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Abstract

Autophagy is a degradational pathway with pivotal roles in cellular homeostasis and

survival, including protection of neurons in the central nervous system (CNS). The

significance of autophagy as antiviral defense mechanism is recognized and some

viruses hijack and modulate this process to their advantage in certain cell types.

Here, we present data demonstrating that the human neurotropic herpesvirus

varicella zoster virus (VZV) induces autophagy in human SH‐SY5Y neuronal cells, in

which the pathway exerts antiviral activity. Productively VZV‐infected SH‐SY5Y

cells showed increased LC3‐I‐LC3‐II conversion as well as co‐localization of the viral

glycoprotein E and the autophagy receptor p62. The activation of autophagy was
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dependent on a functional viral genome. Interestingly, inducers of autophagy

reduced viral transcription, whereas inhibition of autophagy increased viral

transcript expression. Finally, the genotype of patients with severe ocular and brain

VZV infection were analyzed to identify potential autophagy‐associated inborn

errors of immunity. Two patients expressing genetic variants in the autophagy genes

ULK1 and MAP1LC3B2, respectively, were identified. Notably, cells of both patients

showed reduced autophagy, alongside enhanced viral replication and death of VZV‐

infected cells. In conclusion, these results demonstrate a neuro‐protective role for

autophagy in the context of VZV infection and suggest that failure to mount an

autophagy response is a potential predisposing factor for development of severe

VZV disease.
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1 | INTRODUCTION

Autophagy has been recognized as a degradational pathway serving to

maintain homeostasis in eukaryotic cells for more than 60 years.1,2

Cytoplasmic contents are sequestered during macro‐autophagy; here-

upon referred to as autophagy. Its longstanding conservation throughout

evolution underscores the immense importance of autophagy for survival

of cells and organisms.3–5 In the autophagy process, intracellular cargo is

marked for degradation and subsequently enclosed within a double‐

membraned phagophore. Upon completion of the autophagosome the

cargo is broken down in the context of fusion with lysosomes by

increased acidification and enzymatic degradation.6–8 The rate of

autophagic activity is defined by formation of autophagosomes and their

subsequent degradation is referred to as autophagic flux.9 Additionally,

autophagosomes are able to fuse with endosomes, leading either to

digestion of the cargo or transport to the plasma membrane for

exocytosis of its contents.10–13

While basal autophagy serves to maintain homeostasis through

recycling of organelles and proteins,14 the pathway is further

upregulated during conditions of stress‐ and starvation.15–17 Impor-

tantly, accumulating evidence shows an essential role of autophagy in

response to infection with a range of different pathogens.18–21

Autophagy can exert antiviral activity in numerous ways, for example

by directly degrading viral particles (xenophagy), by activating innate

immune responses, and by promoting major histocompatibility

complex class I and II antigen presentation.22 On the other hand,

autophagy can negatively regulate inflammation by degrading

inflammasome components, such as nucleotide‐binding oligomeriza-

tion domain (NLRP)3 and absent in melanoma (AIM)2, and by

counteracting the interferon (IFN) response and the nuclear factor

kappa‐light‐chain‐enhancer of activated B cells (NF‐κΒ) path-

way.23–25 Moreover, some viruses have adapted to evade digestion

and instead utilize autophagic vesicles as a means to replicate and

exit the cell.26–30

VZV is a pathogen of the α‐herpesvirus subfamily and has been

described to induce autophagy upon infection.31 Unlike the closely

related herpes simplex virus (HSV)‐1 and HSV‐2, VZV does not encode

for any proteins interfering with autophagy; hence, complete autophagic

flux has been observed in VZV infected fibroblasts and melanoma cells.32

Moreover, VZV has been proposed to benefit from complete autophagy,

at least in fibroblasts, potentially exploiting the pathway to egress from

infected cells.33 The clinical phenotype of primary infection with VZV is

varicella (chickenpox). A hallmark of herpesvirus infection is the

establishment of latency in the host succeeding primary infection, in

the case of VZV mainly in sensory dorsal root and trigeminal ganglia.34,35

Depending on the immunity of the host, the virus may reactivate decades

later in an estimated 1 of 3 infected individuals, giving rise to zoster.36,37

In rare cases severe complications can arise after either primary infection

or reactivation, with involvement of the CNS, potentially, including VZV

meningitis, encephalitis, or acute retinal necrosis (ARN).38–41 VZV

encephalitis occurs in an estimated 1 out of 10 000 infected individuals

and can manifest as a stroke‐like presentation due to vasculitis of large‐

and small vessels in both immunocompromised and immunocompetent

individuals. VZV encephalitis may lead to permanent sequelae, including

cognitive impairment and memory loss.42 Likewise, ARN is a rare ocular

disease manifestation only occurring with an incidence of 1 out of 2

million individuals every year.41 Nonetheless, the consequences of this

retinal inflammation can be serious, and in the worst‐case result in

permanent loss of vision.43 Severe complications of VZV infection are

most commonly observed in immunocompromised individuals or those

having reached the age of immunosenescence, whereas occurrence in

young, otherwise healthy individuals may suggest an underlying inborn

error of immunity (IEI).44–46

The aim of the current study was to determine the role of

autophagy in antiviral defence against VZV in human neuronal cell

types and a potential pathogenic role for defective autophagy in

predisposing to VZV pathologies in the CNS in humans. We show

that VZV infection of neuronal cells induces autophagy and that
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impaired autophagy results in enhanced viral replication, whereas

autophagy‐inducing agents decrease viral titres. Further, we describe

the identification and characterization of variants in genes encoding

essential autophagy molecules, including ULK1 in a VZV encephalitis

patient (P1) and MAP1LC3B2 in a VZV ARN patient (P2). Cells from

these patients show reduced autophagy in response to VZV infection

alongside elevated VZV replication and enhanced cell death.

2 | METHODS

Methods are described in greater detail in supplementary methods.

2.1 | Patient inclusion & material

P1 was included as P1 in a VZV encephalitis cohort described by

Thomsen et al. (2021),47 and P2 was included as P2 in an ARN cohort

described by Heinz et al. (2023).48 Whole blood was collected into

EDTA tubes for DNA extraction and in lithium heparin tubes for

peripheral blood mononuclear cell (PBMC) isolation.

2.2 | WES & bioinformatics

DNA was extracted from whole blood and subjected to WES at the

Department of Molecular Medicine, Aarhus University Hospital, and

subsequently analyzed in Ingenuity Variant Analysis (IVA, Qiagen, Hilden,

Germany).49,50

2.3 | STRING analysis

The protein interactome for human ULK1 and LC3B2 was obtained

using the STRING analysis software (version 11.5; STRING Consor-

tium 202351), medium confidence (0.400). All shown nodes are query

proteins and first shell of interactors. The graphics was subsequently

modified in Adobe Illustrator 2023.

2.4 | Popviz

The PopViz plot52 was generated using PopViz webserver (https://

hgidsoft.rockefeller.edu/PopViz/,) and further modified in Adobe

Illustrator 2023

2.5 | Conservation analysis

Protein sequences for ULK1 and LC3B2 in different species were aligned

using the NCBI webserver (https://www.ncbi.nlm.nih.gov/tools/cobalt/

cobalt.cgi?CMD=Web) and modified using Adobe Illustrator 2023.

2.6 | Cell culture, viral infections and stimulations

PBMCs were isolated from whole blood by Ficoll density gradient

centrifugation using SepMate PBMC isolation tubes (Stemcell

Technologies, Vancouver, Canada) as described before53 and

cultured in Roswell Park Memorial Institute (RPMI)‐1640 medium

(cat# L0500, VWR, Radnor, Pennsylvania) supplemented with 10%

heat‐inactivated fetal bovine serum (FBS) (cat# S181H, Biowest,

Nuaillé, France), 100 IU/ml penicillin, and 100 μg/ml streptomycin

(1% P/S) (cat# 15‐140‐122, Thermo Fisher Scientific, Waltham,

Massachusetts). Monocyte derived macrophages (MdMs) were

isolated from 5×105 patient and control PBMCs. The human

neuroblastoma cell line SH‐SY5Y (ATCC, CRL‐2266) was grown in

Dulbecco's Modified Eagle Medium (DMEM) high glucose (cat#

L0102, Biowest, Nuaillé, France) supplemented with 10% HI FBS and

1% P/S. Uninfected or VZV infected human malignant melanoma

MeWo (ATCC, HTB‐65) cells were cultured in DMEM high glucose

supplemented with 10% HI FBS and 1% P/S. Cells were infected with

cell‐free isolates54 of VZV recombinant Oka strain = rOka strain

(ATCC, VR‐1832), the clinical isolate VZV EMC‐1 or MeWo‐

associated VZV rOka/pOka or treated with stimuli indicated in the

regarding figure and supplementary methods.55

2.7 | Differentiation of SH‐SY5Y cells

Was done as previously described and further detailed in supple-

mentary methods.56

2.8 | Generation of hESC‐derived neurons

Was done as previously described and further detailed in supple-

mentary methods.55,57

2.9 | Generation of knock‐downs and knock‐ins in
SH‐SY5Y cells

Knock‐down (KD) cell lines were generated by nucleofection with a

CRISPR‐Cas9 system following the manufacturer's instructions using

the Amaxa 4D‐Nucleofector protocol for SH‐SY5Y cells (Lonza

Cologne GmbH). gRNA AAVS1: GGGGCCACUAGGGACAGGAU, U

LK1::GUCCUCGCUCAGCGUGCGCA, LC3B2: UUCAAGCAGCGCCG-

CACCUU, ATG5: AAAAAGAUCACAAGCAACUC.

Knock‐in single cell clones of the patient variant in LC3B2 were

generated using the same system. gRNA LC3B2: GTGCCTCCCAG-

GAGACGTTC, HDR‐template: GAGAGTGAGAAAGATGAAGATG-

GATTCCTGTACATGGTCTGcGCaTCCCAGGAGACcTTCaGaAT-

GAAATTGTCAGTGTAAAACCAGAAAAAATGCATCTCTTCTA-

GAATTTTTTAAACC. Following, single cell clones harbouring the

patient variant in a heterozygous manner were selected.

HEINZ ET AL. | 3 of 18
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2.10 | Immunoblotting

Western blots were carried out as described previously58 and in

supplementary methods.

2.11 | RNA and DNA isolation & qRT‐PCR

Total RNA was purified using Nucleospin 96 RNA core kit (cat#

740466.4, Macherey‐Nagel, Düren, Germany) and subsequently

reverse‐transcribed into cDNA using Iscript™ gDNA Clear cDNA

Synthesis Kit (cat# 1725035, Bio‐Rad, Hercules, CA). Genomic DNA

was purified using GeneJET DNA Purification Kit (cat# K0722,

Thermo Fisher Scientific). Following, mRNA and gDNA expression

was measured by RT‐qPCR, as indicated in the regarding figures and

supplementary methods.

2.12 | Immunofluorescence staining

SH‐SY5Y cells were subsequently to treatments fixed with 4%

paraformaldehyde (cat# 47608, Merck, Rahway, New Jersey), permeabi-

lized using 100% ice cold methanol (cat# 67‐56‐1, Merck, Rahway, New

Jersey), blocked 1 h on RT in 10% FBS in PBS and then stained for targets

indicated in the regarding figures and supplementary methods.59–62

2.13 | AnnexinV staining

PBMCs were stimulated, harvested, blocked with humanTrustain FcX

TM (cat# 422302, Biolegend, San Diego, California, 5 µL/well) in

45 µl flow staining buffer (1% FBS in PBS) per well for 10min and

stained for cell surface markers, as indicated in supplementary

methods. Cells were analyzed using a Novocyte Quanteon 4025,

Agilent (Santa Clara, California) and FlowJo software version 10.9.0

(BD Biosciences, Franklin Lakes, New Jersey).

2.14 | Statistics

Experiments were performed in biological triplicates. Unpaired

t‐tests/one/two‐way ANNOVA was performed as indicated for the

individual experiments utilizing GraphPad Prism 10.1.

3 | RESULTS

3.1 | VZV infection of human neuronal cell lines
and monocyte‐derived macrophages induces
autophagy

To evaluate the role of autophagy in VZV‐infected cell types

relevant to severe VZV CNS infection, we tested the ability of

VZV to induce LC3‐I to LC3‐II conversion in the human

neuroblastoma cell line SH‐SY5Y.9 As a means of measuring

autophagic flux, we also compared LC3‐I to LC3‐II conversion in

the presence or absence of the late stage autophagy inhibitor

chloroquine (CQ).9 LC3‐I to LC3‐II conversion was significantly

increased at 72 hpi in SH‐SY5Y neuronal cells infected with the

cell‐free clinical VZV isolate EMC‐1 at a multiplicity of infection

(MOI) of 0.1 (Figure 1A,B). Importantly, VZV‐induced autophagy

flux was enhanced as demonstrated by significantly elevated

LC3‐I to LC3‐II conversion in virus‐infected cells in the presence

of chloroquine (Figure 1A,B). Moreover SH‐SY5Y cells infected

with the cell‐free VZV pOka strain also showed LC3‐I to LC3‐II

conversion, although this did not reach statistical significance,

except for LC3‐I to LC3‐II conversion by pOka in the absence of

chloroquine (Fig. S1A,B). The data suggest that VZV infection

induces initiation of early‐stage autophagy and/or blocking of

late‐stage autophagy in SH‐SY5Y cells. The MeWo cells used for

generating cell‐associated VZV showed high basal levels of LC3‐I

to LC3‐II conversion leading to increased LC3‐II/LC3‐I ratios in

mock‐infected SH‐SY5Y cells and consequently were not used for

further experiments in this study (Fig. S1C). Next, ultraviolet light

(UV)‐inactivation of VZV EMC‐1 greatly diminished glycoprotein

(g)E expression and LC3‐I to LC3‐II conversion, demonstrating

that autophagy induction by VZV requires a functional, replicat-

ing genome and may be triggered by a late viral product or

general cellular stress caused by viral replication (Figure 1C,D and

Fig S1D,E).

To confirm these observations in cell types resembling

neurons to a higher degree, we performed similar experiments

in mature human neurons differentiated from SH‐SY5Y neuro-

blastoma cells56 (Figure 1E,F) and from human embryonic

stem cells (hESC)55,57 (Figure 1G,H). Importantly, both differenti-

ated neuronal cell types exhibited neuron‐like morphology

(Fig. S1D,E). Infecting these neuronal cells, we observed

the same phenomenon of VZV‐induced LC3‐I to LC3‐II conver-

sion, albeit to a lower degree and not reaching statistical

significance (Figure 1E,F,G,H). EBSS largely did not induce

autophagy in this cell type. Based on these data, hypothesize

that autophagy induction is a general mechanism in VZV‐infected

neurons and neuronal‐like cell types. Infection of these cells was

confirmed by expression of VZV gE (Figure 1E,G), expression of

VZV ORF63, ORF9, and ORF40 mRNA (Fig. S1F–H) as well as from

production of VZV genomic ORF63 DNA (Fig. S1I). Finally, as an

additional cell type with high basal autophagy and relevant to the

immune response against VZV, we also tested the effect of VZV

infection in MdMs.63,64 We detected increased LC3‐I to LC3‐II

conversion in response to cell‐free VZV rOka at 48 hpi,

which was enhanced by the presence of CQ (Figure 1I,J),

suggesting uninterrupted autophagy flux upon VZV infection. In

this cell type EBSS is largely not inducing autophagy. Taken

together, these results show activation of autophagy after VZV

infection in different human cell types relevant for VZV

pathogenesis.
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F IGURE 1 (See caption on next page).
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3.2 | VZV glycoprotein E co‐localizes with the
autophagy receptor p62

To further characterize the mechanism and kinetics of VZV‐induced

autophagy, we analyzed SH‐SY5Y neuroblastoma cells infected with

cell‐free VZV EMC‐1 by immunofluorescence (Figure 2). First, VZV

gE was detectable in VZV‐infected cells, although lack of gE does not

necessarily exclude some degree of infection (Figure 2A‐C). VZV

infection led to an increase in LC3 punctae in cells, both where gE

was visible and where this signal was not detectable by the

methology used (Figure 2A and D). Most strikingly though, VZV

EMC‐1 infection led to higher p62 intensities in the cytoplasm of

productively infected cells, exhibiting a punctate staining pattern

(Figure 2A,B and E). Moreover, the autophagy cargo receptor p62

colocalized with VZV gE. Pearson's correlation coefficient is

commonly used to quantify co‐localization by comparing fluores-

cence intensities at every pixel of an image for two channels.65

Values > 0.5 indicate strong co‐localization, whereas values < 0.5 but

>0.3 medium correlation. The mean Pearson correlation coefficient

for p62 and gE was 0.35 (Figure 2F). Further, Mander's overlap

coefficient is able to differentiate between the fractions of p62 that

co‐localize with gE and vice versa. Again, values > 0.5 suggest a high

level of colocalization.65,66 When comparing Mander's overlap

coefficients for the fractions of gE overlapping with p62 (Mander's

coefficient 1, Figure, 2G) and the fractions of p62 overlapping with

gE (Mander's coefficient 2, Figure 2H) it becomes apparent that a

large fraction of gE overlapped with p62, whereas a much smaller

portion of total p62 coincided with gE. This might be interpreted as

recruitment of p62 to viral gE. In summary, these results corroborate

with the immunoblot data, supporting the conclusion that VZV

activates autophagy in SH‐SY5Y cells and demonstrate co‐

localization of viral proteins with autophagosomes.

3.3 | Activation of autophagy inhibits VZV gene
transcription

Following the observation that VZV activates autophagy, we sought

to determine whether autophagy exerts a pro‐ or antiviral role in the

neuronal cells. To this end we treated cells with ML288, a compound

that activates hypoxia‐inducible factor, which in turn induces

autophagy. ML228 was recently identified to exert antiviral activity

in SH‐SY5Y cells against HSV‐1 and 2 in a manner dependent on

autophagy.55 We confirmed the autophagy‐inducing activity of

ML228 (Figure 3A and B). SH‐SY5Y cells pretreated with ML288

for 2 h were infected with VZV rOka (MOI 0.005) or EMC‐1 (MOI

0.01), according to optimization experiments showing optimal

infection at these MOIs for the different VZV strains. Notably,

ML288 pretreatment significantly lowered the transcription of the

analyzed VZV ORFs (Figure 3C‐H). ORF9 encodes for a tegument

protein with early‐late expression kinetics,67,68 ORF40 for a late

expressed nucleocapsid protein69 and ORF63 for a viral transcription

factor with immediate early kinetics.70 Measurement of viral ORFs is

a common approach to estimate VZV replication, as the extreme cell‐

associated nature of the virus complicates the use of classical

replication assays, such as plaque assay or 50% tissue culture

infectious dose (TCID50).
71 These data demonstrate that that

autophagy serves an antiviral function in the neuroblastoma cell line

SH‐SY5Y.

3.4 | Neuronal cells deficient in essential
autophagy proteins support increased VZV gene
expression

To build onto the previous results, we aimed to block autophagy by

knocking down expression of relevant, essential autophagy‐related

genes in SH‐SY5Y neuroblastoma cells (Fig. S2A). For this purpose,

we chose ATG5, a well described protein essential for functioning

autophagy, as well as ULK1 and LC3B2, two key players in

autophagy at early steps of autophagy initiation or later steps of

autophagosome maturation, respectively.4,9,72 AAVS1 was used for

mock transfection as control. Figure 4A shows LC3‐I to LC3‐II

conversion and p62 expression (LC3‐I to LC3‐II conversion shown in

Fig S2B) in WT and AAVS1‐depleted SH‐SY5Y cells, with the

strongest effect in response to VZV EMC‐1 infection or EBSS

starvation combined with CQ treatment. As expected, the ATG5

deficient cells exhibited a total block in LC3‐I to LC3‐II conversion.

F IGURE 1 Varicella zoster virus infection of human neuronal cell lines and monocyte‐derived macrophages induces LC3‐I to LC3‐II
conversion. (A,C,E,G,I) Immunoblots for vinculin, VZV glycoprotein E (gE), LC3‐I and LC3‐II protein in lysates from VZV infected cells. (A) human
neuroblastoma cells (SH‐SY5Y) left untreated (UT), after 4 h starvation in EBSS or at 72 h postinfection (hpi) with cell‐free EMC‐1 MOI 0.1, or
the relevant mock control, in the presence or absence of chloroquine (CQ). (C) SH‐SY5Y cells left untreated, incubated for 4 h in starvation
medium in EBSS or infected for 72 h with normal or UV‐inactivated cell‐free VZV EMC‐1 MOI 0.1 in the presence or absence of CQ. Experiment
shown is representative for 3 independent experiments. (E) Differentiated SH‐SY5Y after 4 h starvation in EBSS or at 72 or 120 h hpi with cell‐
free VZV EMC‐1 MOI 0.1/0.5 or the relevant mock control, (G) human embryonic stem cells (hESC) differentiated into cortical neurons at UT,
after 4 h starvation in EBSS or at 120 h hpi with cell‐free VZV EMC‐1 MOI 0.5 or the relevant mock control in the presence or absence of CQ.
(I) human monocyte‐derived macrophages (MdM) left untreated (UT), after 4 h rapamycin treatment (Rapa) at 48 and 72 hpi with cell‐free VZV
rOka MOI 0.1 or relevant mock control in the presence or absence of CQ. B) Quantification of LC3‐II/LC3‐I ratios of 2 independent experiments
shown in panel A, (D) data shown in panel C, (F) data shown in panel E, (H) 2 replicates of data shown in panel G, (J) data shown in panel I.
Experiment (A‐J) samples of cells treated in duplicate with (+) and without (‐) chloroquine (CQ). Shown are individual data points plus mean ± SD,
statistical analysis by two‐way ANOVA with Šidák's multiple comparison, * = p < 0.05 and **** = p < 0.0001, ns = nonsignificant.
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F IGURE 2 Varicella zoster virus glycoprotein E co‐localizes with the autophagy receptor p62 in a productively infected human neuronal cell line.
(A and B) Immunofluorescence images of human neuroblastoma cells (SH‐SY5Y) stained for VZV glycoprotein E (gE; red), LC3 (green), p62 (magenta) and
DNA (DAPI; blue). Cells were mock infected (UT), treated for 24 h with rapamycin (Rapa) or infected with cell‐free VZV EMC‐1 strain MOI 0.2 and
incubated for 48 h. Pictures are representative of 5 different images per conditions each. Scale bar = 20µm. (B) The box area is enlarged and shown for
merged p62 and gE. (C – E) Quantification of the mean fluorescent intensity (MFI) of gE (panel C), LC3 punctae (panel D) or p62 punctae (panel E) in UT,
Rapa‐treated or VZV‐infected human SH‐SY5Y neuroblastoma cells. (F) Pearson's correlation coefficients of VZV‐infected samples of data shown in
panel A. (G, H) Manders' overlap coefficients for data shown in panel E (gE and p62) and F (p62 and gE). Shown are individual data points plus mean± SD,
statistical analysis by one‐way ANOVA with Dunett's multiple comparison test, ** = p<0.01 and *** = p<0.001, ns = nonsignificant.
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In contrast, the ULK1 and LC3B2 deficient cells retained their ability

to induce autophagy in response to EBSS, even though LC3B2

deficient cells showed overall decreased levels of LC3 protein

(Figure 4A and S2B). We next assessed VZV transcription in these

fully or partially autophagy deficient cell lines infected with rOka

(Figure 4 2B‐D, F‐H, and J‐L) or EMC1 (Fig S2C‐K). These data

showed increased ORF40 and ORF9 transcripts in ULK1 deficient

cells and increased ORF9 transcripts in LC3B2 deficient cells

compared to controls (AAVS1) infected with rOka (Figure 4C,D

and H). In the context of VZV EMC‐1 infection, data showed

increased ORF63 and ORF9 transcripts in ULK1 deficient cells and

increased ORF9 transcripts in ATG5 deficient cells compared to

controls (AAVS1) (Fig S2C,E and K). To measure viral replication, we

additionally analyzed viral genomic DNA levels of ORF63 in the

knock‐down cell lines. Here, we observed a significant increase in

ORF63 in ATG5 deficient cells infected with the EMC‐1 strain

compared to WT (Figure 4E,I, and M)

Immunofluorescence imaging of these cell lines with a complete

or partial autophagy defect showed increased p62 and gE expression

upon VZV infection (Fig. S2L), which is in line with the western blot

results (Figure 5A–E and S3A). Increase of p62 intensity in the

cytoplasm of infected cells was only statistically significant for

AAVS1‐deficient, but not the autophagy knock‐down cells

(Figure 5A‐E). Pearson's correlation coefficients for gE and p62 co‐

localization showed correlation in all KD cell lines (Figure 5F). Overall,

these results demonstrate increased VZV ORF transcripts in SH‐

SY5Y cells with reduced autophagy due to defects in select

autophagy genes.

F IGURE 3 Induction of autophagy inhibits varicella zoster virus open reading frame transcription in productively infected human neuronal
cells. (A) Immunoblots for vinculin, LC3‐I and LC3‐II proteins in lysates from human neuroblastoma cells (SH‐SY5Y) left untreated (UT) or
stimulated for 50 h with the autophagy inducing compound ML288 or the vehicle control DMSO. (B) Quantification of LC3‐II/LC3‐I ratios
shown in panel A. (C–H) relative expression of the indicated VZV open reading frames (ORF), normalized to the house keeping gene PPIB, in SH‐
SY5Y cells pretreated with ML288 or DMSO and subsequently productively infected with cell‐free VZV rOka strain MOI 0.005 (panels C – E) or
EMC‐1 MOI 0.01 (panels F – H) for 48 h. Data shown are biological triplicates. Shown are individual data points plus mean ± SD, statistical
analysis by unpaired t‐tests, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001, ns = nonsignificant.
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3.5 | Identification of variants in autophagy genes
in patients with severe VZV infections of the eye and
brain

To pursue our findings on VZV‐induced autophagy and a potential

antiviral role of autophagy in neuronal cells, we asked the question

whether autophagy defects may be present in patients suffering from

severe CNS infection with VZV. We therefore investigated our

previously described cohorts of patients with VZV encephalitis or

meningoencephalitis (N = 17)47 and VZV‐induced ARN (N = 17).48

Bioinformatic analysis resulted in the identification of 8 variants in

genes involved in the autophagy pathway in 6 of 17 (35%) VZV

F IGURE 4 Impaired autophagy leads to increased varicella zoster virus replication in SH‐SY5Y cells. (A) Immunoblots for vinculin, VZV
glycoprotein E, p62, LC3‐I and LC3‐II on lysates from SH‐SY5Y wildtype (WT), AAVS1 knockdown (KD), ULK1 KD, LC3B2 KD, and ATG5 KD
cells untreated (UT), following 4 h starvation by EBSS, infection with VZV EMC‐1 strain for 72 h. All samples in duplicates +/− chloroquine (CQ).
Experiment representative for 3 identical experiments. (B‐D, F‐H, J‐L) relative mRNA expression of the indicated VZV open reading frames
(ORF), normalized to the house keeping gene PPIB, in SH‐SY5Y cells infected with VZV rOka MOI 5 for 72 h. 3 biological replicates per sample
for AAVS1, ULK1 and LC3B2 KD, 4 biological replicates for ATG5 KD. One sample was lost in Figure 4H for AAVS1. (E, I, M) relative DNA
expression of VZV ORF63 normalized to the house keeping gene β‐actin in SH‐SY5Y cells infected with VZV EMC‐1 MOI 0.1. Shown are
individual data points plus mean ± SD, statistics were determined by unpaired t‐tests, * = p < 0.05, ** = p < 0.01, ns = nonsignificant.
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F IGURE 5 (See caption on next page).
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encephalitis patients and in 6 autophagy‐related variants in 7 of 17

(41%) ARN patients.47,48 Based on the bioinformatic predictions on

deleteriousness of these variants, combined with the central role of

autophagy proteins encoded by the respective genes, we went on to

functionally investigate autophagy responses and VZV replication in

two of these patients. P1 is a male who developed meningo-

encephalitis at the age of 56 years and harbors a 1699 C < T missense

variant in ULK1, leading to a replacement of arginine (R) to cysteine

(C) at residue position 567 (R567C) (Figure 6A). R567 shows high

evolutionary conservation across different species (Figure 6B),

indicating the importance of this residue in ULK1 protein function.

The variant has a high CADD score of 22.7 and a low frequency in

gnomAD of 0.012% (Figure 6C), suggesting a high degree of

deleteriousness of this rare variant. P2, a female who developed

ARN at the age of 63 years, harbors a 358 G < A missense variant in

MAP1LC3B2, leading to a glycine (G) to arginine (R) amino acid shift at

position 120 (G120R) (Figure 6A). The variant shows high conserva-

tion of the glycine at residue position 120 (Figure 6B, bottom) as well

as a high CADD score of 23.2 and a low frequency of 0.03%

(Figure 6D). Both ULK1 and LC3B2 are strongly connected to other

proteins in the autophagy pathway, as revealed by STRING protein

interaction network analysis (Figure 6E,F). LC3 levels were decreased

compared to controls in in both patients, while ULK1 expression was

comparable to C1 but possibly higher than in C2. (Figure 6G).

Additional results of the exome analysis in these VZV CNS infection

cohorts is available in the respective publications.47,48

3.6 | Decreased levels of LC3 protein and
increased VZV replication in SH‐SY5Y cells
harbouring the LC3B2 c.358 G > A variant identified
in P2

To investigate the functional effect of the variant in LC3B2, an essential

autophagy‐related protein, in a neuronal model, we created SH‐SY5Y

single cell clones harbouring the LC3B2 variant in a heterozygosity similar

to the situation in P2. In this cell type, the variant led to decreased LC3

protein expression, comparable to the knock‐down cell line (Fig S3A), and

lack of autophagy induction above the UT level in the LC3B2 c.358G>A

knock‐in cell clone (Fig. S3B). Importantly, we observed an increase in

expression of VZV ORF63 DNA (Fig. S3C). These data may suggest that

the LC3B2 variant present in the patient indeed causes les LC3

expression, potentially disturbing autophagy and resulting in increased

VZV replication.

3.7 | Patient cells harboring autophagy variants
show impaired VZV‐induced autophagy, increased
VZV transcription and enhanced cell death

Based on the genetic findings, the autophagy induction as well as

antiviral immune responses and viability of VZV‐infected patient cells

was determined. MdMs generated from patients and controls were

stimulated with rapamycin, starvation by EBSS incubation or infected

with VZV EMC‐1. The MdMs of P1 showed a normal LC3‐I to LC3‐II

conversion (Figure 7A,B), whereas P2 cells exhibited reduced levels

of LC3‐I to LC3‐II conversion compared to MdMs from healthy

controls (Figure 7C,D). EBSS failed to induce autophagy in MdMs as

previously observed. Both patients showed higher transcript levels of

VZV ORF9, and for P2 also of ORF63 in PBMCs infected with MeWo‐

associated VZV rOka compared to healthy controls (Figure 7E,F).

Finally, we examined cell death in response to VZV infection in

patient cells, since we previously reported that autophagy defects

may enhance virus‐induced cytotoxicity and cell death.73 To this end

we performed flow cytometry analysis on different VZV‐infected

PBMC populations, of which around 10‐15% of the monocytes and

5‐8% of lymphocytes were infected as measured by gE positive cells

by flow cytometry (Fig S4 A). Next, we used Annexin V staining as a

reflection of apoptosis (Fig. S4B–D). First, VZV infection of PBMCs

led to only a slight increase in Annexin V levels from approximately

75% to 85% (Fig. S4 E, F). When evaluating the T‐cell population

relevant for VZV infection, we found that Annexin V staining was

enhanced in P2 compared to controls in both unstimulated cells as

well as in staurosporine and VZV‐infected cells. For P1 Annexin V

levels were similar between patient and control T‐cells (Figure 7G

and Fig. S4C). B‐cells of both patients showed increased cell death in

UT conditions and upon staurospoine treatment, but no difference in

VZV‐infected samples (Figure 7H and Fig S4 D). In the monocytic

fractions there was no major difference between patients and

controls, except for a slightly reduced Annexin V staining in P1

compared to controls in the mock (Fig. S4E,F).

4 | DISCUSSION

In this study we demonstrate that autophagy is activated during VZV

infection in cells of neuronal origin and that autophagy exerts an

antiviral role against VZV in these cell types. We further characterize

the cellular and viral requirements for this phenomenon. More

specifically, we demonstrate that VZV‐induced autophagy depends

F IGURE 5 Co‐localization of varicella zoster virus glycoprotein E and p62 in autophagy defective SH‐SY5Y cells. (A–D) Immunofluorescence
images of SH‐SY5Y AAVS1 KD (A), ULK1 KD (B), LC3B2 (C) or ATG5 KD (D), cells stained for VZV glycoprotein (g) E (red), LC3 (green), p62
(magenta) and DAPI (blue) uninfected or following 48 h infection with VZV EMC‐1 MOI = 1. Scale bar = 50 µm. Pictures are representative for 5
images per conditions each. The box area is enlarged and shown for merged, p62 and gE. (E) Quantification of mean fluorescent intensity (MFI)
of p62 in UT or VZV infected cells. (F) Pearson's correlation coefficients of VZV‐infected SH‐SY5Y cells. Shown are individual data points plus
mean ± SD, statistics calculated using two‐way ANOVA with Šidák's multiple comparison, * = p < 0.05, ns = nonsignificant.
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F IGURE 6 Identification of potentially disease causing variants in ULK1 and MAP1LC3B in patients with varicella zoster virus CNS infection.
(A) Summary of genetic characteristics of the identified ULK1 R567C and LC3B2 G120R variants. (B) Alignment of the protein sequence around
the identified patient variants in several species for ULK1 (top) and LC3B2 (bottom). (C, D) PopViz plot for variants reported for (C) ULK1 and
(D)MAP1LC3B2, displaying annotation dependent depletion (CADD) score over minor allele frequencies (MAF). (E, F) STRING analysis of protein
interaction networks for ULK1 I and LC3B2. (G) Immunoblot for basal expression of GAPDH, ULK1, LC3‐I, and LC3‐II monocyte derived
macrophages (MdMs) of P1, P2, and two healthy controls.
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F IGURE 7 (See caption on next page).
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on the essential autophagy protein ATG5 and to a lesser extent on

other autophagy proteins, including ULK1 and LC3B2. Moreover, the

ability of VZV to induce autophagy depends on the integrity of the

viral genome and viral replication. We found that autophagy acts in

an antiviral manner based on the observations that inducers of

autophagy restrict VZV gene transcription and replication and that

neuronal cells deficient in the autophagy proteins ATG5, ULK1, and

LC3B2 exhibit increased viral replication, with some differences

between viral strains. Finally, we provide a link to VZV pathogenesis

and clinical infection in humans by identifying potentially disease

causing variants in ULK1 and MAP1LC3B2 together with decreased

autophagy and enhanced VZV replication and cell death in cells from

patients with VZV infection in the CNS. Intriguingly, the LC3B2

358G > A variant identified in P2 exerted greater impairment of LC3

expression when introduced in neuroblastoma cells as compared to

the patient PBMCs. This might indicate a detrimental effect of the

variant somewhat specific to the CNS, which could explain the

absence of severe infections outside the CNS in the patient. These

data may suggest a deleterious impact of impaired autophagy upon

the ability of neurons to restrict and control VZV infection in humans.

Previous studies have demonstrated that induction of autophagy

occurs early during the VZV infectious cycle in fibroblasts.32 Other

studies showed detectable LC3‐I to LC3‐II conversion at 48–72 h

postinfection in fibroblasts,31 in line with our findings. We detected

activation of autophagy 72 h postinfection by Western blot analysis

on lysates from VZV EMC‐1‐infected neuron‐like cells and slightly

earlier at 48 h by immunofluorescence microscopy. In our experi-

mental set‐up we did not observe autophagy induction by cell‐free

VZV rOka isolates in neuroblastoma cells, whereas this has been

previously reported for MRC‐5 fibroblasts.32,74 We hypothesize that

this is due to a more efficient infection caused by the clinical VZV

isolate EMC‐1 compared to rOka. In support of this idea, the

immunoblots in Figure 1A and C show that infection with VZV EMC‐

1 leads to higher gE production than VZV rOka infection, despite the

MOI used for infection being lower for VZV EMC‐1 (MOI 0.1) than

for VZV rOka (MOI 0.5). Overall, current literature points towards

autophagy as a general response to VZV infection with differences

between strains and isolates.31,75,76 Our results in neuroblastoma

cells however indicate that the exact mechanism and role of

autophagy might be cell type dependent in VZV infection. As to the

viral requirements for activation of autophagy, we found that UV‐

inactivated VZV lost the ability to induce autophagy, thereby

documenting the essential role of an intact viral genome and viral

replication, although we cannot determine whether autophagy is

induced by specific viral products or rather reflects general cell stress

in the setting of accumulating viral particles during infection. Indeed,

the relatively late kinetics of VZV‐induced autophagy may suggest

the latter mechanism. This hypothesis is supported by previous

studies demonstrating VZV‐induced autophagy in fibroblasts in

connection with ER stress and the unfolded protein response,

triggered by accumulation of viral proteins in cells during the course

of infection.75,77 More recently, it was reported that VZV gE

facilitates mitophagy to evade STING and MAVS‐mediated antiviral

innate immunity, also demonstrating the ability of VZV to engage

with and activate various autophagic cellular processess.78

One important discrepancy between our data obtained in

neuronal cells as opposed to previously published results mainly

based on VZV infection of fibroblasts and keratinocytes is that

autophagy appears antiviral and thereby protective in our experi-

mental cell system. It is a well‐documented phenomenon that

autophagy may exert either proviral or antiviral roles during infection

with different viruses, but also for any given virus in a cell‐type and/

or time dependent manner.21,29,79 For example, in the case of HSV‐1

infection it was shown that the autophagy blocking viral protein

ICP34.5 was crucial for infection of neurons, but dispensable in

fibroblasts.80,81 On the same line, while basal autophagy is required

for HSV‐2 replication, excessive activation of autophagy may be

detrimental to the virus.80 In an impressive effort, Girsch et al.

(2020)33 established autophagy as a contributing factor to viral

egress in VZV‐infected fibroblasts, thereby serving in a proviral

manner. It is, however, possible that the role of autophagy in

neuronal cells may be rather antiviral. Indeed, a large amount of

evidence supports a dominantly neuroprotective role of autophagy in

several settings, including viral infection.14,82–85 Additionally, while

the autophagic flux induced by VZV was reported to be

uninterrupted in skin cells,76 our data may indicate that late phases

of autophagy may be blocked by the virus, further suggesting major

differences to the mechanism and outcome of autophagy induction in

neuronal cells compared to fibroblasts. Finally, the observed

differences in autophagy inducing potential between different VZV

strains and the selective effect of autophagy on some but not all VZV

ORF transcripts remains unexplained. In particular we don't see any

F IGURE 7 Decreased autophagy, enhanced viral load and increased apoptosis in patient cells. (A, C) Immunoblots for vinculin, VZV
glycoprotein E, LC3‐I, and LC3‐II in lysates from monocyte‐derived macrophages (MdMs) from P1 (A) and P2 (C) and a healthy control, untreated
(UT), following 4 h EBSS starvation, 12 h rapamycin (Rapa) stimulation or infection with VZV EMC‐1 MOI 0.01 for 48 h. All samples in duplicates
+/− chloroquine (CQ). (B, D) Quantification of LC3‐II/LC3‐I ratios from A, C). Experiment carried out only once due to limited patient material.
(E, F) relative expression of the indicated VZV open reading frames (ORF), normalized to the house keeping gene TBP in peripheral blood
mononuclear cells (PBMCs) from P1 and P2 and 4 healthy controls after 48 h coculture with uninfected or VZV rOka‐infected MeWo cells (1:0.4,
PBMC/MeWo). (G, H) Annexin V staining of patient and control PBMCs UT, after 4 h staurosporine treatment or 24 h infection with VZV EMC‐1
MOI 0.05. Shown are Annexin V+ T‐cells (CD3+ CD19−, G) and B‐cells (CD3−CD19+ , H). Shown are individual data points plus mean ± SD,
statistics were calculated using two‐way‐ANNOVA with Dunnett's multiple comparison tests,* = p < 0.05, ** = p < 0.01 *** = p < 0.001,
**** = p < 0.0001, ns = nonsignificant.
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clear correlation between the ORF affected by autophagy deficiency

in relation to kinetic class of ORF, i.e. early,immediate‐early or late.

As described above, several single gene IEIs, involving defects in

type I IFN production or ‐responses, NK cell number and ‐function or

cellular adaptive immunity have previously been reported to underlie

disseminated VZV infection and/or VZV infection in the CNS.46

Additionally, defects in the autophagy pathway have been proposed

as novel IEI predisposing to severe viral disease in recurrent

lymphocytic HSV2 Mollaret meningitis,73 and poliomyelitis.53

Recently, we reported findings of variants in genes encoding

autophagy‐molecules in patients suffering from severe disease

following VZV infection or ‐reactivation, including VZV encephalitis

and VZV‐induced ARN.47,48 Here, we show reduced, but not

abolished, autophagy in MdMs together with increased VZV

replication in PBMCs from two patients with VZV CNS infection

harboring variants in ULK1 and MAP1LC3B2. Interestingly, a different

MAP1LC3B2 variant was identified in a previous study in a patient

with Mollarets meningitis.73 The reason, why the observed autop-

hagy defect is only partial, may be due to the fundamental,

evolutionarily conserved importance of a functional autophagy

process in maintaining cellular homeostasis. A complete deficiency

in autophagy has not been described in humans and would most

likely be lethal, as also evidenced by data from mouse autophagy

knock‐out studies.86 Patient PBMCs further show increased VZV

replication, and for P2 also increased apoptotic cell death compared

to controls. These results indicate that despite some remaining

capacity of patient cells to undergo LC3‐I to LC3‐II conversion, the

partial defect is interfering with viral control and protection from cell

death. Autophagy has previously been described as a regulator of

apoptosis,26 and accordingly failure to maintain tightly regulated

apoptosis in infected cells may contribute to the pathogenesis and

serious disease phenotypes by accelerating cell death. Hence, we

postulate that IEIs in autophagy‐related genes may specifically

enhance susceptibility to severe CNS infection with VZV.

A limitation of the present study is the lack of neuronal cells from

patients. In the same way, our findings on autophagy induction by

VZV and enhanced viral replication in states of autophagy defect

should be further explored in additional neuronal cell types relevant

for VZV CNS infection, such as neuronal LUHMES cells or induced

pluripotent stem cells (IPSC)‐derived neurons. In addition, vascular

endothelial cell models may provide important information, given that

VZV neuroinfection can affect blood vessels, with CNS vasculitis and

stroke contributing to pathology and neuronal damage in some

patients with very severe or fatal outcome of infection.42,87

Moreover, it would be interesting and relevant to utilize an

experimental system that more precisely reflects the situation in a

given patient by introducing the specific patient variant into a

neuronal cell line or by obtaining patient‐derived neurons from de‐

differentiated pluripotent stem cells/neuronal iPSCs.

Finally, it should be noted that due to the age of these patients,

we assume their complications have arisen following VZV

reactivation from latency in sensory ganglia. Given that these

patients had an uneventful disease course during primary infection

this may indicate a failure to control virus latency rather than primary

VZV replication during primary infection. Our model system on the

other hand reflects a situation of lytic virus infection and it would

therefore be interesting to study a cellular infection model more

directly reflecting VZV latency and reactivation. This is of particular

interest, because autophagy has been described as a mode to control

apoptosis in herpesvirus latency.26 Collectively, many questions

regarding the mechanism of autophagy activation and the conse-

quences hereof in VZV‐infected neuronal cells remain unanswered

and will require a multitude of further experimental models and

approaches.

5 | CONCLUSION

In conclusion, we report a novel antiviral function of autophagy in

VZV‐infected neuronal cells. The activation of autophagy in neuronal

cells requires replicating virus and small‐molecule‐mediated activa-

tion of autophagy exerts strong antiviral activity. Failure to produce a

sufficient autophagic response, due to impaired function of autop-

hagy proteins ATG5, ULK1 and LC3B2 in neuronal cell models or in

PBMCs/MdMs from patients with genetic defects in autophagy‐

related genes, causes increased viral titers and increased T‐cell

apoptotic death, and thereby represents IEIs related to autop-

hagy specifically increasing the susceptibility to VZV neuroinfection.

This work continues our efforts to elucidate the pathogenesis of VZV

neuroinfection and demonstrates a previously underestimated role

for autophagy in neuroprotection from VZV in humans. Finally, the

data suggest that IEI in autophagy pathways should be sought in

patients with severe VZV neuroinfection, and further point to a new

direction for development of improved options for prophylaxis and

treatment to alleviate severe outcomes and complications of VZV

neuroinfection.
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