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Background.  Varicella zoster virus (VZV) vasculopathy is characterized by persistent arterial inflammation leading to stroke. 
Studies show that VZV induces amyloid formation that may aggravate vasculitis. Thus, we determined if VZV central nervous 
system infection produces amyloid.

Methods.  Aβ peptides, amylin, and amyloid were measured in cerebrospinal fluid (CSF) from 16 VZV vasculopathy subjects 
and 36 stroke controls. To determine if infection induced amyloid deposition, mock- and VZV-infected quiescent primary human 
perineurial cells (qHPNCs), present in vasculature, were analyzed for intracellular amyloidogenic transcripts/proteins and amyloid. 
Supernatants were assayed for amyloidogenic peptides and ability to induce amyloid formation. To determine amylin’s function 
during infection, amylin was knocked down with small interfering RNA and viral complementary DNA (cDNA) was quantitated.

Results.  Compared to controls, VZV vasculopathy CSF had increased amyloid that positively correlated with amylin and 
anti-VZV antibody levels; Aβ40 was reduced and Aβ42 unchanged. Intracellular amylin, Aβ42, and amyloid were seen only in 
VZV-infected qHPNCs. VZV-infected supernatant formed amyloid fibrils following addition of amyloidogenic peptides. Amylin 
knockdown decreased viral cDNA.

Conclusions.  VZV infection increased levels of amyloidogenic peptides and amyloid in CSF and qHPNCs, indicating that VZV-
induced amyloid deposition may contribute to persistent arterial inflammation in VZV vasculopathy. In addition, we identified a 
novel proviral function of amylin.
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Recent studies have shown that varicella zoster virus (VZV) 
reactivation increases the risk of amyloid-associated diseases. 
Over a 5-year follow-up period, herpes zoster ophthalmicus 
conferred a 2.97-fold greater risk of developing dementia 
(P < .001), of which Alzheimer disease (AD) was most common 
[1]. Similar findings were observed if zoster occurred in any 
dermatome (1.11-fold greater risk; P  <  .0014), and antiviral 
therapy reduced the risk [2]. Zoster also conferred a 4.62-fold 
increased risk of developing neovascular age-related macular 

degeneration over 3  years (P  <  .001) [3], and a deterioration 
in glycemic control among diabetic subjects [4]. Recent studies 
support a direct contribution of VZV to the toxic amyloid 
burden in these 3 diseases. Specifically, VZV infection of pri-
mary human spinal astrocytes in vitro leads to increased intra-
cellular amyloidogenic proteins (amylin and amyloid precursor 
protein [APP]/amyloid-beta [Aβ]) and amyloid, as well as an 
extracellular environment that catalyzed amyloid formation fol-
lowing amylin or Aβ42 addition, likely through amyloidogenic 
viral peptides [5]. Another study showed that, compared to 
nonzoster plasma, acute zoster plasma had elevated amyloid 
levels and also induced aggregation of Aβ42 and amylin [6]. 
Herein, we determined if cerebrospinal fluid (CSF) from in-
dividuals with VZV vasculopathy contained elevated levels of 
amyloidogenic proteins and amyloid compared to controls with 
stroke. We also examined if cerebrovascular cells produced an 
amyloidogenic environment during VZV infection similar to 
that seen in VZV-infected astrocytes.
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METHODS

Human Samples, Standard Protocol Approvals, Registrations, and 

Patient Consent

De-identified, archived CSF from stroke subjects without 
(VZV–; n = 36) and with (VZV+; n = 16) VZV vasculopathy was 
obtained from Dr Ravi Mahalingam (University of Colorado), 
who receives specimens to evaluate for VZV vasculopathy di-
agnosis. These samples are not considered human subjects re-
search by the Colorado Multiple Institutional Review Board 
(COMIRB protocol number 18–2410) and are deemed exempt 
from review as defined by its policies and regulations and US 
Food and Drug Administration guidelines. See Table 1 for dem-
ographics, anti-VZV antibody titers, and analyte data.

Intrathecal Antibody Assay

Enzyme-linked immunosorbent assays (ELISAs) performed by 
the Centers for Disease Control and Prevention (CDC) National 
VZV Laboratory (Atlanta, Georgia) were used to determine intra-
thecal synthesis of anti-VZV antibodies in concurrently obtained 
paired serum and CSF samples. Three commercial ELISAs 
(Captia herpes simplex virus type 1 [HSV-1] and herpes simplex 
virus type 2 [HSV-2], Trinity Biotech, Jamestown, New York; and 
human herpesvirus 6 [Abnova, Walnut, California]) were run as 
specificity controls. Patients were considered positive if serum 
and CSF were both positive and if VZV immunoglobulin G (IgG) 
serum/CSF ratios were reduced compared to total IgG or albumin 
ratios. Approximately 200 serum samples (obtained prior to and 
after age-appropriate immunization) were used as true negatives 
and true positives and analyzed by receiver operating character-
istic (ROC) analysis; performance of glycoprotein ELISA (96% 
sensitive, 95% specific) and fluorescent-antibody-to-membrane-
antigen test (88% sensitive, 100% specific) were independently 
evaluated, eliminating the need to use a “gold standard” method 
as a comparator [7, 8]. ROC analysis determined a cutoff value 
of 0.191 adjusted optical density, and a slightly more conservative 
cutoff of 0.200 was adopted.

CSF Thioflavin-T Fluorescence Intensity Assay

Five microliters of CSF (assayed in duplicate) was added to 
195 μL of nanopure water and 75 μL of 13.5 μM of thioflavin-T 
(Thio-T; in 50  mM glycine; MilliporeSigma, Burlington, 
Massachusetts) in a black 96-well plate, incubated in the dark 
for 10 minutes, and fluorescence intensity measured (plate 
reader excitation/emission = 440/490 nm).

CSF Quantification and Statistical Analysis

CSF VZV titers and concentrations of Aβ peptides (Aβ38, 
Aβ40, Aβ42) and amyloid were natural log-transformed to 
improve normality; amylin was normally distributed in the 
VZV+ group. Means and standard deviations were used to 
summarize the continuous biomarkers separately for each 
group. A χ 2 test was used for categorical variables. A 1-way 

random-effect analysis of variance model was used to test 
for VZV group effect and to compute the level of variance 
explained by being VZV+. VZV group was modeled as a 
random variable because although VZV status was con-
sidered a “treatment,” it was not controlled, and only the pop-
ulation from which the subjects were derived, not particular 
subjects, was of interest in this study. The Pearson correlation 
coefficient assessed correlation among measures; Cronbach 
coefficient α for reliability measured internal consistency 
among Aβ peptides.

Linear regression analysis was conducted on each group’s re-
sults separately; permutation P value was generated due to small 
sample sizes. The strong VZV+ group effect led us to explore 
group differences using 2 classification approaches: the classifi-
cation and regression tree (CART) model and ROC curves with 
area under the curve (AUC) calculations. CART models use re-
cursive partitioning to split on variables to minimize misclassi-
fication of subjects. ROC curves, generated from a binomial 
distribution, assess each possible cutoff value of the biomarker 
and classify a test result as positive or negative. Sensitivity and 
specificity of a biomarker(s) are calculated for each cutoff point. 
The AUC is a measure of diagnostic performance, where higher 
values represent better classification. Confidence intervals (CIs) 
were calculated using bootstrapping with 10 000 replicates.

Using the CART-identified optimal cutoff values, we dichot-
omized amylin and amyloid and conducted a causal mediation 
analysis under the assumption that elevated amylin reflected 
VZV+ status and that amylin was an early marker of amyloid 
production. The effect sizes were standardized logits from lo-
gistic regression models. Bootstrapped CIs and P values esti-
mate indirect and direct effects.

Analysis of variance, analysis of covariance, and ROC ana-
lyses were conducted in SAS version 9.4. Linear regression with 
permutation-generated P values was performed using R (http://
www.R-project.org/). The tree package was used for CART 
modeling, while the pROC package in R was used to graph 
ROC curves and obtain bootstrapped CIs and P values.

Cells and Virus Infection

Quiescent primary adult human perineurial cells (qHPNCs; 
ScienCell, Carlsbad, California) were prepared as previously 
described [9, 10]; these cells were isolated from the sciatic nerve 
of a 55-year-old man. At day 7, qHPNCs were co-cultivated 
with uninfected (mock-infected) or VZV-infected qHPNCs 
(50 plaque-forming units/cm2; VZV Gilden clinical strain, 
GenBank accession number MH379685). Cells were analyzed 
at 3 days postinfection (DPI) at the height of a cytopathic effect. 
For HSV-1 infection, cell-free virus (McKrae strain; GenBank 
accession number MN136524.1) was added to qHPNCs at 0.01 
multiplicity of infection and removed 1 hour later; cells were 
analyzed at 3 DPI. CDC assays used the VZV parental Oka 
strain (GenBank accession number AB097933).

http://www.R-project.org/
http://www.R-project.org/
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Table 1.  Patient Information and Analyte Data for Anti–Varicella Zoster Virus Antibody Titers, Amylin, Aβ Peptides, and Thioflavin-T

Patients Age Sex

CSF Titer Amylin Aβ38 Aβ40 Aβ42 Thio-T

(Anti-VZV IgG) (pM) (pg/mL) (pg/mL) (pg/mL) (AU)

VZV-negative controls with stroke

  C1 64 M 0.199 6.18 595.97 1950.28 95.28 387.67

  C2 59 F 0.144 8 1448.48 4911.59 275.22 1671.17

  C3 37 F 0.076 7.04 435.9 1110.21 39.09 NM

  C4 44 M 0.0075 4.98 1831.39 5349.71 398.13 257.67

  C5 66 F 0.041 3.74 1451.63 4335.91 178.18 542.17

  C6 68 F 0.105 8.46 731.35 2120.36 98.94 207.17

  C7 26 M 0.064 4.84 673.24 2100.46 133.24 420.17

  C8 49 M 0.023 3.92 998.22 2606.64 98.94 931.67

  C9 51 M 0.001 7.68 639.8 2080.94 100.74 468.67

  C10 22 M 0.18 7.79 522.58 1847.46 99.89 126.67

  C11 78 M 0.09 3.32 1189.16 2781.59 129.32 521.17

  C12 74 M 0.031 2.16 1366.34 4166.68 268.47 684.17

  C13 46 F 0.053 8.22 954.99 2841.99 146.65 378.17

  C14 22 M 0.156 7.95 730.67 2397.42 100.74 352.67

  C15 53 M 0.035 4.31 1011.4 3212.61 158.55 347.17

  C16 69 F 0.09 3.08 1143.01 3325.35 130.67 602.67

  C17 50 F 0.142 6.14 1020.09 3039.5 152.29 NM

  C18 44 F 0.195 7.78 724.59 2435.08 124.9 564.17

  C19 65 M 0.01 4.18 294.5 787.92 23.81 637.17

  C20 19 F 0.0115 4.39 770.33 2538.79 142.29 445.67

  C21 72 F 0.091 10.61 691.75 1824.28 33.34 491.67

  C22 45 F 0.015 8.83 607.69 2031.7 73.63 111.67

  C23 42 F 0.0045 5.01 1459.22 4987.08 268.13 901.67

  C24 45 M 0.025 5.03 897.2 3072.38 175.86 1106.67

  C25 77 M 0.06 9.13 1116.97 3198.6 174.48 419.17

  C26 35 M 0.07 9.24 663.41 2442.31 129.08 507.67

  C27 70 M 0.06 5.24 1101.85 3787.31 114.09 926.67

  C28 59 F 0.007 6.11 1880.93 6026.7 451.55 454.67

  C29 45 M 0.008 11.89 577.01 2115 115.26 1294.67

  C30 58 M 0.09 9.67 756.65 2908.09 125.25 963.17

  C31 53 F 0.07 8.73 1099.1 4492.33 257.36 708.17

  C32 44 F 0.03 9.99 561.81 2134.43 103.58 54.67

  C33 35 M 0.035 12.93 1524.07 5865.8 329.37 291.67

  C34 72 F 0.09 11.23 851.85 3094.72 116.77 535.17

  C35 62 M 0.07 12.21 499.88 1800.62 75.88 253.17

  C36 59 F 0.0075 13.55 1488.71 4677.27 277.31 421.67

VZV-positive subjects with vasculopathy

  V1 53 M 4.11 12 570.61 1150.09 138.79 1808

  V2 44 F 4.8155 12.25 380.01 977.47 84.92 4135

  V3 55 M 0.73 12.58 602.03 1724.07 191.49 1361

  V4 33 M 0.35 11.13 428.26 1055.4 99.35 1143

  V5 45 M 1.048 11.33 131.52 392.68 24.82 2216

  V6 54 F 0.65 11.16 1474.15 2695.44 269.29 1126.5

  V7 33 M 0.297 7.857 618.03 1285.3 142.35 844.25

  V8 27 F 0.819 9.433 246.42 751.55 47.91 591.25

  V9 62 M 1.843 9.231 298.52 939 98.78 1037

  V10 79 F 0.213 11.05 575.75 1517.54 85 649.25

  V11 75 M 2.43 8.649 345.7 926.57 61.54 1831.75

  V12 65 M 3.7 7.439 772.39 1809.11 220.22 1430.75

  V13 78 F 3.29 9.049 922.93 2190.95 293.65 536.25

  V14 60 M 1.07 7.91 429.8 1130.73 62.4 1229.25

  V15 60 F 1.1375 8.431 1377.54 2211.27 406.36 2633.25

  V16 48 M 5.41 NM 2219.88 3987.74 543.44 2741.25

Abbreviations: AU, artificial units; CSF, cerebrospinal fluid; F, female; IgG, immunoglobulin G; M, male; NM, not measured; VZV, varicella zoster virus.
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Amylin Small Interfering RNA Knockdown

Two independent predesigned amylin Dicer-Substrate small in-
terfering RNAs (siRNAs) and a scramble siRNA that does not 
target any human or VZV genes were obtained (Integrated DNA 
Technologies, Coralville, Iowa; assay IDs: CD.Ri.108976.13.1, 
CD.Ri.108976.13.2, and catalog number 51-01-14-03, respec-
tively). All siRNAs were diluted in RNAiMax Lipofectamine per 
the manufacturer’s instructions and transfected into qHPNCs 1 
hour before VZV infection (final concentration = 10 nM). At 3 
DPI, cells were harvested and viral transcripts quantitated.

RNA Extraction and Quantitative Reverse-Transcription Polymerase Chain 

Reaction

At 3 DPI, RNA was reverse-transcribed into complemen-
tary DNA and analyzed by reverse-transcription quantitative 
polymerase chain reaction (RT-qPCR) as described previ-
ously [11]. Prevalidated primers for APP (Integrated DNA 
Technologies; NM_201414) and amylin (Life Technologies, 
Carlsbad, California; Hs00169095_m1), as well as custom VZV 
(open reading frame 28)  and glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) [10] primers [5, 12], were used. Data 
were normalized to GAPDH and analyzed using the ∆∆Ct 
method or ∆Ct when only 1 group amplified transcripts.

Immunofluorescence Antibody Assay and Thio-T Staining Assay

At 3 DPI, cells were analyzed by immunofluorescence anti-
body assay (IFA) as described previously [5]. Cells were incu-
bated with mouse anti-VZV glycoprotein B (gB; 1:250 dilution; 
Abcam, Cambridge, Massachusetts) or mouse anti–HSV-1 
ICP0 (1:200 dilution; Virusys Corporation, Randallstown, 
Maryland) and either rabbit anti-Aβ42 (1:100 dilution; Abcam) 
or rabbit anti-amylin (1:250 dilution; Abcam) antibodies over-
night, then probed with donkey anti-rabbit Alexa Fluor 647 or 
donkey anti-mouse Alexa Fluor 594 IgG (both at 1:500, Life 
Technologies), respectively. Cell nuclei were stained with 2 µg/
mL 4’,6-diamidino-2-phenylindole (DAPI, Vector Laboratories, 
Burlingame, California). Following primary and secondary an-
tibody stains, cells were stained with Thio-T and imaged as de-
scribed elsewhere [5].

Amylin and Aβ Peptide ELISA

Human CSF and tissue culture supernatants were ana-
lyzed in duplicate for human amylin levels by ELISA 
(MilliporeSigma ). Similarly, Aβ38, Aβ40, and Aβ42 were de-
tected and quantified using the V-Plex Plus Aβ peptide panel 
1 electrochemiluminescence immunoassay (Meso Scale 
Discovery, Rockville, Maryland).

Transmission Electron Microscopy

Supernatant’s ability to induce Aβ42 and amylin aggregation 
was measured as described previously [5]. In brief, conditioned 
supernatant from mock- or VZV-infected qHPNCs were incu-
bated with 4 μM Aβ42 for 1 hour or 50 μM human amylin for 72 

hours at 37°C prior to preparation for imaging on a FEI Tecnai 
G2 Biotwin transmission electron microscope at 80 kV with an 
AMT side-mount digital camera.

RESULTS

Quantitation of Amyloid, Aβ Peptides, and Amylin in CSF of Stroke Subjects 

Without and With VZV Vasculopathy

CSF from 36 VZV– and 16 VZV+ stroke subjects were examined 
for levels of amyloid by a Thio-T assay that detects β-sheets 
within amyloid-like fibrillar structures (prefibrillar oligomers 
or amyloid fibrils) and by ELISA for levels of cellular peptides 
(Aβ peptides and amylin) that can aggregate to form amyloid 
(analyte values in Table  1). Compared to VZV– CSF, VZV+ 
CSF had significantly elevated levels of amyloid (P  <  .001) 
and amylin (P  <  .01), significantly decreased levels of Aβ40 
(P  <  .001), and no significant changes in Aβ42 (Figure  1A) 
or Aβ38 (data not shown). CSF volumes were insufficient to 
run 2 of 36 VZV– samples and 1 of 16 VZV+ samples for the 
amyloid and amylin assays, respectively (Table 1). CSF anti-
VZV antibody levels showed a significant positive correlation 
with amyloid in the VZV+ group (P < .05; slope = 328 ± 119.8; 
Figure  1B); no correlation between CSF anti-VZV antibody 
levels and amyloid was seen in the VZV– group. No CSF was 
positive for anti–HSV-1 antibodies. Thus, CSF from VZV+ 
subjects was associated with elevated levels of amylin and am-
yloid that positively correlated with the amount of anti-VZV 
antibodies.

To further investigate the complex relationship of amyloid 
formation and amylin levels during VZV infection, VZV– and 
VZV+ CSF were compared. A strong separation of data points 
between VZV– (red circles; –15.43  ±  19.75, slope  ±  standard 
error [SE]) and VZV+ (blue squares; 166.3 ± 142.1, slope ± SE) 
groups was observed when assessing the relationship between 
amylin and amyloid (Figure 1C), although the slope coefficients 
were not statistically significant (P = .06). For CSF samples that 
had similar concentrations of amylin in VZV+ and VZV– groups 
(between 10 and 15 pM), amylin appeared to be positively asso-
ciated with increased amyloid formation during VZV infection, 
whereas there was no relationship between amylin and amyloid 
formation in the VZV– group (Figure 1C).

In-depth statistical analysis and modeling showed that VZV 
status explained 56%, 53%, 30%, and 24% of the variance in total 
amyloid, Aβ40, amylin, and Aβ38, respectively; VZV explained 
no variance in Aβ42. CART, ROC, and AUC analysis validated 
relevant biomarkers (amyloid, amylin, and Aβ40) important 
in classifying VZV status (Supplementary Figure 1A and 1B). 
Causal mediation model showing standardized regression coef-
ficients for amylin as an intermediate between VZV status and 
amyloid formation revealed that amylin is not the sole contrib-
utor to the elevated amyloid formation measured in the VZV+ 
group (P < .05; Supplementary Figure 1C).

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa513#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa513#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa513#supplementary-data
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VZV-Infected qHPNCs Contain Aβ42 Peptides, Amylin, and Amyloid-Like 

Fibrillary Structures

To determine whether in vivo alterations are a direct effect of 
VZV infection, in vitro studies using qHPNCs were performed. 
The rationale for using these cells is that during VZV reactiv-
ation from ganglionic neurons, virus travels along nerve fibers 
within immunoprivileged nerve bundles that are encased by 
perineurial cells forming the peripheral nerve-extrafascicular 
tissue barrier; virus must infect and disrupt perineurial cells 
to access surrounding tissue [10]. Moreover, VZV infection 
of perineurial cells has been observed in vivo in adventitia of 
VZV-infected giant cell arteritis temporal artery biopsies [13, 
14].

We used RT-qPCR to determine if VZV infection altered 
transcription of amyloidogenic proteins, APP (which can be 
proteolytically cleaved to produce pathogenic Aβ42 peptides), 
and amylin. Compared to mock-infected qHPNCs at 3 DPI, 
APP transcripts were significantly downregulated in VZV-
infected qHPNCs (mean fold change  ±  standard error of the 
mean [SEM], 0.20 ± 0.02; P < .01). At 3 DPI, amylin transcripts 
were detected in VZV-infected qHPNCs (mean ΔCt  ±  SEM, 
13.91 ± 0.49; n = 3; Figure 2), but not in mock-infected cells. 

Transfecting VZV-infected qHPNCs with 2 independent 
siRNAs (design 1 and 2)  targeted against amylin resulted in 
no detectable amylin transcripts, validating amylin specificity 
(Figure 2). To test whether the novel increase in amylin tran-
scripts was VZV-specific or represents a nonspecific viral re-
sponse, we infected qHPNCs with HSV-1 and measured amylin 
transcripts. Unlike VZV, HSV-1–infected qHPNCs had unde-
tectable amylin transcripts (Figure 2).

To confirm protein expression, mock- and VZV-infected 
qHPNCs were analyzed by IFA. IFA showed that mock-infected 
qHPNCs were Thio-T-negative and did not contain VZV gB, 
Aβ42, or amylin (Figure  3A and 3B, respectively). In VZV-
infected cultures, VZV gB-expressing qHPNCs expressed Aβ42 
and amylin, and were Thio-T positive (Figure 3A and 3B, respec-
tively). No Aβ42, amylin, or Thio-T positivity was detected in 
uninfected bystander cells. Thus, qHPNCs that expressed VZV 
gB, also expressed Aβ42 and amylin, and contained amyloid-like 
fibrillar structures that were absent in mock-infected and un-
infected bystander cells. In HSV-1–infected cultures, qHPNCs 
expressing HSV-1 ICP0 antigen were positive for Aβ42 and 
Thio-T, which was not detected in uninfected cells (Figure 4). 
Unlike VZV, HSV-1–infected qHPNCs did not express amylin 
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Figure 1.  Amyloid, Aβ peptides, and amylin in cerebrospinal fluid (CSF) of subjects without and with varicella zoster virus (VZV) vasculopathy. A, Compared to CSF from 36 
subjects without VZV vasculopathy (VZV–, red circles), CSF from 16 VZV vasculopathy subjects (VZV+, blue squares) had significantly elevated levels of amyloid, significantly 
decreased levels of Aβ40, insignificant changes in Aβ42, and significantly elevated levels of amylin (**P < .01, ***P < .001). B, Anti-VZV immunoglobulin G (IgG) antibody 
levels in CSF from VZV+ subjects (blue squares) positively and significantly correlated with levels of amyloid (*P < .05). Conversely, anti-VZV IgG antibody levels in CSF from 
VZV– subjects (red circles) did not significantly correlate with levels of amyloid (P > .05). C, Amylin is positively correlated with amyloid in VZV+ subjects (blue squares) but no 
correlation was seen in VZV– subjects (red circles). Difference in regressions approached significance (P = .06). Abbreviations: AU, artificial units; CSF, cerebrospinal fluid; ns, 
not significant; Thio-T, thioflavin T; VZV, varicella zoster virus.
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consistent with the undetectable amylin transcripts (Figure 2), 
again suggesting that the increase in amylin is a VZV-specific 
response.

Amylin Knockdown Decreases VZV Transcripts

To test whether VZV-induced amylin expression represents a 
proviral or antiviral response, qHPNCs were transfected with 
1 of 2 independent siRNAs targeting amylin (design 1 or de-
sign 2) or with a scrambled siRNA (negative control) and in-
fected with VZV 1 hour later. Knockdown of amylin expression 
by design 1 or 2 resulted in significant reductions in VZV 
transcripts when compared to scrambled siRNA transfection 
(Figure 5; mean fold change ± SEM, 0.4 ± 0.13 and 0.07 ± 0.02, 
respectively; P < .001). Amylin transcripts were absent in VZV-
infected qHPNCs pretreated with amylin-targeted siRNA de-
sign 1 or 2, indicating knockdown of VZV-induced amylin 
expression (Figure 2).

Conditioned Supernatants From VZV-Infected qHPNCs Creates an 

Extracellular Amyloidogenic Environment

Supernatant from mock- and VZV-infected qHPNCs showed 
undetectable or no significant differences in amyloidogenic 
proteins (Aβ38, Aβ40, Aβ42, or amylin). Because VZV-
infected astrocytes produced an amyloidogenic environment 
independent of these amyloidogenic proteins [5], we incu-
bated the mock- and VZV-infected qHPNC supernatants with 
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Figure 3.  Varicella zoster virus (VZV)–infected quiescent primary adult human perineurial cells (qHPNCs) contain Aβ42, amylin, and amyloid-like fibrillar structures. Mock- 
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Figure 2.  Varicella zoster virus (VZV), but not herpes simplex virus type 1 (HSV-1), in-
duces amylin expression in quiescent primary adult human perineurial cells (qHPNCs). 
Mock- and VZV- or HSV-1–infected qHPNCs were analyzed at 3 days postinfection by 
reverse-transcription quantitative polymerase chain reaction for amylin transcripts. Amylin 
transcripts were detected in VZV-infected qHPNCs but not in mock- or HSV-1–infected 
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fected with amylin-targeted small interfering RNA (independent designs 1 and 2) 1 hour prior 
to infection, demonstrating specific and efficient knockdown. Bars represent mean Δ cycle 
threshold of amylin transcripts/glyceraldehyde-3-phosphate-dehydrogenase  ±  standard 
error of the mean. Abbreviations: Ct, cycle threshold; HSV-1, herpes simplex virus type 1; 
ND, not detected; siRNA, small interfering RNA; VZV, varicella zoster virus.
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physiologically relevant concentrations of exogenous Aβ42 or 
amylin peptides (4 μM or 50 μM, respectively). Transmission 
electron microscopy revealed low levels of fibril formation in 
mock-infected qHPNC supernatant incubated with Aβ42 and 
amylin (Figure 6A and 6B, respectively, red arrows). In contrast, 
VZV-infected qHPNC supernatant showed elongated amyloid 
fibrils when Aβ42 or amylin peptides were added (Figure 6A 
and 6B, respectively, red arrows). Thus, VZV-infected qHPNC 
supernatant produced an amyloidogenic extracellular environ-
ment via increased amyloid-promoting factor(s) and/or de-
creased amyloid-inhibitory factor(s).

DISCUSSION

Herein, we showed that compared to CSF from stroke subjects 
without VZV vasculopathy, CSF from VZV vasculopathy 
subjects contained significantly higher levels of amylin and am-
yloid that positively correlated with anti-VZV antibody levels. 
Further statistical analysis indicated that VZV vasculopathy 
CSF contained factors that promote amyloid formation. 
Production of amylin, amyloid, and an amyloidogenic extra-
cellular environment was shown to be a direct effect of VZV 
infection in qHPNCs, consistent with our previous studies in 
primary human spinal astrocytes [5]. In addition, the CNS 
amyloidogenic environment during VZV vasculopathy recap-
itulates the amyloidogenic environment seen in plasma during 
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Figure 5.  Varicella zoster virus (VZV)–induced amylin has a proviral function 
in quiescent primary adult human perineurial cells (qHPNCs). The qHPNCs were 
transfected with a scrambled small interfering RNA (siRNA) or 2 designs of 
siRNA targeting amylin 1 hour prior to VZV infection. At 3 days postinfection, 
compared to VZV-infected qHPNCs transfected with scrambled siRNA (n = 5), 
amylin-targeted siRNA design 1 (n  =  3) and design 2 (n  =  9) significantly re-
duced VZV transcripts (mean fold change ± standard error of the mean [SEM], 
0.4 ± 0.13 and 0.07 ± 0.02, respectively). ***P < .001. Bars represent mean fold 
change ± SEM.



Amyloid in VZV Vasculopathy CSF  •  jid  2021:223  (1 April)  •  1291

peripheral VZV infection [6]. These findings have intriguing 
implications in VZV vasculopathy pathogenesis and amyloid-
associated diseases.

The presence of amyloid in VZV vasculopathy CSF and in-
tracellularly in VZV-infected cells may explain, in part, the 
persistent inflammation in VZV-infected arteries and provides 
a potential link to cerebral amyloid angiopathy (CAA). VZV 
vasculopathy, presenting as ischemic/hemorrhagic stroke or 
aneurysm, occurs following VZV reactivation from trigeminal 
or autonomic ganglia that innervates adventitia of cerebral ar-
teries. Virus travels along nerve fibers to infect perineurial cells 
and adventitial fibroblasts, then spreads inward within the ar-
terial wall [14]. A  prominent feature of VZV vasculopathy is 
extensive arterial infiltration of immune cells (predominantly 
T cells and macrophages) that release soluble factors contrib-
uting to pathological vascular remodeling [15]. Vasculitis has 
been attributed to VZV-induced proinflammatory cytokine re-
lease, downregulation of programmed death ligand-1 that pre-
vents resolution of inflammation, and downregulation of major 
histocompatibility complex I  that inhibits effective immune 
clearance of virus [16]. The release of intracellular amyloid and 
amyloidogenic cellular peptides from dying cells, as well as re-
lease of amyloidogenic viral peptides derived from VZV gB 
[5], in combination with detrimental environmental and host 
factors (ie, age-associated decrease in amyloid-degrading fac-
tors, decreased glymphatic clearance), may further contribute 

to persistent vascular inflammation because insoluble amy-
loid aggregates can chronically activate immune cells [17–20]. 
Furthermore, the presence of amyloid and Aβ42 in VZV-
infected vascular cells raises the possibility that a subset of in-
flammatory cerebral amyloid angiopathy (iCAA) [21, 22] is due 
to VZV vasculopathy. Transient neurological symptoms and 
cognitive decline are present in both VZV vasculopathy [23, 24] 
and iCAA [25, 26]; hemorrhage and multinucleated giant cells 
are present in affected vessels of VZV vasculopathy [27] and 
iCAA [28]; and amyloid and Aβ42 are found in cerebrovascular 
cells in both diseases [29]. Additional support for a relationship 
between VZV vasculopathy and CAA comes from findings that 
Aβ40 is the predominant amyloidogenic peptide found in CAA 
[30, 31], and that CSF Aβ40 is decreased in Dutch-type heredi-
tary CAA [32]; similarly, we also found significantly decreased 
Aβ40 in VZV vasculopathy (Figure  2A). The association be-
tween VZV vasculopathy and CAA is further strengthened by 
a recent case of CAA coexisting with VZV vasculopathy, VZV 
meningitis, and zoster rash [33], indicating the need to further 
investigate the link between these 2 diseases.

The findings that VZV induces Aβ42 expression and amy-
loid deposition is consistent with previous reports that HSV-1 
induces Aβ42 and amyloid deposition [34–36]. Taken together 
with increased HSV-1 detected in brains of AD individuals, a 
role for HSV-1 in contributing to AD pathogenesis has been 
speculated (reviewed in [37]). However, in our case, our clinical 
samples were from individuals without AD and cognitive func-
tion was not measured; thus, we remain cautious in our inter-
pretation of the role VZV has in AD.

Other remarkable findings include the induction of amylin 
by VZV in CSF and perineurial cells (similar to astrocytes in 
a previous study [5]), and the identification of a novel pro-
viral function of amylin. Historically, amylin was identified 
as a peptide hormone that was co-secreted with insulin from 
pancreatic β cells in response to food intake, slowing gastric 
emptying and crossing the blood-brain barrier to promote sa-
tiety. Subsequently, amylin was found to aggregate into amy-
loid fibrils in the pancreas of >90% of subjects with diabetes 
mellitus (DM), forming oligomers and amyloid plaques that are 
cytotoxic and proinflammatory, similar to Aβ in AD brains [38, 
39]. Recently, amylin has been found as independent plaques or 
mixed with Aβ plaques in brains of AD subjects [29], as well as 
in CSF of AD subjects [40]. The contribution of VZV-specific 
CNS amylin expression, as well as Aβ42 induction, in the con-
text of AD pathogenesis remains to be determined, but points to 
VZV CNS infection as a potential accelerator of AD.

The induction of amylin appears to be VZV-specific given 
the lack of amylin transcripts and protein in HSV-1–infected 
qHPNCs. In addition, the knockdown of amylin by siRNA re-
sulted in less VZV cDNA, indicating that amylin has a proviral 
function. This surprising observation differs from prior studies 
reporting that amylin has antimicrobial functions against 
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bacteria [41–43]. The mechanism(s) by which amylin potenti-
ates VZV infection remains to be determined, yet the proviral 
effect of amylin may explain why individuals with DM, charac-
terized by elevated amylin levels in pancreas and serum, are up 
to 30% more likely to develop zoster compared to nondiabetic 
controls [4, 44, 45]. Because insulin-producing pancreatic β 
cells are major producers of amylin, they may be more sensi-
tive to VZV infection and associated cell death, potentially ex-
plaining the decline of glycemic control seen with zoster and 
the selective death of β cells in DM.

While Aβ42 was seen in VZV-infected cells, it was not el-
evated in VZV vasculopathy CSF; this may be because VZV-
induced Aβ42 was not released as a peptide into the CSF but 
aggregated into amyloid or remains within the vascular wall. 
The production of Aβ42 in vitro likely represents an increase 
in APP cleavage because no increases in APP transcripts were 
seen, recapitulating what was found with HSV-1 infection of 
neuronal and glial cells in vitro [34]. The finding that VZV-
infected qHPNCs produced an amyloidogenic extracellular 
environment is consistent with our previous studies using 
human spinal astrocytes [5]. Although the exact mechanisms 
facilitating this increased aggregation are unknown, VZV pep-
tide fragments acting as aggregation catalysts are likely con-
tributors [5].

CONCLUSIONS

Increased levels of amyloidogenic cellular proteins and amyloid 
were seen in CSF from subjects with VZV vasculopathy and in-
tracellularly within VZV-infected qHPNCs. Importantly, VZV 
vasculopathy CSF and conditioned supernatant from VZV-
infected qHPNCs contained factors that promoted aggregation 
of amyloidogenic peptides. Overall, VZV-induced amyloid ag-
gregation could represent an important mediator in the per-
sistent arterial inflammation seen in VZV vasculopathy.
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