.

well as potentiate chronic inﬂammation in VZV vasculopathy, with disease severity and recurrence determined by the host’s
ability to clear virus infection and amyloid deposition and by the coexistence of other amyloid-associated diseases
(i.e., Alzheimer disease and diabetes mellitus).

Intracranial varicella zoster virus (VZV) vasculopathy occurs
after VZV reactivates from trigeminal or upper cervical ganglia
and travels along neurites to nerve termini in the outer adventitia of cerebral arteries. Adventitial ﬁbroblasts are among
the ﬁrst vascular cells to be infected and a robust proinﬂammatory response follows. Soluble factors secreted by
infected cells and inﬂammatory cells induce vascular damage
and pathologic remodeling, characterized by neointima formation, disruption of the internal elastic lamina, and loss of medial smooth muscle cells that leads to ischemic/hemorrhagic
stroke, aneurysm, and other cerebrovascular abnormalities.1,2
A key feature in VZV vasculopathy pathogenesis is persistent
inﬂammation, disproportionate to the amount of viral antigen
present.3 Prior studies of VZV-infected primary human brain
vascular adventitial ﬁbroblasts (HBVAFs) show that proinﬂammatory cytokines are secreted, but major histocompatibility complex 1 and programmed death ligand 1 are
downregulated, leading to recruitment of inﬂammatory cells
into the vascular wall, but ineﬀective viral antigen presentation and decreased ability to attenuate inﬂammation.4,5
A novel, yet not mutually exclusive, mechanism for chronic
inﬂammation in VZV vasculopathy emerged from in vitro and
in vivo studies showing that VZV induces intracellular amyloid deposition and produces an amyloid-promoting extracellular environment; amyloid is known to be cytotoxic and
proinﬂammatory.6 Speciﬁcally, VZV-infected astrocytes in
vitro contain intracellular amyloid-beta (Aβ) and islet amyloid
polypeptide (IAPP [amylin]) peptides, as well as amyloid,
that is not present in uninfected bystander cells.7 Furthermore, the conditioned supernatant of infected cultures is
amyloid promoting, most likely in part through VZV glycoprotein B peptides that self-aggregate to form amyloid ﬁbrils
and the ability of these viral peptides to catalyze aggregation of
amyloidogenic cellular peptides.7 Compared with control
plasma, plasma from patients with acute zoster contains elevated amyloid along with elevated Aβ42 and amylin levels and
is also amyloid promoting.8 Similarly, compared with stroke
controls, CSF from patients with VZV vasculopathy contains
elevated amyloid, along with elevated amylin and anti-VZV
antibody levels; Aβ40 was reduced and Aβ42 unchanged.9
Finally, an observational study of frontal lobes from 2 cases of
cerebral amyloid angiopathy (CAA) revealed VZV antigen
2

and DNA colocalizing with Aβ in some of the aﬀected arteries,
suggesting that VZV vasculopathy may contribute to CAA
pathogenesis through induction of amyloid.10 Thus, using
targeted RNA sequencing, we investigated whether VZV infection of HBVAFs induced gene expression and pathway
signatures consistent with vascular remodeling and amyloid
deposition that can contribute to persistent inﬂammation, as
well as disrupt vascular wall integrity.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
HBVAFs used in this study were commercially acquired, and
no protocol, approvals, registrations, or patient consents were
needed.
Cells and Virus
Quiescent primary HBVAFs (ScienCell, Carlsbad, CA) were
cocultured with either VZV-infected HBVAFs (200 plaqueforming units/cm2; VZV Gilden strain, GenBank No.
MH379685) or uninfected HBVAFs (mock-infected) as described.5 Cells and supernatants (spun at 2000 rpm for 5
minutes to eliminate nonadherent VZV-infected cells)11 were
analyzed at 3 days postinfection (DPI; height of cytopathic
eﬀect).
Targeted RNA Sequencing
The human transcriptome was analyzed using targeted RNA
sequencing plates, reagents, protocols, and software according
to the manufacturer’s instructions (BioSpyder Technologies,
Carlsbad, CA). Brieﬂy, 4,000 mock- or VZV-infected
HBVAFs were lysed and added to the TempO-Seq 96-well
plates containing coded adjacent primer pairs speciﬁc for each
annotated human transcript. Using a standard thermal cycler,
human transcript–speciﬁc primers were annealed to the
sample RNA; adjacent primer pairs were ligated and then
ampliﬁed by quantitative PCR. All amplicons were pooled,
extracted, concentrated (PCR cleanup kit; Macherey-Nagel,
Düren, Germany), and used to construct a single library,
which was sequenced on the Illumina NextSeq 500 sequencing platform (Illumina Inc., San Diego, CA). Mapped
reads were generated by TempO-SeqR software (BioSpyder
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Technologies) for alignment of demultiplexed FASTQ ﬁles
from the sequencer to the ligated detector oligomer gene
sequences using Bowtie,12 allowing for up to 2 mismatches in
the 50-nucleotide target sequence.13 Diﬀerential expression
between groups was assessed by TempO-SeqR software,
which used the DESeq2 method for normalization and differential analysis of count data14; signiﬁcantly diﬀerentially
expressed genes (DEGs) were deﬁned as genes with a padj
<0.05. The NOISeq R package was used for quality control
and analysis of count data.15 Sequencing depth (;3M per
sample) for both global and protein coding transcripts
reached saturation (eFigure 1, A and B, links.lww.com/NXI/
A643). Expression values for RNA biotypes (for genes with
>0 counts) for treatment groups (eFigure 1, C and D, links.
lww.com/NXI/A643) and biodetection plots for individual
samples (eFigure 2, links.lww.com/NXI/A643) show comparable sequencing proﬁles between mock- and VZV-infected
HBVAFs.
Pathway enrichment analysis was performed using the hypeR
package16 and Ingenuity Pathway Analysis software (IPA;
Qiagen, Germantown, MD). For hypeR, the upregulated and
downregulated DEGs were used for a hypergeometric test
(background = 50,000, FDR <0.05 against KEGG gene sets
available from Molecular Signatures Database (MSigDB).17,18
For IPA, enrichment analysis was performed with the BenjaminiHochberg method to control the false discovery rate (adjusted
p value <0.05). These functional enrichment analyses use
computational approaches to identify groups of experimentally
observed human genes that are overrepresented or depleted in
a curated disease- or biological function–speciﬁc gene set.
Additional ﬁgures were created using Prism 9 (GraphPad
Software, San Diego, CA) or the statistical package R.19
Multiplex Electrochemiluminescence
Immunoassay
Matrix metalloproteinases (MMPs) in supernatants (MMP1/2/3/9/10) were measured using commercial assays
according to the manufacturer’s instructions (Mesoscale
Discovery, Rockville, MD). MMP concentrations were calculated with reference to a standard curve run on the same
plate. All samples were analyzed in duplicate.
Migration Assay
Migration rates between groups were determined using an 8μm pore transwell migration assay (Sigma-Aldrich, St. Louis,
MO); groups included mock-infected HBVAFs, VZVinfected HBVAFs, uninfected HBVAFs exposed to conditioned supernatant from mock-infected cultures, and uninfected HBVAFs exposed to supernatant from VZV-infected
cultures. Samples were pipetted into the top chamber; media
containing 2% FBS comprised the lower chamber. After 24
hours, the chamber was removed, and the cells that migrated
into the lower chamber were stained with CytoTrack (Life
Science, Hercules, CA) according to the manufacturer’s instructions and quantiﬁed using an Olympus IX73 ﬂuorescence microscope with cellSens imaging software (Olympus
Corporation, Center Valley, PA).
Neurology.org/NN

Immunofluorescence Antibody Assay and
Intracellular Thioflavin-T
Fluorescence Assay

Quiescent HBVAFs were plated in clear-bottom plates (24-well
μ-plate; ibidi, Gräfelﬁng, Germany) and mock- or VZV-infected.
At 3 DPI, cells were analyzed by immunoﬂuorescence analysis
(IFA) as described.11 In the ﬁrst set of stainings, cells were incubated with rabbit anti-VZV open reading frame (ORF) 63
antibody (1:10,000)20 and mouse anti-VZV ORF68 antibody
(VZV glycoprotein E; 1:500; Santa Cruz Biotechnology, Inc.,
Dallas, TX) overnight and then probed with secondary antibodies,
donkey anti-rabbit Alexa Fluor 488 and donkey anti-mouse Alexa
Fluor 594 IgG (both at 1:500, Life Technologies), respectively.
Cell nuclei were stained with 2 μg/mL 49,6-diamidino-2phenylindole (DAPI, Vector Laboratories, Burlingame, CA).
Cells were visualized by confocal microscopy (3I Marianas
inverted spinning disk on Zeiss Axio observer Z1; Oberkochen,
Germany) and analyzed using 3I Slidebook 6 software.
In the second set of stainings, cells were incubated with mouse
anti-VZV glycoprotein B (1:250 dilution; Abcam, Cambridge,
MA) and either rabbit anti-Aβ42 (1:100 dilution; Abcam) or
rabbit anti-amylin (1:250 dilution; Abcam) antibodies overnight and then probed with secondary antibodies, donkey
anti-rabbit Alexa Fluor 647 and donkey anti-mouse Alexa
Fluor 594 IgG (both at 1:500, Life Technologies), respectively. Cell nuclei were stained with DAPI (Vector Laboratories). Cells were then stained with Thioﬂavin-T (ThioT) that detects amyloid-like ﬁbrillar structures comprised of
amylin, Aβ, and/or other amyloidogenic cellular or viral
peptides as described7; cells were imaged using an Olympus
IX73 ﬂuorescence microscope with cellSens imaging software
(Olympus Corporation, Central Valley, PA).
Statistical Analysis

Statistical analyses of MMP secretion and migration assays
were performed using GraphPad Prism 9 (GraphPad, San
Diego, CA). Statistical diﬀerences in MMP secretion between
groups was determined by multiple t tests with the 2-stage
step-up method of Benjamini, Krieger, and Yekutieli to control for the false discovery rate. Diﬀerences in migration rate
between treatment groups were determined by independent
2-tailed t tests. Alpha was set at 0.05.
Data Availability
The data sets generated and/or analyzed herein are available
on the NCBI Gene Expression Omnibus database (GSE175797).

Results
HBVAFs Are Productively Infected With VZV
Representative immunoﬂuorescent images of VZV-infected
HBVAFs used in this assay are shown in Figure 1. VZVinfected HBVAFs displayed both immediate early (ORF63)
and late (ORF68 [VZV glycoprotein E]) viral proteins
(Figure 1; white color used in ﬁrst 2 columns to show
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Figure 1 Immunofluorescence Assay (IFA) of VZV-Infected Human Brain Vascular Adventitial Fibroblasts (HBVAFs)

At 3 days postinfection, VZV-infected HBVAFs
were fixed and analyzed by IFA using antibodies
directed against VZV immediate early and late
proteins (VZV ORF63 and VZV ORF68 [VZV glycoprotein E]), respectively. Low- and high-power
magnification show ORF63 (green) and ORF68
(red) colocalizing in the same cells (column 3,
merge). Note that cellular projections only contain
ORF68 (red arrows, low panels). Magnification
×20, upper panels, and magnification ×100, lower
panels. HBVAF = human brain vascular adventitial
fibroblast; ORF = open reading frame; VZV = varicella zoster virus.

morphologic detail) in a cluster of cells, indicating that productive virus infection is occurring. Characteristic VZV
glycoprotein E-positive cellular protrusions (arrows, bottom
panels; Figure 1) are present that have been previously described.11 These cellular protrusions were not positive for the
immediate early protein ORF63.
Mock- and VZV-Infected HBVAFs Have Distinct
Gene Expression Profiles
To determine the eﬀect of productive VZV infection on HBVAFs,
targeted whole-human transcriptome analysis was performed on
mock- and VZV-infected VZV-HBVAFs in triplicate. Principal
component analysis demonstrated that replicates from either the
mock- or VZV-infected groups cluster together (eFigure 1, E-F,
links.lww.com/NXI/A643). Diﬀerential gene expression analysis
comparing mock- and VZV-infected HBVAFs identiﬁed 320
signiﬁcantly diﬀerentially expressed genes (138 upregulated and
182 downregulated) (Figure 2A; eTable 1, links.lww.com/NXI/
A644). Pathway enrichment analysis revealed signiﬁcantly
enriched KEGG gene sets for groups of upregulated and downregulated genes in VZV-infected HBVAFs (Figure 2B; eTable 2,
links.lww.com/NXI/A645, sheet “Figure 2B”). The genes
downregulated with VZV infection were enriched with focal
adhesion and extracellular matrix (ECM) interactions pathways.
Several genes previously reported to be downregulated in VZVinfected human epithelial cells21 were similarly downregulated in
VZV-infected HBVAFs including integrin subunit alpha 1
(ITGA1) and laminin subunit beta 2 (LAMB2) involved in ECM
structure (Figure 2C). The pathways upregulated with VZV
infection included oxidative phosphorylation, terpenoid biosynthesis, Huntington disease, and Parkinson disease. Examples
of genes with increased expression include voltage dependent
4

anion channel 1 (VDAC1) and superoxide dismutase 2 (SOD2)
(Figure 2C). Upstream regulator analysis of the VZV DEGs,
uncovered candidate transcriptional regulators with roles in
cellular proliferation (runt-related transcription factor 3,
RUNX3),22 innate antiviral immune responses (nuclear factor
NF-kappa-B p65 subunit, RELA),23 and vascular dementia susceptibility (sterol regulatory element-binding protein 2,
SREBF2)24 (Figure 2D; eTable 2, links.lww.com/NXI/A645,
sheet “Figure 2D”). Of note, we observed a predicted suppression of myocardin related transcription factor B, MRTFB; reduction of this gene leads to vascular defects.25 The list of
observed DEGs for each upstream regulator is shown in eTable 2, links.lww.com/NXI/A645. Overall, these data show that
VZV infection elicits distinctive gene expression changes in
HBVAFs.
VZV-Infected HBVAFs Are Enriched for Gene
Sets Consistent With Vascular Diseases
and Remodeling
To further investigate the physiologic pathways associated
with vascular disease, we performed enrichment analysis using
the disease and functions data set in IPA. Speciﬁcally, compared with mock, VZV-infected HBVAFs were enriched for
disorder of blood vessel, infarction, vaso-occlusion, familial
vascular disease, cerebral disorder, progressive neurologic
disorder, aneurysm, vascular lesion, chronic inﬂammatory
disorder, and cerebrovascular dysfunction (Figure 3A; list of
observed DEGs in each pathway shown in eTable 3, links.lww.
com/NXI/A646). Furthermore, gene sets associated with
disrupted vessel morphology were also noted, including vasculogenesis, migration of cells, morphology of vasculature,
organization of ECM, abnormal morphology of vasculature,
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Figure 2 Transcriptomic Analysis of VZV-Infected HBVAFs

(A) Volcano plot depicting the differential gene expression between mock- and VZV-infected HBVAFs (n = 3); red circles are genes that are significantly
differentially expressed (padj <0.05) in VZV-infected cells compared with mock; the most statistically significant genes are labeled. (B) KEGG pathway
enrichment analysis of downregulated and upregulated genes (x-axis); each dot corresponds to a KEGG gene set, the color represents the significance, and
the size signifies the gene set size. (C) Examples of genes downregulated and upregulated in VZV-infected HBVAFs. Shown in the boxplot are the DESeq2
normalized counts for each gene. (D) Predicted upstream transcriptional regulators that may account for the altered gene expression profiles observed
during VZV infection. The barplot represents the IPA activation Z-score for all significant upstream transcriptional regulators (padj <0.05), blue is inhibited
(<-1.8 Z-score), and red is activated (>1.8 Z-score). HBVAF = human brain vascular adventitial fibroblast; VZV = varicella zoster virus.

migration of vascular cells, proliferation of vascular cells, cellular inﬁltration, and cell movement of ﬁbroblasts (Figure 3B;
list of observed DEGs in each pathway shown in eTable 3,
links.lww.com/NXI/A646). To conﬁrm select transcriptional
ﬁndings (i.e., organization of cellular matrix and migration of
cells/migration of vascular cells/cellular inﬁltration/cell
movement of ﬁbroblasts), MMPs secreted into conditioned
supernatants from mock and VZV-infected HBVAFs were
analyzed, and a functional cellular migration assay was
Neurology.org/NN

performed. Compared with mock, VZV-infected conditioned
supernatant contained signiﬁcantly higher MMP-3 and MMP10, supporting an alteration in the extracellular matrix; no
changes were observed in MMP-1,-2, or -9 (Figure 3C). VZVinfected HBVAFs migrated at a signiﬁcantly higher rate than
mock-infected cells supporting the cell migration pathways
identiﬁed (Figure 3D). This result was also seen, albeit to a
lower degree, when conditioned supernatant from VZVinfected HBVAFs was placed on naive HBVAFs, suggesting
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Figure 3 VZV Infection of HBVAFs Is Associated With Vascular Disease and Altered Vessel Morphology Transcriptional
Pathways

Gene expression and pathway analysis identified in VZV-infected HBVAFs were compared with mock-infected HBVAFs. (A) Significantly altered pathways involved in
vessel morphology were seen (red denotes activated, and gray denotes significantly altered but unknown direction). (B) Significantly altered pathways involved in
vascular diseases were present. (C) To support gene expression pathways leading to organization of extracellular matrix and cellular infiltration, MMPs in conditioned
supernatant from VZV-infected HBVAFs compared with mock supernatant were measured by multiplex ELISAs. VZV-infected HBVAFs secreted significantly more
MMP-3 and MMP-10 compared with mock at 3 days postinfection (DPI); (D) Cell migration assays were used to support gene expression pathways associated with
migration of cells and vascular cells and cell movement of fibroblasts. VZV-infected HBVAFs had a significantly increased number of migratory cells in the assay
compared with mock-infected cells. Uninfected HBVAFs exposed to conditioned supernatant from VZV-infected cells had increased migration compared with cells
exposed to supernatant from mock-infected cells, indicating that infected cells secrete soluble factors that increase migration of bystander cells. HBVAF = human brain
vascular adventitial fibroblast; MMP = matrix metalloproteinase; VZV = varicella zoster virus. *p < 0.05, **p < 0.01, ***p < 0.001.

that a soluble factor contributed, in part, to enhanced cell
migration (Figure 3D).
VZV-Infected HBVAFs Show Both
Transcriptional and Protein Signatures
Consistent With Amyloid Deposition
To extend the in vitro and in vivo studies that suggest a causal
role for VZV in amyloid production and accumulation,7-9 the
VZV-infected HBVAFs transcriptional proﬁles were interrogated and revealed signatures relevant to amyloidassociated diseases. Signiﬁcant enrichment in pathways, such
as diabetes mellitus, amyloidosis, dementia, tauopathy, and
Alzheimer disease, was observed (Figure 4A; list of observed
DEGs in each pathway shown in eTable 3, links.lww.com/NXI/
A646). Furthermore, multiple upstream regulators involved in
these diseases were also signiﬁcantly enriched, including amyloid
precursor protein (APP), apolipoprotein E (APOE), microtubule-associated protein tau (MAPT), presenilin 1 (PSEN1), and
IAPP (amylin), (Figure 4B; list of observed DEGs for each
upstream regulator is shown in eTable 3, links.lww.com/NXI/
A646). Conﬁrmatory IFA revealed colocalization of VZV gB
(red), Aβ42 (yellow), and Thio-T (green) in VZV-infected
HBVAFs, but not in bystander cells or mock-infected cells
(Figure 4C). Similarly, VZV-infected HBVAFs showed colocalization of VZV gB (red), amylin (yellow), and Thio-T (green)
6

that was absent in bystander cells and mock-infected cells
(Figure 4D). Overall, these ﬁndings suggest that direct VZV
infection of HBVAFs can lead to amyloid production.

Discussion
Intracranial VZV vasculopathy, due to productive VZV infection of cerebral arteries, is characterized by persistent inﬂammation that damages the vascular wall, leading to stroke,
aneurysm, and other cerebrovascular abnormalities. Mechanisms of persistent inﬂammation are not fully characterized,
but recent studies show that VZV infection in vitro and in vivo
can increase intracellular and extracellular amyloid7-9; if amyloid is not cleared eﬃciently, because of host or environmental factors (i.e., age-related decreases in glymphatic
clearance or MMPs that catabolize amyloid) or ongoing virus
replication, amyloid deposits can persist in tissue and serve as
a nidus for ongoing inﬂammation and cytotoxicity. Herein, we
examined VZV-infected HBVAFs, which are among the ﬁrst
cerebrovascular cells infected following VZV reactivation and
spread to cerebral arteries. Targeted RNA sequencing
revealed that VZV-infected HBVAFs had signiﬁcantly
enriched gene expression pathways for vascular remodeling,
vascular diseases, amyloidosis, and Alzheimer disease
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Figure 4 VZV Infection of HBVAFs Is Associated With Increased Amyloid Deposition

Gene expression and pathway analysis
identified in VZV-infected HBVAFs were
compared with mock-infected HBVAFs.
(A) Significantly enriched pathways involved in amyloid-associated diseases
were found. (B) Predicted, significantly
enriched upstream regulators relevant
to amyloid-associated diseases were
identified. To support gene expression
pathways of amyloidosis, mock- and
VZV-infected HBVAFs were analyzed by
an immunofluorescence assay using
antibodies against VZV glycoprotein B
(VZV gB, red) and either Aβ42 or amylin
(yellow); slides were subsequently
stained with Thioflavin-T (Thio-T, green)
that detects amyloid-like fibrillar structures. (C) Mock-infected cells did not
contain VZV gB, Aβ42, or Thio-T (upper
panels). VZV-infected cells contained
VZV gB, Aβ42, and Thio-T (lower panels).
(D) Mock-infected cells did not contain
VZV gB, amylin, or Thio-T (upper panels). VZV-infected cells contained VZV
gB, amylin, and Thio-T (lower panels).
Cell nuclei (blue). Magnification ×20.
HBVAF = human brain vascular adventitial fibroblast; VZV = varicella zoster
virus.

compared with mock-infected cells. Additional studies conﬁrmed select RNA sequencing results. Speciﬁcally: (1) VZVinfected HBVAF supernatant had signiﬁcantly increased MMP3 and MMP-10 compared with mock-infected supernatant; (2)
VZV-infected HBVAFs had an increased migratory phenotype
compared with mock-infected cells; (3) uninfected HBVAFs
exposed to supernatant from VZV-infected cells had increased
migration compared with supernatant from mock-infected
cells; and (4) VZV-infected HBVAFs contained intracellular
Aβ42, amylin, and amyloid. Several ﬁndings are noteworthy
that address the vascular remodeling seen in VZV vasculopathy
and the potential role of amyloid.
Pathway analysis revealing enhanced cell migration and ECM
changes during VZV infection is consistent with other vasculitides. We conﬁrmed these results and found that phenotypically,
Neurology.org/NN

VZV-infected HBVAFs were hypermigratory compared with
mock-infected HBVAFs and secreted increased MMP-3 and
MMP-10 that would degrade the extracellular matrix and facilitate
pathologic vascular remodeling if activated. Elevated MMP-3 in
the supernatant of VZV-infected HBVAFs has been previously
reported, along with elevated MMP-1 and MMP-9, which we did
not observe; MMP-10 was not measured in that previous report.26 This discrepancy may be due to the later time of analysis in
the earlier report (6 DPI compared with our 3 DPI analysis), as
well as diﬀerences in VZV strains; the earlier report used the VZV
Ellen strain, whereas we used a low-passage clinical isolate strain
(VZV Gilden strain). Importantly, we found that conditioned
supernatant from VZV-infected HBVAFs contains soluble factors
that can aﬀect uninfected cells and confer a hypermigratory
phenotype. This observation is consistent with a pulmonary arterial hypertension (PAH) study showing that conditioned
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supernatant from adventitial ﬁbroblasts derived from calves with
PAH conferred a hypermigratory phenotype to THP-1 monocytes.27 Furthermore, Eleftheriou et al.28 also showed that VZVinfected HBVAFs are hypermigratory and release microparticles
containing virions. Whether circulating microparticles containing
viral proteins or host factors (i.e., interleukin-6, etc.) induces this
functional response is currently unknown. Nonetheless, the
ability of infected cells to confer a hypermigratory phenotype to
surrounding uninfected cells may explain, in part, the extensive
accumulation of myoﬁbroblasts in the neointima of VZV vasculopathy arteries despite viral antigen being present in only a
small number of vascular cells.1
A striking result was the absence of human gene sets demonstrating robust virus infection, innate antiviral responses, interferon signaling, or immune cell activation, although chronic
inﬂammatory disease was enriched. This result is discordant
with the observed inﬂammation in VZV-infected arteries acquired postmortem from patients with VZV vasculopathy,1 but
may perhaps be explained by the early times that VZV-infected
HBVAFs were analyzed (3 DPI compared with weeks-months
after infection in patient arteries) and the absence of other
adventitial cells in our cultures that may trigger the inﬂammatory cascade (e.g., dendritic cells). Our results are most
consistent with previous studies of these VZV-infected
HBVAFs showing an early suppression of antiviral responses.
At 3 DPI, compared with IFN-α-treated controls, phosphorylated STAT1 did not translocate to the nucleus in VZVinfected HBVAFs, resulting in impaired downstream expression of interferon-inducible antiviral Mx1.29 In addition, it has
also been reported that VZV infection of primary human astrocytes does not result in a robust inﬂammatory response at 3
DPI, whereas VZV infection of human perineurial cells did,
suggesting cell-speciﬁc responses to VZV infection.30 Thus,
during early VZV infection of adventitial ﬁbroblasts in the artery, there is likely suppression of antiviral responses. As infection progresses, this suppression may be overcome through
yet uncharacterized mechanisms, and inﬂammation ensues.
Our ﬁndings that VZV infection of HBVAFs produce gene
expression pathways for amyloid disease and that the infected
cells contain intracellular amyloid raise the tantalizing notion
that VZV vasculopathy is an amyloid-associated disease. Previous studies strongly support this hypothesis.7-10 The ﬁrst link
between VZV infection and amyloid was seen in mock- and
VZV-infected primary human spinal astrocytes, among the ﬁrst
CNS cells to be infected after VZV reactivation from peripheral
ganglia and spread to the spinal cord.7 In the infected astrocyte,
VZV induced intracellular expression of host cellular peptides
that had the capacity to misfold and form amyloid (Aβ42 and
amylin); these same cells also contained amyloid that was not
present in uninfected bystander cells. The conditioned supernatant from VZV-infected cells induced spiked Aβ42 and
amylin to form amyloid ﬁbrils by electron microscopy, more so
than mock supernatant. Finally, this report demonstrated that
VZV gB peptides could self-aggregate and form amyloid ﬁbrils,
as well as catalyze the aggregation of Aβ42 and amylin,
8

suggesting that as infected cells are lysed, intracellular amyloid
and amyloidogenic cellular and viral peptides are released into
an extracellular environment that promotes further aggregation. This in vitro study was corroborated by 2 in vivo studies.
The ﬁrst study found that compared with 10 control plasma, 14
acute zoster plasma had signiﬁcantly elevated amyloid along
with elevated Aβ42 and amylin levels; zoster plasma increased
amyloid aggregation with addition of exogenous Aβ42 or
amylin.8 The second study of 16 patients with VZV vasculopathy and 36 stroke controls found that VZV vasculopathy CSF
had signiﬁcantly increased amyloid along with increased amylin
and anti-VZV antibody levels; Aβ40 was reduced and Aβ42
unchanged.9 In the same report, primary human perineurial
cells that surround nerve ﬁbers innervating adventitia were also
mock and VZV infected and found to have intracellular amylin,
Aβ42, and amyloid, similar to our VZV-infected HBVAFs. Of
note, amylin knockdown decreased VZV cDNA, indicating that
it had a proviral function during VZV infection. Because VZV
vasculopathy and CAA have similar clinical presentations (both
aﬀect cerebrovasculature in the elderly, produce hemorrhage,
and can have a protracted course of cognitive decline and other
neurologic deﬁcits), frontal lobes from 2 CAA cases were examined for the presence of VZV.10 VZV antigen colocalized
with Aβ in some aﬀected arteries from 2 CAA cases, suggesting
a possible association between VZV infection and CAA.10 Finally, because the e4 allele of APOE (APOE-e4) is associated
with severe CAA31 and homozygosity of APOE-e4 has also
been linked to zoster susceptibility in females,32 determining
the frequency of APOE-e4 and VZV vasculopathy susceptibility
would be informative and further strengthen the link between
VZV and amyloid-associated diseases.
Although VZV infection of cerebral arteries may lead to amyloid deposition, host responses may dictate the eﬃciency of
amyloid clearance and resolution of the vasculitis. For instance, VZV vasculopathy in children tends to be monophasic,
whereas in older adults, it can recur. Diﬀerences in amyloid
accumulation, clearance, and immune responses between
young and aged brains are well known33 and may be an important factor mediating the recurrence and severity diﬀerences in VZV vasculopathies between adults and children. For
example, not only are amyloid eﬄux mechanisms reduced
with normal aging,34 it has also been shown that ﬁbrillar Aβ42
injections into the brain of aged, but not young rhesus macaques, resulted in substantial neurodegenerative pathology,35
suggesting a vulnerability of an aged brain to amyloid toxicity.
Furthermore, microglia from aged brains have markedly reduced phagocytic activity against amyloid36; amyloid phagocytosis by aged microglia results in a redistribution of amyloid
rather than protein breakdown37 (reviewed in Spittau38).
Given the evidence that VZV vasculopathy may be an
amyloid-associated disease, by extension, VZV vasculopathy
may also increase the amyloid burden of other amyloidassociated diseases, such as Alzheimer disease, and accelerate
clinical decline. This is further supported by epidemiologic
studies showing that VZV reactivation (herpes zoster)
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increases the risk of dementia, and antiviral therapy reduces
the risk,39-41 and increased the risk of neovascular macular
degeneration,42 both characterized by Aβ42/amylin and Aβ42
aggregates, respectively. In addition, zoster is associated with a
deterioration in glycemic control in diabetes mellitus43 that is
characterized by amylin aggregates in the pancreas that contribute to death of insulin-producing beta cells.44-46
Overall, there is mounting evidence that VZV vasculopathy is
an amyloid-associated disease and virus-induced deposition of
amyloid may serve as a nidus for persistent inﬂammation and
cytotoxicity, depending on host and environmental factors
that contribute to eﬃcient or deﬁcient amyloid clearance.
Examination of VZV antigen and amyloid in postmortem
virus-infected arteries from patients with VZV vasculopathy is
warranted in future studies. Finally, our results suggest that in
individuals with amyloid-associated diseases, VZV reactivation
that can occur with or without rash should be considered a
potential accelerator of disease progression, and these individuals may beneﬁt from rapid antiviral therapy during reactivation or zoster vaccination to prevent reactivation.
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