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Abstract: Autophagy is an evolutionary conserved cellular process serving to degrade cytosolic
organelles or foreign material to maintain cellular homeostasis. Autophagy has also emerged as
an important process involved in complex interactions with viral pathogens during infection. It
has become apparent that autophagy may have either proviral or antiviral roles, depending on
the cellular context and the specific virus. While evidence supports an antiviral role of autophagy
during certain herpesvirus infections, numerous examples illustrate how herpesviruses may also
evade autophagy pathways or even utilize this process to their own advantage. Here, we review the
literature on varicella zoster virus (VZV) and autophagy and describe the mechanisms by which
VZV may stimulate autophagy pathways and utilize these to promote cell survival or to support
viral egress from cells. We also discuss recent evidence supporting an overall antiviral role of
autophagy, particularly in relation to viral infection in neurons. Collectively, these studies suggest
complex and sometimes opposing effects of autophagy in the context of VZV infection. Much
remains to be understood concerning these virus-host interactions and the impact of autophagy on
infections caused by VZV.
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1. Varicella Zoster Virus Infection

Varicella Zoster virus (VZV) is a human herpesvirus that causes varicella (chicken
pox) as a primary infection, and following a variable latent period of up to several years, it
may reactivate to cause herpes zoster (shingles), which is a painful vesicular rash occurring
within the distribution of a specific sensory dermatome [1,2]. During the period of viral
latency, VZV is present in neurons in the peripheral ganglia along the entire neuroaxis,
especially the dorsal root ganglia and trigeminal ganglia, although the peripheral auto-
nomic ganglia may also harbor latent VZV [1,3,4]. When VZV reactivates, this may occur
spontaneously or after different triggering events, such as infection, trauma, increasing host
age, malignancy, X-ray irradiation or immunosuppression, the latter resulting from either
disease or drug therapy [1,5]. Although the most serious complication of herpes zoster is
post-herpetic neuralgia, which is a very painful and persistent condition that is frequently
unresponsive to treatment, it has been increasingly recognized that the clinical spectrum of
VZV reactivation is more extensive than previously thought since it may produce a wide
variety of acute, subacute and chronic neurological conditions, notably, VZV encephalitis
and vasculitis [1,6].

Like other herpesviruses, VZV is a double-stranded DNA virus, but it grows only
in human cells in which it is highly cell-associated [1]. The VZV genome is thought to
contain nearly 125,000 base pairs and 68 open reading frames (ORF)s [1]. However, a
recent detailed study has suggested that this may be an underestimate and that the full
coding potential of VZV remains unknown [7]. By using a genome-wide transcriptome
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analysis, it was concluded that VZV may potentially encode more than 68 ORFs. Addi-
tionally, the presence of a transcript does not necessarily reflect the ORF coding potential.
The mechanisms of latency are still not fully understood, although they are the focus
of much current research. During latency, VZV is known to be present in neurons in
an episomal configuration [4]. While it is accepted that viral gene expression during
latency is restricted, the actual degree of this restriction remains unclear. Originally, it
was suggested that VZV ORFs 29, 21 62, 63 and 66 were all transcribed in neurons during
ganglionic latency [8-10], but more recent post-mortem analyses of ganglia that were
studied soon after death (6-9 h) reported a transcription of only VZV ORF 63, and a
newly described spliced VZV transcript (VLT) that was antisense to VZV ORF 61 [11]. A
recent study provided further clarification of the presence of these two transcripts [12],
showing that during reactivation from latency, a VLT-ORF 63 fusion transcript induces
broad viral gene expression.

2. Autophagy and Its Discovery

Autophagy is an evolutionary, highly conserved degradation pathway in eukary-
otic cells, which has been recognized for approximately 60 years [13,14]. In the years
following the discovery of this phenomenon, a number of morphological and regula-
tory studies further elucidated the process (extensively reviewed elsewhere [15]). Of
special note is the discovery of specific autophagy related proteins (ATG)s in yeast,
many of which are highly conserved in mammals and have human orthologues [16,17].
The autophagy network consists of a variety of pathways, each ultimately leading to
the degradation of intracellular content. Currently, three main types of autophagy are
recognized: macro-autophagy, micro-autophagy and chaperone-mediated autophagy.
Of these, macro-autophagy (hereafter referred to as autophagy) has been the most ex-
tensively described, both in the context of viral infections as well as independently of
these [18].

Autophagy consists of following steps: (1) initiation, (2) nucleation and assembly, (3) elon-
gation, (4) maturation, and (5) degradation (Figure 1). In the canonical pathway, the process is
initiated by formation of the unc-51-like-kinase (ULK) complex following stimulation. It con-
sists of proteins ULK1, ULK2 and ATG13, as well as focal adhesion kinase family-interacting
protein (FIP) 200 and ATG101 [19,20]. Together, these inhibit the autophagy inhibitor mecha-
nistic target of rapamycin (mTOR) [21]. The inhibition of mTOR in turn activates the formation
of the beclin (BECN) complex, composed of BECN1, phosphatidylinositol 3-kinase catalytic
subunit type 3 (PIK3C3), p150 and ATG14L, to initiate the nucleation and assembly of the first
pre-autophagic membrane, the phagophore [22-26]. This lipid membrane is believed to origi-
nally be derived from the endoplasic reticulum (ER) [27]. The BECN complex further recruits
ATG5, ATG12 and ATG16L, which form another complex, as well as microtubule-associated
protein light chain (MAP1LC) 3, leading to elongation of the membrane [16,28-31]. Expansion
around potential cargo results in the formation of the double-membraned autophagosome.
Autophagosomes may fuse with lysosomes and are subsequently termed autolysosomes, in
which the cargo is degraded by acidification and enzymatic degradation [32]. Alternatively,
autophagosomes may fuse with endosomes, leading to degradation of the cargo or transport
to the plasma membrane [33,34].
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Figure 1. Cellular autophagy pathways. Autophagy is induced by cellular starvation, stress or microbial infection. The

process involves the following steps: (1) initiation; (2) nucleation; (3) elongation; (4) maturation; and (5) lysosomal fusion,

through which a double-membraned phagosome encapsulating cytosolic material is targeted for degradation after fusion

with lysosomes to form an autolysosome. During infection, pathogens may activate autophagy pathways but also have

the capacity to interfere with and exploit this process through interaction with specific autophagy proteins or steps in the

autophagy process.

3. Opposing Roles of Autophagy in Herpesvirus Infections

Although originally understood to be a homeostatic process, a variety of different
physiological functions have since been attributed to autophagy. A possible role in inflam-
mation and infection, for example, has been suggested since the 1980s and was eventually
confirmed at the beginning of this century via evidence from herpesvirus infection re-
search [35]. Currently, many publications describe the role of autophagy in viral infections,
which have been proposed to both influence and be influenced by the autophagy machinery
in a complex and sometimes opposing manner [36] (Table 1). Since they are intracellular
pathogens, most viruses, including herpesviruses, have been reported to interact with the
autophagy pathway, both in vitro and in mouse models [35,37,38]. Of particular interest
is the observation that autophagy not only exerts a protective effect against herpes sim-
plex virus 1 (HSV-1) but that it is also actively counteracted by the virus [39,40]. Indeed,
the HSV-1 infected cell protein (ICP)34.5 actively inhibits the initiation of autophagy by
directly interacting with BECN1, leading to abolished autophagy-mediated virus degrada-
tion [38]. Notably, failure to inhibit autophagy due to a mutated protein leads to impaired
neurovirulence by the virus when tested in a mouse model, suggesting a prominent role
of autophagy as an antiviral mechanism in herpesvirus infection in the central nervous
system (CNS) [38]. On the other hand, it has been found that many viruses depend on
the cellular autophagy machinery in order to successfully complete their life cycle. Such
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examples can be found within members of the Herpesviridae, namely, pseudorabies virus
(PRV) and duck enteritis virus (DEV), which have been demonstrated to utilize autophagy
rather than simply avoiding it. Not only does PRV and DEV infection lead to increased
autophagic flux, but it has been shown that additional activation of autophagy increases

viral replication, whereas inhibition of autophagy hinders their replication [41-43].

Table 1. Pro- and anti-viral roles of autophagy in VZV infection.

Cellular Protein

Viral Protein

Pro- and Anti-Viral Roles of Autophagy Involved Involved Cell Type Reference
MRC-5 fibroblasts,
Autophagy is LC3 turnover and ? MeWo cells,
upregulated upon punctae formation, p62 NOT the late y-gene  Skin biopsies from human [44]
VZV infection — most likely proviral degradation products zoster vesicles (mostly
infected keratinocytes)
Autophagy in VZV . .
infection is connected to the UPR and ER stress L ernatively spliced ? MRC-5 fibroblasts [45]
. - XBP1, upregulated CHOP
— most likely proviral
Autophagy is . .
upregulated and LC3 punctae formation Viral ]gg;l)llclczlpr]i)tems WI?;Ljiiilsl(tzznift‘:ieni) [45]
connected to ER stress — most likely proviral i glycop
Autophagy is Skin biopsies from human
upregulated upon VZV infection — most LC3 punctae formation ? v.arlcella and zoster [45]
fikely proviral vesicles (mostly infected
keratinocytes)
Inhibition of autophagy reduces viral titer and
viral glycoprotein synthesis, enhancement of oy
autophagy leads to increased LC3 punctae formation ? MRI\C/[ SVf]lbro}l)llasts, [46]
viral glycoprotein eocetis
synthesis — proviral
CREBH, ATF6p, PERK,
Autophagy in VZV EBIEPII\/I]gng aBsglgEg]::j ]C4 6,2 MRC-5 fibroblasts, HeLa
infection is connected to the UPR and ER stress ataxin’- 3 VCI; /97 4 Viral glycoproteins cells (transfected with [47]
— most likely proviral INSIG g/p 78 CI—Pi 01; viral glycoproteins)
HTRA4, C/EBPf
Autophagic flux in VZV 1r}fect10n is not LC3 punctae formation ? MRC-5 flbroblasts, human 48]
blocked — proviral skin xenografts
Autop hag}\’/azsvmjd;rgf] fr’;‘l’cytos"s for LC3, Rab11 MRC-5 fibroblasts [49]
Late-stage autophagy is blocked in VZV
infection, increased
autophagy leads to lower viral titers, inhibition LC3 conversion MRC-5 fibroblasts [50]
of autophagy leads to
increased viral titers — antiviral
Autophagy is ~
upregulated upon VZV infection in a human I 6%;;5;1;;?1“&‘9 ? Human skin organ culture [51]
organ culture model — most likely proviral
Autophagy as mode of exocytosis for LC3 conversion, LAMP1, ? MRC-5 and primary [52]

VZV — proviral

LAMP2, Rab6, M6PR

fibroblasts

Given that VZV and HSV-1 belong to the same family of alpha-herpesviruses, it is
tempting to speculate that the interaction of virus and autophagy pathways might be very
similar for these two viruses. However, the smaller VZV genome does not encode the viral
protein ICP34.5, or US11, which is another HSV-1 autophagy-inhibiting protein [53]. Since
VZV represents another ubiquitous herpesvirus with a high population prevalence, it may
be inferred that the absence of these proteins does not significantly impair the virulence
of VZV. Instead, these observations could be construed as suggesting a different mode of
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interaction between VZV and autophagy as compared to the closely related HSV-1. As
indicated in the above-noted observations, there are several examples of both the pro- and
anti-viral roles of autophagy in herpesvirus infections.

4. Activation of Autophagy Flux during VZV Infection

Upregulation in autophagy after VZV infection in a fibroblast cell line and human
melanoma cells starting 48 h after infection has been demonstrated [44]. This upregulation
was persistent even when blocking the biosynthesis of viral late y-gene products, indi-
cating that there is not a single protein that specifically activates the autophagy pathway.
Rather, it was suggested that induction of autophagy might represent a cellular response
to VZV cellular invasion. This explanation is in line with the previous observation that
VZV does not encode for any of the genes known to counteract/subvert activation of
the autophagy machinery. Despite the phenotype only becoming apparent at a late stage
of infection in cell cultures, autophagy markers can be observed simultaneously with
ORF62 in the nucleus. These data have led to the notion that upregulation of autophagy
may occur at a relatively early stage in the viral life cycle, both in the fibroblast cell line
MRC-5 and in infected keratinocytes from biopsies [45,54]. Several methods for measuring
autophagic flux revealed evidence for both early- and late-stage autophagic compartments
and (uninterrupted) flux, providing evidence that the process is not interrupted by the
virus and, therefore, constitutes complete autophagic flux [48]. These data were obtained
in both fibroblasts and melanoma cells (MeWos) and for different strains of VZV—both
cell-associated as well as cell-free virus inoculums. Taken together with the observation
that autophagosomes appear to be present in biopsies of human zoster vesicles, but not in
healthy skin, these findings indicate a more general nature of this phenotype. However, in
view of the strong cell-type dependency that has been observed in the context of autophagy,
further studies in various different cell or organ cultures are required to better understand
this process in greater detail. To date, upregulated autophagy following VZV infection
has been described in fibroblasts, mainly MRC-5, but also in primary cells, MeWo cells
and keratinocytes [44,52,55]. Furthermore, HeLa cells transfected with VZV glycoproteins
presented with an enlarged ER and increased LC3-punctae formation [45]. Importantly,
these results, obtained in cell cultures, have been confirmed and extended to human skin
biopsies, human skin organ cultures and the severe combined immunodeficiency mouse
model transplanted with human skin [45,48,51]. Observations in human skin further add
to the biological relevance of the findings, illustrating autophagy to be a factor involved
in disease pathogenesis, as confirmed by studies in human skin organ cultures, in which
a significant increase in autophagic vesicles upon VZV infection was demonstrated [51].
Notably, there is currently a paucity of information on the role of autophagy in VZV infec-
tion in non-skin-derived tissue, e.g., neuronal cells. These observations differ significantly
from the HSV-1 data showing viral inhibition and evasion of autophagy, possibly to avoid
degradation. An interesting approach to studying the differences and similarities between
HSV-1 and VZV was provided by Buckingham et al. in 2018, by using recombinant VZV
containing the ICP34.5 gene for infection in fibroblasts. Interestingly, the results did not
differ from those of a wildtype VZV; i.e., no inhibition of autophagy occurred. This could
suggest a neuron-specific function of ICP34.5 or, alternatively, indicate the existence of
interactions between the protein and other genetic elements of HSV-1 that are not present
in VZV [51].

In 2018, however, another group published data suggesting that VZV does in fact display
an inhibitory effect on autophagic flux [50]. In these experiments, MRC-5 fibroblasts were in-
fected with well-described and commonly used VZV Oka strains, as in previous publications.
One difference in the experimental designs of these various studies was the way in which
autophagy was induced and inhibited. Graybill et al. (2018) used starvation, which has long
been a well-established enhancer of autophagic flux [16,50,56]. Following a combination of
starvation and VZV infection, they observed fewer cells displaying autophagic flux than after
starvation alone, which might be explained by the virus alleviating the effects of starvation.
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The proposed explanation is that VZV blocks autophagy, partly opposing the autophagy-
inducing effects of starvation on the cells. In direct contrast to the data of the various groups
presented above, Graybill et al. (2018) observed decreased viral titers following artificially in-
creased autophagic flux using a starvation or rapamycin treatment and an increased viral titer
when the autophagic flux was blocked with bafilomycin [50]. Whereas rapamycin acts as an
inhibitor of mTOR, the ATPase inhibitor bafilomycin blocks the autophagosome acidification
and fusion with lysosomes [21,57]. The autophagy blocker 3-methyladenine (3MA) is believed
to prevent autophagosome formation [58]. However, especially under conditions of longer
incubation, it might instead induce autophagy. Moreover, this chemical can exert toxic effects
upon cells, indicating that the observed decreased viral titer in the presence of 3-MA treatment
could be at least partly explained by poor cell survival [59]. Likewise, trehalose, previously
used as an autophagy inducer, might block late-stage autophagy while at the same time
inducing the early stages [60]. In addition to its ability to block autophagic flux, bafilomycin
has been reported to interrupt VZV envelopment by destroying the Golgi apparatus [57,61].
This could, rather than blocking autophagy, be a possible explanation for the decreased viral
titers following bafilomycin treatment, as has been observed by some groups [61]. How this
chemical was able to increase viral titers in experiments carried out by a different group
remains to be elucidated [50]. Collectively, despite most experiments suggesting an overall
proviral role of autophagy, these discrepancies indicate the importance of further research
that carefully observes the properties and full range of effects of the particular chemicals and
cell types.

5. A Prominent Role of the Endoplasmic Reticulum in VZV-Induced Autophagy

Based on several studies, it has been established that activation of autophagic vesi-
cles appears to be intimately linked to ER stress and the unfolded protein response
(UPR) [62-64]. An early study compared VZV-infected cells to cells treated with tuni-
camycin, a known chemical inducer of ER stress [65]. Both treatments led to the same
phenotype of increased autophagy. Furthermore, when using the combination of VZV
infection and tunicamycin, the observed phenotype was not stronger than for each
condition alone. Therefore, it was concluded that infection might lead to autophagy
upregulation via the same pathway as tunicamycin treatment, and that, importantly,
VZV alone greatly stresses the ER [45]. ER stress and the UPR are cellular reactions to
stress that may, among other cellular reactions, induce autophagy [66]. In addition to the
above-mentioned data, it has also been demonstrated that VZV infection leads to upregu-
lation of genes associated with the UPR [47]. When compared to tunicamycin treatment,
VZV-infected cells generally upregulate a smaller number of proteins associated with the
UPR. In contrast, many gene products related to apoptosis and degradation of the ER are
downregulated by VZV [47]. Especially striking is the increase in cyclic AMP-responsive
element binding protein H (CREBH), a transcription factor connected to the sensing
of ER stress and lipid synthesis. Genes responsible for cholesterol synthesis are also
downregulated, possibly leading to a softer ER, which might have a positive impact on
the enlargement of this organelle [47]. As shown by upregulated CREBH and Binding
immunoglobulin protein (BiP) expression in HeLa cells transfected with gE, it appears
to be the glycoproteins that cause the shift in expression [47]. In summary, these results
point in the direction of a more specific gene regulation in VZV-infected cells than in
tunicamycin-treated cells. This would contribute to enlargement of the ER in order
to accommodate enhanced glycoprotein synthesis while at the same time inhibiting
degradation and apoptosis in the host cell.

The results described above provide further support for the notion that VZV-induced
autophagy may not be induced by one or more specific viral proteins but rather represents a
more general cellular stress response to accumulation of viral glycoproteins. In this manner,
autophagy represents a cellular defense mechanism that is not interrupted by the virus.
This accumulating evidence may indicate an overall proviral role of autophagy in the case
of VZV infection. In keeping with this, chemical inhibition of autophagy with 3MA in
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VZV-infected MRC-5 fibroblasts and MeWo cells has been shown to reduce the viral titer
and detectable levels of glycoprotein E [46]. Experiments on fibroblasts showed impaired
spreading of VZV through the monolayer when treated with 3MA [58]. In MeWo cells,
however, the cytopathic effect in an infected monolayer was markedly reduced, possibly
due to limited virus spread and diminished glycoprotein synthesis, which underscores the
cell-type-specific nature of autophagy. These results could also be supported by silencing
the autophagy protein ATG5, which is another common way to inhibit autophagy [67].
Treatment with the autophagy inducer trehalose has led to wider virus bands being observed
in density gradient purification, as well as an increased amount of gE, indicating that
artificially increased autophagy results in increased virus replication, whereas autophagy
inhibition has the opposite effect [46,68].

6. Divergent Roles of Autophagic Vacuoles Leading to Either VZV Egress or
Viral Degradation

The late stages of autophagy are characterized by degradation of the cargo present in
autophagosomes [32-34]. Given the apparent absence of autophagy evasion/inhibition
of VZV, the question arises as to how the virus escapes the fate of degradation, instead
making its way to the plasma membrane to exit the cell. In 2020, Girsch et al. [52] were
able to demonstrate significantly reduced viral titers in cells defective in autophagy, indi-
cating the role of autophagy in promoting exocytosis of VZV. Further co-localization and
co-purification studies demonstrated that the virus can indeed be found in autophagic
vesicles. However, the same experiments also uncovered co-localization of viral particles
with Ras related protein (Rab)11, which has been described as an endosomal marker linking
autophagy with the endosomal pathway [49,69]. Notably, electron microscopy (EM) pic-
tures showed viral particles in single-walled LC3 and Rab11 positive vesicles, suggesting
an egress pathway using both parts of the autophagic and the endosomal pathway. The
absence of VZV in double-walled autophagic vesicles is intriguing and further suggests
limited VZV degradation by autophagy. Comparisons of healthy and autophagy-defective
cells also indicated the existence of two distinct egress pathways for VZV. Transmission EM
analysis showed that in healthy cells, viral capsids seem to accumulate in large vacuoles
containing a high number of particles, whereas in the autophagy-defective cells, only small
vacuoles, containing a single viral particle each, appear [52]. Importantly, no signs of
xenophagy were observed in either the healthy or the deficient cells. The predominant
mode in healthy fibroblasts could be connected to the M6P receptor (M6PR), another
molecule characteristic of late endosomes. This might suggest a mode of escape from the
cell where VZV is present in autophagosomes, which fuse with late endosomes rather
than the lysosome, resulting in transport of the virus to the plasma membrane rather
than viral degradation. The small vacuoles containing single VZV vesicles observed in
the autophagy-defective cells, on the other hand, were negative for M6PR, indicating a
second, autophagy-independent mode of cellular egress. While functional, this pathway of
viral egress appears to be significantly less efficient than the autophagy-dependent one,
highlighting once again the potentially important role of autophagy in the VZV life cycle.

7. Conclusions and Overall Perspectives

Taken together, most studies support the role of autophagy in promoting cell survival
and in playing an active part in the VZV life cycle, albeit with opposing roles in pro- and
antiviral effector pathways. While skin-derived cells represent an important site of viral
replication and remain the most extensively studied cell type, knowledge of VZV and
autophagy in various cell types remains incomplete and thus warrants further investigation.
Of particular interest would be research into VZV-induced autophagy pathways in neuronal
cells, with direct relevance for the clinical presentation of VZV CNS infection, neuronal
latency and reactivation.

The importance of autophagy in CNS infections is clear from several disease models
and further evidenced by human diseases in which autophagy is impaired or abolished.
For example, defective autophagy has been shown to enhance neurodegenerative diseases
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in murine models, indicating a dominant role of autophagy in the CNS [64,70]. Recently,
studies on patients with HSV-2-induced recurrent lymphocytic Mollaret meningitis have
begun to shed more light on a potentially important role of autophagy in viral infections
and disease pathogenesis in humans. Whole-exome sequencing has revealed mutations
in the autophagy genes LC3B2 and ATG4A in such patients, which were associated with
impaired HSV-2-induced autophagy, increased viral replication and enhanced cell death in
patient fibroblasts and in neuronal cells harboring the autophagy variants [71]. Based on
these findings, it was suggested that autophagy may play an important role in antiviral
defense in the CNS and that autophagy defects may represent an inborn error of immunity
predisposing patients to viral meningitis and encephalitis [71].

Autophagy may have arisen as an early antiviral defense mechanism; however, many
pathogens seem to have evolved strategies to not only evade these mechanisms but also to
employ them for their own benefit [36]. Paradoxically, these opposing mechanisms may
occur during infection with a given pathogen. In regard to HSV-1, a number of publications
suggest evasion strategies as well as potentially protective roles of autophagy during infec-
tion [35,38-40]. Other members of the Alphaherpesvirinae, namely, PRV and DEV, which
closely resemble VZV, seem to have developed strategies to utilize autophagy for their
replication, indicated by increased viral titers upon activation of autophagy [41-43]. As is
the case with PRV and DEV, VZV lacks the specific genes encoding proteins that interfere
with autophagy in HSV-1 infection. This, and many of the above-mentioned results, may
indicate that under certain circumstances, VZV may be able to exploit autophagy for its
own benefit. Indeed, Grose and colleagues observed reduced VZV replication in the pres-
ence of pharmacological autophagy inhibitors, together with facilitated VZV glycoprotein
biosynthesis and processing when VZV-induced autophagy was occurring [46]. Thus, even
though early steps of autophagy may be initially induced, VZV is able to subsequently
inhibit later stages of the autophagy pathway in order to avoid degradation. However, the
high degree of cell type specificity is a well-established characteristic of autophagy, and
several examples of a proviral response of autophagy in one cell type, and of an antiviral
role towards the same virus in a different cell type, have been described. Taken together, the
emerging picture is that autophagy generally serves a proviral role in VZV infection while
also promoting cell survival, and that in some cellular contexts, particularly in neurons, it
may exert antiviral roles.

There remain several key questions related to the activation, regulation and pro- and
anti-viral roles of autophagy in VZV infection that require further clarification. This under-
lines the importance of continued research into this complex cellular mechanism, which
may be a ‘double-edged sword’ and has opposing roles, depending on the cell type and the
viral pathogen. In this context, it will be necessary to combine different methods in order
to illuminate the extensive crosstalk between VZV and the autophagy machinery. Further
insights into the role of autophagy in VZV infection, latency, reactivation and antiviral
responses will be of importance for an enhanced understanding of the pathogenesis of
VZV infections and also to improve the therapeutic and prophylactic options for patients
with acute or latent VZV infection.
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Abbreviations

ATG Autophagyrelated protein

BECN beclin

CNS central nervous system

DEV duck enteritis virus

ER endoplasmic reticulum

FIP focal adhesion kinase family interacting protein
HSV-1 Herpes Simplex Virus 1

M6PR MBG6P receptor

MAP1-LC3  microtubule-associated protein light chain 3
mTOR mechanistic target of rapamycin

3MA 3-methyladenine

ORF open reading frame

PIK3C3 phosphatidylinositol 3-kinase catalytic subunit type 3 = VPS34
PRV pseudorabies virus

SCID severe combined immunodeficiency

ULK unc-51-like-kinase

UPR unfolded protein response

\VAY% Varicella Zoster Virus

References

1.  Gershon, A.A,; Breuer, J.; Cohen, ].I; Cohrs, R.J.; Gershon, M.D.; Gilden, D.; Grose, C.; Hambleton, S.; Kennedy, P.G.E.; Oxman, M.
Varicella zoster virus infection. Nat. Rev. Dis. Primers 2015, 1, 15016. [CrossRef]

2. Kennedy, P.G.E.; Gershon, A.A. Clinical features of Varicella-Zoster virus infection of the nervous system. Viruses 2018, 10, 609.
[CrossRef]

3.  Kennedy, PG.E; Grinfield, E.; Gow, ]. W. Latent varicella-zoster virus is located predominantly in neurons in human trigeminal
ganglia. Proc. Natl. Acad. Sci. USA 1998, 95, 4658—-4662. [CrossRef]

4. Kennedy, P.G.E; Rovnak, J.; Badani, H.; Cohrs, R.J. A comparison of herpes simplex virus type 1 and varicella-zoster virus latency
and reactivation. J. Gen. Virol. 2015, 96, 1581-1602. [CrossRef]

5. Kennedy, P.G.E.; Mogensen, T.H. Determinants of neurological syndromes caused by Varicella-Zoster virus (VZV). J. NeuroVirol.
2020, 26, 482-495. [CrossRef] [PubMed]

6. Nagel, M.A; Gilden, D.H. The protean neurologic manifestations of varicella-zoster virus. Clevel. Clin. ]. Med. 2007, 74, 489-504.
[CrossRef] [PubMed]

7. Braspenning, S.E.; Sadaoka, T.; Breuer, J.; Verjans, G.M.; Ouwendijk, W.J.; Depledge, D.P. Decoding the architecture of the
varicella-zoster virus transcriptome. mBio 2020, 11, 5. [CrossRef] [PubMed]

8.  Cohrs, R.].; Barbour, M.; Gilden, D.H. Varicella-zoster virus (VZV) transcription during latency in human ganglia: Detection of
transcripts to genes 21, 29, 62, and 63 in a cDNA library enriched for VZV RNA. J. Virol. 1996, 70, 2789-2796. [CrossRef] [PubMed]

9.  Kennedy, PG.E,; Grinfield, E.; Bell, ].E. Varicella-zoster virus gene expression in latently infected and explanted human ganglia. J.
Virol. 2000, 74, 11893-11898. [CrossRef]

10. Cohrs, RJ.; Gilden, D.H.; Kinchington, P.R.; Grinfield, E.; Kennedy, P.G. Varicella-Zoster Virus Gene 66 Transcription and
Translation in Latently Infected Human Ganglia. J. Virol. 2003, 77, 6660-6665. [CrossRef]

11. Depledge, D.P; Ouwendijk, W.; Sadaoka, T.; Braspenning, S.E.; Mori, Y.; Cohrs, R.].; Verjanans, G.; Breuer, J. A spliced latency-
associated VZV transcript maps antisense to the viral transactivator gene 61. Nat. Commun. 2018, 9, 1167. [CrossRef]

12.  Ouwendijk, W.J.D.; Depledge, D.P.; Rajphandari, L.; Lenac Rovis, T.; Jonjic, S.; Breuer, J.; Venkatesan, A.; Verjans, GM.G.M.;
Sadaoka, T. Varicella-zoster virus VLT-ORF63 fusion transcript induces broad viral gene expression during reactivation from
neuronal latency. Nat. Commun. 2020, 11, 6324. [CrossRef]

13. De Duve, C. THE LYSOSOME. Sci. Am. 1963, 208, 64-73. [CrossRef] [PubMed]

14.  De Duve, C.; Wattiaux, R. Functions of Lysosomes. Annu. Rev. Physiol. 1966, 28, 435-492. [CrossRef] [PubMed]

15. Mizushima, N. A brief history of autophagy from cell biology to physiology and disease. Nat. Cell Biol. 2018, 20, 521-527.
[CrossRef] [PubMed]

16. Tsukada, M.; Ohsumi, Y. Isolation and characterization of autophagy-defective mutants of Saccharomyces cerevisiae. FEBS Lett.
1993, 333, 169-174. [CrossRef]

17. Klionsky, D.J.; Cregg, ].M.; Dunn, W.A,, Jr.; Emr, S.D.; Sakai, Y.; Sandoval, I.V,; Sibirny, A.; Subramani, S.; Thumm, M.;
Veenhuis, M.; et al. A unified nomenclature for yeast autophagy-related genes. Dev. Cell 2003, 5, 539-545. [CrossRef]

18.  Mizushima, N.; Yoshimori, T.; Ohsumi, Y. The role of Atg proteins in autophagosome formation. Annu. Rev. Cell Dev. Biol. 2011,
27,107-132. [CrossRef] [PubMed]

19. Hosokawa, N.; Sasaki, T.; Iemura, S.-I.; Natsume, T.; Hara, T.; Mizushima, N. Atg101, a novel mammalian autophagy protein

interacting with Atg13. Autophagy 2009, 5, 973-979. [CrossRef]


http://doi.org/10.1038/nrdp.2015.16
http://doi.org/10.3390/v10110609
http://doi.org/10.1073/pnas.95.8.4658
http://doi.org/10.1099/vir.0.000128
http://doi.org/10.1007/s13365-020-00857-w
http://www.ncbi.nlm.nih.gov/pubmed/32495195
http://doi.org/10.3949/ccjm.74.7.489
http://www.ncbi.nlm.nih.gov/pubmed/17682626
http://doi.org/10.1128/mBio.01568-20
http://www.ncbi.nlm.nih.gov/pubmed/33024035
http://doi.org/10.1128/JVI.70.5.2789-2796.1996
http://www.ncbi.nlm.nih.gov/pubmed/8627753
http://doi.org/10.1128/JVI.74.24.11893-11898.2000
http://doi.org/10.1128/JVI.77.12.6660-6665.2003
http://doi.org/10.1038/s41467-018-03569-2
http://doi.org/10.1038/s41467-020-20031-4
http://doi.org/10.1038/scientificamerican0563-64
http://www.ncbi.nlm.nih.gov/pubmed/14025755
http://doi.org/10.1146/annurev.ph.28.030166.002251
http://www.ncbi.nlm.nih.gov/pubmed/5322983
http://doi.org/10.1038/s41556-018-0092-5
http://www.ncbi.nlm.nih.gov/pubmed/29686264
http://doi.org/10.1016/0014-5793(93)80398-E
http://doi.org/10.1016/S1534-5807(03)00296-X
http://doi.org/10.1146/annurev-cellbio-092910-154005
http://www.ncbi.nlm.nih.gov/pubmed/21801009
http://doi.org/10.4161/auto.5.7.9296

Viruses 2021, 13, 1053 10 of 11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hara, T.; Takamura, A.; Kishi, C.; Iemura, S.-I.; Natsume, T.; Guan, J.-L.; Mizushima, N. FIP200, a ULK-interacting protein, is
required for autophagosome formation in mammalian cells. J. Cell Biol. 2008, 181, 497-510. [CrossRef]

Heitman, J.; Movva, N.R.; Hall, M.N. Targets for Cell Cycle Arrest by the Inmunosuppressant Rapamycin in Yeast. Science 1991,
253, 905-909. [CrossRef] [PubMed]

Liang, X.H.; Kleeman, L.K,; Jiang, H.H.; Gordon, G.; Goldman, J.E.; Berry, G.; Herman, B.; Levine, B. Protection against Fatal
Sindbis Virus Encephalitis by Beclin, a Novel Bcl-2-Interacting Protein. J. Virol. 1998, 72, 8586-8596. [CrossRef] [PubMed]
Volinia, S.; Dhand, R.; Vanhaesebroeck, B.; MacDougall, L.K.; Stein, R.; Zvelebil, M.].; Domin, J.; Panaretou, C.; Waterfield, M.D. A
human phosphatidylinositol 3-kinase complex related to the yeast Vps34p-Vpsl5p protein sorting system. EMBO J. 1995, 14,
3339-3348. [CrossRef] [PubMed]

Herman, PK.; EMR, S.D. Characterization of VPS34, a Gene Required for Vacuolar Protein Sorting and Vacuole Segregation in
Saccharomyces cerevisiae. Mol. Cell. Biol. 1990, 10, 6742—-6754. [CrossRef] [PubMed]

Matsunaga, K.; Morita, E.; Saitoh, T.; Akira, S.; Ktistakis, N.T.; Izumi, T.; Noda, T.; Yoshimori, T. Autophagy requires endoplasmic
reticulum targeting of the PI3-kinase complex via Atgl4L. J. Cell Biol. 2010, 190, 511-521. [CrossRef]

Kihara, A.; Noda, T.; Ishihara, N.; Ohsumi, Y. Two Distinct Vps34 Phosphatidylinositol 3-Kinase Complexes Function in
Autophagy and Carboxypeptidase Y Sorting in Saccharomyces cerevisiae. J. Cell Biol. 2001, 152, 519-530. [CrossRef] [PubMed]
Yld-Anttila, P.; Vihinen, H.; Jokitalo, E.; Eskelinen, E.-L. 3D tomography reveals connections between the phagophore and
endoplasmic reticulum. Autophagy 2009, 5, 1180-1185. [CrossRef] [PubMed]

Mizushima, N.; Noda, T.; Ohsumi, Y. Apgl6p is required for the function of theApgl2p-Apg5p conjugate in the yeast autophagy-
pathway. EMBO J. 1999, 18, 3888-3896. [CrossRef]

Mann, S.S.; Hammarback, J.A. Molecular characterization of light chain 3. A microtubule binding subunit of MAP1A and MAP1B.
J. Biol. Chem. 1994, 269, 11492-11497. [CrossRef]

Mizushima, N.; Noda, T.; Tanaka, Y.; Ishii, T.; George, M.D.; Klionsky, D.]J.; Ohsumi, Y. A protein conjugation system essential for
autophagy. Nature 1998, 395, 395-398. [CrossRef]

Ichimura, Y.; Kirisako, T.; Takao, T.; Satomi, Y.; Shimonishi, Y.; Ishihara, N.; Mizushima, N.; Tanida, I.; Kominami, E.; Ohsumi, M.; et al.
A ubiquitin-like system mediates protein lipidation. Nature 2000, 408, 488—492. [CrossRef]

Ericsson, J.L.E. Studies on Induced Cellular Autophagy. I. Electron Microscopy of Cells with In Vivo Labelled Lysosomes. Exp.
Cell Res. 1969, 55, 95-106. [CrossRef]

Berg, T.O.; Fengsrud, M.; Stremhaug, PE.; Berg, T.; Seglen, P.O. Isolation and characterization of rat liver amphisomes. Evidence
for fusion of autophagosomes with both early and late endosomes. |. Biol Chem. 1998, 273, 21883-21892. [CrossRef]

Gordon Paul, B.; Seglen, P.O. Prelysosomal convergence of autophagic and endocytic pathways. Biochem. Biophys. Res. Commun.
1988, 151, 40-47. [CrossRef]

Talloczy, Z.; Jiang, W.; Virgin IV, HW.; Leib, D.A; Scheuner, D.; Kaufman, R.J.; Eskelinen, E.-L.; Levine, B. Regulation of starvation-
and virus-induced autophagy by the elF2-alpha kinase signaling pathway. Proc. Natl. Acad. Sci. USA 2002, 99, 190-195. [CrossRef]
[PubMed]

Choi, Y.; Bowman, ].W.; Jung, ]J.U. Autophagy during viral infection—A double-edged sword. Nat. Rev. Microbiol. 2018, 16,
341-354. [CrossRef] [PubMed]

Cavignac, Y.; Esclatine, A. Herpesviruses and autophagy: Catch me if you can! Viruses 2010, 2, 314-333. [CrossRef]

Orvedahl, A.; Alexander, D.; Tall6czy, Z.; Sun, Q.; Wei, Y.; Zhang, W.; Burns, D.; Leib, D.A.; Levine, B. HSV-1 ICP34.5 confers
neurovirulence by targeting the Beclin 1 autophagy protein. Cell Host Microbe 2007, 1, 23-35. [CrossRef]

Lee, HK.; Lund, ] M.; Ramanathan, B.; Mizushima, N.; Iwasaki, A. Autophagy-dependent viral recognition by plasmacytoid
dendritic cells. Science 2007, 315, 1398-1401. [CrossRef]

Wilcox, D.R.; Wadhwani, N.R.; Longnecker, R.; Muller, WJ. Differential reliance on autophagy for protection from HSV
encephalitis between newborns and adults. PLoS Pathog. 2015, 11, €1004580. [CrossRef]

Xu, C.; Wang, M,; Song, Z.; Wang, Z.; Liu, Q.; Jiang, P.; Bai, J.; Li, Y.; Wang, X. Pseudorabies virus induces autophagy to enhance
viral replication in mouse neuro-2a cells in vitro. Virus Res. 2018, 248, 44-52. [CrossRef]

Yin, H.-C.; Zhao, L.-L.; Li, S.-Q.; Niu, Y.-J.; Jiang, X.-].; Xu, L.-].; Lu, T.-F,; Han, L.-X,; Liu, S.-W.; Chen, H.-Y. Autophagy activated
by duck enteritis virus infection positively affects its replication. J. Gen. Virol. 2017, 98, 486—495. [CrossRef]

Yin, H.; Zhao, L.; Jiang, X.; Li, S.; Huo, H.; Chen, H. DEV induce autophagy via the endoplasmic reticulum stress related unfolded
protein response. PLoS ONE 2017, 12, e0189704. [CrossRef] [PubMed]

Takahashi, M.-N.; Jackson, W.; Laird, D.T.; Culp, T.D.; Grose, C.; Haynes, J.I; Benetti, L. Varicella-zoster virus infection induces
autophagy in both cultured cells and human skin vesicles. . Virol. 2009, 83, 5466-5476. [CrossRef] [PubMed]

Carpenter, J.E.; Jackson, W.; Benetti, L.; Grose, C. Autophagosome formation during varicella-zoster virus infection following
endoplasmic reticulum stress and the unfolded protein response. J. Virol. 2011, 85, 9414-9424. [CrossRef] [PubMed]
Buckingham, E.M.; Carpenter, J.E.; Jackson, W.; Grose, C. Autophagy and the effects of its inhibition on varicella-zoster virus
glycoprotein biosynthesis and infectivity. J. Virol. 2014, 88, 890-902. [CrossRef] [PubMed]

Carpenter, ].E.; Grose, C. Varicella-zoster virus glycoprotein expression differentially induces the unfolded protein response in
infected cells. Front. Microbiol. 2014, 5, 322. [CrossRef] [PubMed]

Buckingham, E.M.; Carpenter, J.E.; Jackson, W.; Zerboni, L.; Arvin, A.M.; Grose, C. Autophagic flux without a block differentiates
varicella-zoster virus infection from herpes simplex virus infection. Proc. Natl. Acad. Sci. USA 2015, 112, 256-261. [CrossRef]


http://doi.org/10.1083/jcb.200712064
http://doi.org/10.1126/science.1715094
http://www.ncbi.nlm.nih.gov/pubmed/1715094
http://doi.org/10.1128/JVI.72.11.8586-8596.1998
http://www.ncbi.nlm.nih.gov/pubmed/9765397
http://doi.org/10.1002/j.1460-2075.1995.tb07340.x
http://www.ncbi.nlm.nih.gov/pubmed/7628435
http://doi.org/10.1128/MCB.10.12.6742
http://www.ncbi.nlm.nih.gov/pubmed/2247081
http://doi.org/10.1083/jcb.200911141
http://doi.org/10.1083/jcb.152.3.519
http://www.ncbi.nlm.nih.gov/pubmed/11157979
http://doi.org/10.4161/auto.5.8.10274
http://www.ncbi.nlm.nih.gov/pubmed/19855179
http://doi.org/10.1093/emboj/18.14.3888
http://doi.org/10.1016/S0021-9258(19)78150-2
http://doi.org/10.1038/26506
http://doi.org/10.1038/35044114
http://doi.org/10.1016/0014-4827(69)90462-5
http://doi.org/10.1074/jbc.273.34.21883
http://doi.org/10.1016/0006-291X(88)90556-6
http://doi.org/10.1073/pnas.012485299
http://www.ncbi.nlm.nih.gov/pubmed/11756670
http://doi.org/10.1038/s41579-018-0003-6
http://www.ncbi.nlm.nih.gov/pubmed/29556036
http://doi.org/10.3390/v2010314
http://doi.org/10.1016/j.chom.2006.12.001
http://doi.org/10.1126/science.1136880
http://doi.org/10.1371/journal.ppat.1004580
http://doi.org/10.1016/j.virusres.2018.02.004
http://doi.org/10.1099/jgv.0.000696
http://doi.org/10.1371/journal.pone.0189704
http://www.ncbi.nlm.nih.gov/pubmed/29272280
http://doi.org/10.1128/JVI.02670-08
http://www.ncbi.nlm.nih.gov/pubmed/19297471
http://doi.org/10.1128/JVI.00281-11
http://www.ncbi.nlm.nih.gov/pubmed/21752906
http://doi.org/10.1128/JVI.02646-13
http://www.ncbi.nlm.nih.gov/pubmed/24198400
http://doi.org/10.3389/fmicb.2014.00322
http://www.ncbi.nlm.nih.gov/pubmed/25071735
http://doi.org/10.1073/pnas.1417878112

Viruses 2021, 13, 1053 11 of 11

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Szatmaria, Z.; Kis, V,; Lippai, M.; Hegeddis, K.; Farag6, T.; Lérincz, P; Tanaka, T.; Juhdsz, G.; Sass, M. Rab11 facilitates cross-talk
between autophagy and endosomal pathway through regulation of Hook localization. Mol. Biol. Cell 2013, 25, 522-531. [CrossRef]
Graybill, C.; Morgan, M.]J.; Levin, M.].; Lee, K.S. Varicella-zoster virus inhibits autophagosome-lysosome fusion and the
degradation stage of mTOR-mediated autophagic flux. Virology 2018, 522, 220-227. [CrossRef]

Buckingham, E.M.; Girsch, J.; Jackson, W.; Cohen, ].I.; Grose, C. Autophagy Quantification and STAT3 Expression in a Human
Skin Organ Culture Model for Innate Inmunity to Herpes Zoster. Front. Microbiol. 2018, 9, 2935. [CrossRef]

Girsch, ].H.; Jackson, W.; Carpenter, J.E.; Moninger, T.O.; Jarosinski, K.W.; Grose, C. Exocytosis of Progeny Infectious Varicella-
Zoster Virus Particles via a Mannose-6-Phosphate Receptor Pathway without Xenophagy following Secondary Envelopment. J.
Virol. 2020, 94, 16. [CrossRef] [PubMed]

Lussignol, M.; Queval, C.; Bernet-Camard, M.-F,; Cotte-Laffitte, J.; Beau, I.; Codogno, P.; Esclatine, A. The herpes simplex virus 1 Us11
protein inhibits autophagy through its interaction with the protein kinase PKR. J. Virol. 2013, 87, 859-871. [CrossRef] [PubMed]
Eisfeld, A.J.; Turse, S.E.; Jackson, S.A.; Lerner, E.C.; Kinchington, P.R. Phosphorylation of the varicella-zoster virus (VZV) major
transcriptional regulatory protein IE62 by the VZV open reading frame 66 protein kinase. J. Virol. 2006, 80, 1710-1723. [CrossRef]
[PubMed]

Tommasi, C.; Rogerson, C.; Depledge, D.P; Jones, M.; Naeem, A.S.; Venturini, C.; Frampton, D.; Tutill, H.J.; Way, B.; Breuer, J.; et al.
Kallikrein-Mediated Cytokeratin 10 Degradation Is Required for Varicella Zoster Virus Propagation in Skin. J. Investig. Dermatol.
2020, 140, 774-784.e11. [CrossRef] [PubMed]

Kuma, A.; Hatano, M.; Matsui, M.; Yamamoto, A.; Nakaya, H.; Yoshimori, T.; Ohsumi, Y.; Tokuhisa, T.; Mizushima, N. The role of
autophagy during the early neonatal starvation period. Nature 2004, 432, 1032-1036. [CrossRef]

Mauvezin, C.; Neufeld, T.P. Bafilomycin A1 disrupts autophagic flux by inhibiting both V-ATPase-dependent acidification and
Ca-P60A /SERCA-dependent autophagosome-lysosome fusion. Autophagy 2015, 11, 1437-1438. [CrossRef]

Seglen, P.O.; Gordon Paul, B. 3-Methyladenine: Specific inhibitor of autophagic/lysosomal protein degradation in isolated rat
hepatocytes. Proc. Natl. Acad. Sci. USA 1982, 79, 1889-1892. [CrossRef]

Wu, Y.-T; Tan, H.-L.; Shui, G.; Bauvy, C.; Huang, Q.; Wenk, M.R.; Ong, C.-N.; Codogno, P.; Shen, H.-M. Dual role of 3-
methyladenine in modulation of autophagy via different temporal patterns of inhibition on class I and III phosphoinositide
3-kinase. J. Biol. Chem. 2010, 285, 10850-10861. [CrossRef]

Kaizuka, T.; Morishita, H.; Hama, Y.; Tsukamoto, S.; Matsui, T.; Toyota, Y.; Kodama, A.; Ishihara, T.; Mizushima, T.; Mizushima, N.
An Autophagic Flux Probe that Releases an Internal Control. Mol Cell. 2016, 64, 835-849. [CrossRef]

Girsch, J.H.; Walters, K.; Jackson, W.; Grose, C. Progeny Varicella-Zoster Virus Capsids Exit the Nucleus but Never Undergo
Secondary Envelopment during Autophagic Flux Inhibition by Bafilomycin Al. J. Virol. 2019, 93, 17. [CrossRef]

Yorimitsu, T.; Nair, U.; Yang, Z.; Klionsky, D.J. Endoplasmatic reticulum stress triggers autophagy. J. Biol. Chem. 2006, 281,
30299-30304. [CrossRef]

Ogata, M.; Hino, S.; Saito, A.; Morikawa, K.; Kondo, S.; Kanemoto, S.; Murakami, T.; Taniguchi, M.; Tanii, I.; Yoshinaga, K ; et al.
Autophagy is activated for cell survival after endoplasmic reticulum stress. Mol. Cell. Biol. 2006, 26, 9220-9231. [CrossRef]
Komatsu, M.; Waguri, S.; Chiba, T.; Murata, S.; Iwata, J.; Tanida, L.; Ueno, T.; Koike, M.; Uchiyama, Y.; Kominami, E.; et al. Loss of
autophagy in the central nervous system causes neurodegeneration in mice. Nature 2006, 441, 880-884. [CrossRef] [PubMed]
Tkacz, J.S.; Lampen, J.O. Tunicamycin inhibition of polyisoprenyl N-acetylglucosaminyl pyrophosphate formation in calf-liver
microsomes. Biochem. Biophys. Res. Commun. 1975, 65, 248-257. [CrossRef]

Schroder, M. Endoplasmic reticulum stress responses. Cell. Mol. Life Sci. 2008, 65, 862-894. [CrossRef]

Klionsky, D.J.; Abdel-Aziz, A K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.; Abudu, Y.P.;
Acevedo Arozena, A.; et al. Guidelines for the use and interpretation of assays for monitoring autophagy (4th edition). Autophagy
2021, 17, 1-382. [CrossRef] [PubMed]

Sarkar, S.; Davies, ].E.; Huang, Z.; Tunnacliffe, A.; Rubinsztein, D.C. Trehalose, a novel mTOR-independent autophagy enhancer,
accelerates the clearance of mutant huntingtin and alpha-synuclein. J. Biol. Chem. 2007, 282, 5641-5652. [CrossRef] [PubMed]
Buckingham, E.M.; Jarosinski, K.W.; Jackson, W.; Carpenter, ].E.; Grose, C. Exocytosis of Varicella-Zoster Virus Virions Involves a
Convergence of Endosomal and Autophagy Pathways. J. Virol. 2016, 90, 8673-8685. [CrossRef]

Hara, T.; Nakamura, K.; Matsui, M.; Yamamoto, A.; Nakahara, Y.; Suzuki-Migishima, R.; Yokoyama, M.; Mishima, K; Saito, I;
Okano, H.; et al. Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice. Nature 2006, 441,
885-889. [CrossRef]

Schneider Hait, A.; Olagnier, D.; Sancho-Shimizu, V.; Skipper, K.A.; Helleberg, M.; Larsen, S.M.; Bodda, C.; Moldovan, L.I; Ren, E;
Brinck Andersen, N.-S; et al. Defects in LC3B2 and ATG4A underlie HSV2 meningitis and reveal a critical role for autophagy in
antiviral defense in humans. Sci. Immunol. 2020, 5, 54. [CrossRef]


http://doi.org/10.1091/mbc.e13-10-0574
http://doi.org/10.1016/j.virol.2018.07.018
http://doi.org/10.3389/fmicb.2018.02935
http://doi.org/10.1128/JVI.00800-20
http://www.ncbi.nlm.nih.gov/pubmed/32493818
http://doi.org/10.1128/JVI.01158-12
http://www.ncbi.nlm.nih.gov/pubmed/23115300
http://doi.org/10.1128/JVI.80.4.1710-1723.2006
http://www.ncbi.nlm.nih.gov/pubmed/16439528
http://doi.org/10.1016/j.jid.2019.08.448
http://www.ncbi.nlm.nih.gov/pubmed/31626786
http://doi.org/10.1038/nature03029
http://doi.org/10.1080/15548627.2015.1066957
http://doi.org/10.1073/pnas.79.6.1889
http://doi.org/10.1074/jbc.M109.080796
http://doi.org/10.1016/j.molcel.2016.09.037
http://doi.org/10.1128/JVI.00505-19
http://doi.org/10.1074/jbc.M607007200
http://doi.org/10.1128/MCB.01453-06
http://doi.org/10.1038/nature04723
http://www.ncbi.nlm.nih.gov/pubmed/16625205
http://doi.org/10.1016/S0006-291X(75)80086-6
http://doi.org/10.1007/s00018-007-7383-5
http://doi.org/10.1080/15548627.2020.1797280
http://www.ncbi.nlm.nih.gov/pubmed/33634751
http://doi.org/10.1074/jbc.M609532200
http://www.ncbi.nlm.nih.gov/pubmed/17182613
http://doi.org/10.1128/JVI.00915-16
http://doi.org/10.1038/nature04724
http://doi.org/10.1126/sciimmunol.abc2691

	Varicella Zoster Virus Infection 
	Autophagy and Its Discovery 
	Opposing Roles of Autophagy in Herpesvirus Infections 
	Activation of Autophagy Flux during VZV Infection 
	A Prominent Role of the Endoplasmic Reticulum in VZV-Induced Autophagy 
	Divergent Roles of Autophagic Vacuoles Leading to Either VZV Egress or Viral Degradation 
	Conclusions and Overall Perspectives 
	References

