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RESUME

Le virus de la Varicelle et du Zona (VZV) est un herpesvirus responsable de deux
pathologies distinctes. La primo-infection a généralement lieu pendant la petite
enfance et se manifeste, aprés une période d’incubation de 7 a 14 jours, par une
éruption cutanée généralisée sous la forme de petites vésicules remplies de liquide
contenant du virus infectieux. Lors de cette primo-infection, le virus va atteindre les
ganglions nerveux périphériques de la chaine nerveuse dorsale ou il établira un cycle
latent. En cas de baisse de I'immunité, notamment lors du vieillissement, le virus
peut se réactiver, atteindre une nouvelle fois la peau ou il se manifeste par une
éruption cutanée localisée et douloureuse qu’on appelle le Zona.

La particule virale infectieuse d’un herpesvirus est constituée de 3 parties
distinctes. Premiérement : la nucléocaspide icosahédrale qui renferme le génome
viral constitué d’ADN double brin; deuxiémement: le tégument composé de
protéines d’origine virale et cellulaire et troisitmement : ’enveloppe, une bicouche
lipidique d’origine cellulaire dans laquelle sont enchassées les glycoprotéines virales
nécessaires a I’entrée du virus dans la cellule-héte.

La premiére étape de I'assemblage des particules virales chez les herpesvirus se
déroule dans le noyau. Cependant, le lieu exact ou les procapsides sont assemblées,
ou le génome est empaqueté dans ces derniéres pour former les nucléocapides
matures et ou le tégument interne est acquis est encore sujet a controverse. Afin de
clarifier ces processus et leurs localisations, nous avons créé une souche
recombinante du VZV exprimant la protéine de capside ORF23 (I’homologue de la
protéine VP26 de HSV-1) fusionnée a I’eGFP. Dans un second temps, nous avons
également généré des souches virales doublement fluorescentes ou, en plus de Ia
fusion ORF23-eGFP, une des protéines tégumentaires (ORF9, ORF21, ORF22, ORF38,
ORF63/70, correspondant respectivement aux protéines d’HSV-1 pUL49, pUL37,
pUL36, pUL21 and ICP22) est en plus fusionnée a un tag rouge.

Ces virus recombinants, nous ont permis d’identifier des structures fluorescentes
denses dans les noyaux des cellules infectées, a la périphérie du compartiment de
réplication viral. Nous avons démontré que ces structures apparaissent dans tous les
types cellulaires testés et ce, a des temps aussi précoces que 8 a 12 heures post-
infection. Elles contiennent des protéines constituant les procapsides et les capsides,
ainsi que certaines des protéines tégumentaires précitées, a savoir ORF21, ORF22 et
ORF38 alors qu’elles semblent dépourvues des protéines impliquées dans le
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processus de réplication et de ’empaquetage de ’ADN. Par microscopie corrélative,
nous avons démontré que ces structures renferment une grande quantité de
capsides a différents stades de maturation, notamment de nombreuses procapsides
ainsi que des capsides partielles, précurseurs de ces procapsides. Diverses
techniques de microscopie de fluorescence sur cellules vivantes, nous ont permis de
démontrer que ces structures sont dynamiques et qu’elles apparaissent avant
I’accumulation massive de capsides dans le cytoplasme.

Nous avons également démontré que ces structures coincident avec des corps
nucléaires appelés PML bodies et dont les réles dans Ia physiologie cellulaire sont
extrémement variés. Une de leur fonction présumée serait de pouvoir constituer une
défense intrinseque de la cellule contre les infections virales. De ce fait, beaucoup de
virus ont développé des moyens pour contrecarrer cette défense, notamment le
virus HSV-1, proche cousin du VZV. L’association des structures que nous avons
identifiées avec les PML bodies pourrait soit étre bénéfique au virus, soit représenter
un moyen pour la cellule d’empécher le passage des capsides nouvellement
synthétisées vers le cytoplasme, limitant ainsi la croissance du virus.
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1.Varicella-Zoster Virus

Varicella-zoster virus (VZV) is responsible for two distinct diseases: Varicella (also
called Chickenpox), a mostly benign childhood disease and Zoster (also called
Shingles), a more acute, localized and painful rash, highly frequent in the elderly.

1.1. History
(for review; (Weller, 1996), chapter | of (Arvin, 2000))

Varicella-zoster virus clinical manifestations have been reported already in the
Ancient Greece but were originally thought to be a milder form of smallpox. The first
attempt to prove tohat chickenpox was distinct from smallpox is attributable to
William Heberden in 1767 but one had to wait the twentieth century and the work of
Tyzzer to clearly assess this difference. At that time, chickenpox had already been
proved to be an infectious disease by Steiner but the nature of the infectious agent
was still unknown. In 1904, while Tyzzer was studying in the Philippines the
susceptibility of monkeys to smallpox, an epidemic in the Bilibid prison retained its
attention. While his colleagues were suspecting a mild form of smallpox, he noticed
that most of the sick captives already had old scars typical of smallpox episode or
vaccination. He then decided to inoculate vesicular fluid from their lesions in rabbit
eyes and in monkeys and observed no sign of infection that normally appear with
smallpox vesicular fluids. He also analyzed the lesions from the prisoners under a
microscope and found gigantic multinuclear cells with nuclear inclusions that were
not characteristic of smallpox lesions.

The relationship between the etiologic agents causing varicella and zoster was
first suggested in 1892 by a paediatrician named Janos Von Bokay, who reported the
high frequency of Varicella onset in children that had been in contact with persons
suffering from Zoster. In 1921, Lipschutz characterized zoster lesions and noticed
their strong similarities with the lesions described by Tyzzer. At the same time,
Ernest Goodpasture was studying the enlarged cells characteristic of cytomegalic
inclusion disease and observed also a remarkable resemblance with Tyzzer drawings
(Goodpasture and Talbot, 1921). He then started a series of animal experiments to
demonstrate that the nuclear inclusions were an hallmark of infection with herpes
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virus (Goodpasture and Teague, 1923). By analogy, varicella was assumed to be
caused by a virus.

In 1925, Kundratitz inoculated vesicular fluids from zoster lesions to healthy
volunteers that developed varicella-like rashes. In 1943, Garland hypothesized that
chickenpox and shingles, not only were caused by the same virus, but that, similarly
to herpes simplex recurrent infections, Zoster was due to a reactivation of Varicella
virus maintained latent in the host since the primo-infection (Garland, 1943). The
same year, electron microscopy analysis of vesicular fluids from varicella and zoster
lesions by Ruska supported the idea of a viral origin of these diseases. Several
electron microscopy studies subsequently confirmed this result, brought other clues
for a unique virus (Rake et al., 1948), and definitely proved the distinction between
varicella and variola (Nagler and Rake, 1948).

In 1953, after many unfruitful attempts (Weller and Stoddard, 1952) that were
later attributed to the highly cell-associated nature of VZV, Thomas Weller finally
succeeded to establish a reproducible culturing method using intact infected cells as
the inoculum (Weller, 1953). He spent the five following years to develop a
neutralization test with human serum of varicella and zoster convalescent patients.
This allowed him to finally prove the monistic theory supported by Garland and
others and to give the virus its definite name: Varicella-Zoster Virus (Weller and
Witton, 1958).

The sixtieth and the seventieth are characterized by the explosion of
breakthroughs and new techniques development in the molecular branch of biology,
among which, the discovery of type Il restriction endonucleases and the birth of
electrophoretic separation methods. This allowed Straus to analyze VZV genome and
to demonstrate the variability between epidemiologically unrelated clinical isolates
(Straus et al., 1983). He also brought another definite proof of the co-identity of
Varicella and Zoster etiological agents, by analyzing the viral genome isolated from
varicella and subsequent zoster lesions from the same patient (Straus et al., 1984).
Two years later, Davison and Scott published the first complete sequence of a VZV
Dumas strain (Davison and Scott, 1986).

1.2. Classification

The increasing numbers of identified viruses and the availability of their genome
sequences have necessitated the development of classification methods. Several
systems have coexisted over the years but the most broadly accepted is the one of
the International Committee on Taxonomy of Viruses. This system divides the viral
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world in orders, families, subfamilies, genera and species. Genome type, virion
organization, capsid symmetry, viral life cycle and host types are the mains criteria
defining the highest levels of classification. Since its first report in 1971, many
changes have been brought and the actual 2012 release contains 7 orders, 96
families, 22 subfamilies and 420 genera. VZV, human herpesvirus 3, is an enveloped
dsDNA virus with an icosahedral capsid belonging ergo to the herpesvirales order
and herpesviridae family. Four characteristics are shared by all members of this
family: (i) they express a large number of enzymes implicated in acid nucleic
metabolism, DNA synthesis and processing of proteins; (2) genome synthesis and
capsid assembly occur in the nucleus; (3) productive infection leads to host cell lysis
and (4) they are able to establish and to maintain in the host a latent stage from
which they can reactivate under specific conditions.

Subfamily Reproducti Genomesize  Host Genus Species
ve cycle range
alphaherpesvirinae Short (~18h)  120-280 kbp variable Simplexvirus HHV-1 (HSV-1), HHV-2 (HSV-2)
Varicellovirus HHV-3 (VZV), Suid herpesvirus-1
BoHV-1,-5, EHV-1
Mardivirus Marek-disease virus
betaherpesvirinae Long 140-240 kbp restricted  Cytomegalovirus HHV-5 (HCMV)
Muromegalovirus Murine CMV
Roseolovirus HHV-6A, HHV-6B, HHV-7
gammaherpesvirinae ~180kbp restricted  Lymphocryptovirus ~ HHV-4 (EBV
rhadinovirus HHV-8 (KSHV)

Table 1. Representative members of the Herpesviridae family and characteristics of the subfamilies

This family contains three subfamilies, alpha-, beta-, gamma-herpesvirinae and a
group of, so far, unclassified herpesvirinae (table 1 and 2).

While VZV genome sequence is closer to HSV-1, HSV-2 and PRY, it shares with MDV
its very narrow host spectrum and its highly cell-associated nature. In cell culture,
virtually no infectious particle are present in the supernatant, rendering
synchronization experiments particularly tedious. Cell-free infection systems
therefore rely on mechanical lysis of infected cells, followed by the removal of
cellular debris and concentration of viral particles and still lead to quite low viral titre.
Significantly higher yields can be reached if using freshly isolated human retinal
pigment cells (Schmidt-Chanasit et al., 2008). A very recent publication has described
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a similar approach but with a retina pigmented cells line available at the ATCC
(Sloutskin et al., 2013).

Family Virus Productive (Lytic) Replication Site of Latency
a HSV-1 Epithelial and keratinocyte Neuron
HSV-2 Epithelial and keratinocyte Neuron
VZv Epithelial, keratinocyte, T cell, sebocyte, monocyte, endothelial, Langerhans and PEMC Neuron
B HCMV Macrophage, dendritic, endothelial, smooth muscle, epithelial and fibroblast CD34+ HSC, monocyte
HHV-6 T cell BMP
HHV-7 T cell T cell
v EBV B cell and epithelial B cell
KSHV Lymphocyte B cell

Common cell types in which the human herpesviruses, grouped by family, initiate productive lytic infection or establish latency are listed. PBMC, peripheral blood
mononuclear cells. HSC, hematopoietic stem cell. BMP, bone marrow progenitor.

Table 2. Cells that support the different types of human herpesvirus infections (Penkert and
Kalejta, 2011)

1.3. Pathology
1.3.1. Varicella

Varicella is a highly contagious, most of the time, benign disease, usually
contracted during childhood and characterized by a generalized cutaneous rash
accompanied by fever. The lesions
resemble blisters and contain hundreds of
infectious free particles that can be
disseminated via airborne or direct contact
to susceptible individuals (figure 1). It is
important to note that, as described for

cell culture systems, most of the ulterior
viral dissemination steps occur via cell- Figure 1. Clinical manifestation of Varicella

contact dependant virus transfer.

VZV enters the host via the upper respiratory tract mucosa where it replicates
and reaches the associated lymphatic ganglia. This leads to a primary cell-associated
viremia during which VZV will spread to several internal organs, such as liver and
spleen. For a period of approximately 10 days, the virus proliferates in these organs,
until the second viremia that will finally, via infected PBMC or T cells, convey the
virus to the skin and result in the symptomatic phase of the disease. This "two
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viremic steps" model has first been suggested by Fenner, revisited by Grose in 1981
(Grose, 1981) and has largely been accepted ever since. It provided a possible
explanation for the relatively long incubation period (around 15 days) between the
infection and the appearance of the cutaneous rash.

A more recent model has been proposed in which the T-Cells circulating in the
tonsils or other lymphoid tissues constituting the waldeyer's ring become infected
and could directly transport VZV to the skin within a short time after entering the

Reactivation Primary infection
¥, m
N

A _‘;; - 5\@ il

Ll

Figure 2. Model of primary and recurrent VZV infection (from Arvin et al., 2010)
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circulation (figure 2) (Arvin et al., 2010). A potent innate immune response is then
locally initiated and delays the cell-to-cell viral spread. The incubation period would
then correspond to the time needed for the virus to overcome the immune barrier.

No matter the considered model, infected keratinocytes will fuse forming
gigantic plurinuclear cells with the characteristic eosinophilic intranuclear inclusions,
already described by Tyzzer in 1906. The evolution towards the vesicles is associated
with a progressive "ballooning" degeneration of the cells (Arvin, 1996). It has been
suggested that the efficient release of free viral particle specifically in the vesicular
fluid is due to a downregulation in cation-independent mannose 6-phosphate
receptors (MPRs) characterizing the suprabasal layer of keratinocytes. This will be
described further in the following chapters. Axons of sensory neurons present in
this skin layer might provide the entrance door for the free viral particles present in
the lesions. The virus, via an ascending route along the axons could then reach
sensory ganglia in which it will establish the life-long latency. Another model has
been proposed in which infected T-cells could transmit the virus directly in the
neurons and satellite cells present in the ganglia. Recent data have demonstrated
that symptomatic skin replication is not absolutely required for the virus to establish
latency in the ganglia but favours it. This indicates that both models are not mutually
exclusive. Dorsal root ganglia (DRG) and trigeminal ganglia (TG) are the main sites of
latency although enteric ganglia can also be affected (Chen et al., 2011a; Gershon et
al., 2012; Gilden et al., 2001; Mahalingam et al., 1990).

VZV is transmissible 24 to 48 hours before the exanthem begins. This probably
occurs via respiratory droplets that may contains infectious particles released by the
lesions frequently present in the oropharynx region. Of note, VZV has been shown to
be present in the saliva of zoster patients, but also in asymptomatic VZV reactivation
cases (Cohrs et al., 2008; Gershon, 2011; Leung et al., 2010; Mehta et al., 2008). If VZV
is detectable in the saliva prior the onset of varicella rash remains to be determined.
In an immuno-competent individual, the immune system clears the virus within a few
days after the appearance of the cutaneous lesions. Complications are rare in healthy
children but tend to be much more frequent in adults and in patients dealing with
immunosuppressive diseases (like HIV or leukaemia) or specifically treated with
immunosuppresors (transplanted patients for example). Among complications are
hepatitis, pneumonias, encephalitis, meningitis and myelitis (Arvin, 1996; Echevarria
et al., 1997; Fleisher et al., 1981; Guess et al., 1986; Heininger and Seward, 2006;
Myers, 1979), resulting from uncontrolled localized viral replication, but the most
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common are provoked by secondary bacterial infections, at the skin or the lung level
(Guess et al., 1986; Heininger and Seward, 2006; Hill et al., 2005).

1.3.2. Zoster

Zoster, a clinical manifestation of VZV reactivation, is generally a localized,
painfull rash, associated with elderly. VZV reactivation has been linked to a weakness
of the immune system, the cell-associated immune response in particular. It is then
not surprising that Zoster prevalence increases with age (for review, (Weinberg and
Levin, 2010)) but also in patients suffering from diseases affecting their immune
system (leukaemia, lymphoma and AIDS, for example) (Birlea et al., 2011; De Castro
et al., 2011; Glesby et al., 1995) or treated with immunosuppressive drugs (grafted
patients, autoimmune diseases) (Che et al., 20133; Gourishankar et al., 2004).
Reactivation occurs usually in a single ganglion in which viral replication is observed
both in neuronal bodies and non-neuronal
neighbouring cells. Infectious virions are able to
reach back the skin of the corresponding
dermatoma, via an anterograde route along the

axons. Even though reactivation can take place
in any latently-infected ganglion, the thoracic
P _, 2o & region is the most frequently affected area. This
bi g o l will result in pain, itching, parasthesias in the
Figure 3. Clinical manifestation of Zoster
specific region, which is followed, a few days
later, by a characteristic confined vesicular rash (figure 3). The pain is due to the
localized inflammation within the ganglia and the destruction of some infected
neurons. It usually disappears within 4 to 6 weeks but can frequently (up to 30% of
the patients) persist for several months after the lesion disappearance, as a
syndrome known as Post-Herpetic neuralgia (PHN). The etiology of PHN remains
controversial. Two main theories, not mutually exclusive, are currently claimed: (i)
excitability alteration of ganglionic (or even spinal cord) neurons and (ii) a low-level
productive infection persistence in the ganglia. In some cases (around 10% of zoster
cases) VZV reactivation takes place in the trigeminal ganglion, resulting in Herpes
Zoster Ophtalamicus (HZO), that can permanently affect the patient vision. Other,
less frequent, complications of Zoster includes encephalitis (0.2 to 0.5 % of zoster
cases), myelitis, nerve palsies and motor paralysis (Weinberg, 2007).
Immunosuppression augments the risk of morbidity and mortality associated with
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herpes Zoster. Pneumonias, cutanenous overall dissemination, visceral
dissemination and neurological complications are quite frequent among these
patients. It is now known that asymptomatic VZV reactivations frequently occur and
probably favour the maintenance of cell-specific immunity against the virus (Birlea et
al., 2011; Cohrs et al., 2008). "Zoster sine herpete" is an intermediate situation where
the immune system is able to counteract the vesicular rash, but not the associated
pain and/or other symptoms (Blumenthal et al., 2011; Gilden et al., 2010).

1.4. Epidemiology

Before the vaccination era, even though VZV was similarly present all over the
world, the mean age at the primo-infection was highly dependent on the climate of
the considered region. In temperate regions, chickenpox outbreaks were most
frequently occurring in late winter and spring and over 90% of the population had
contracted the illness naturally by the age of 9. In sub-tropical areas, epidemics were
not seasonal and 50% of young adults (18-20 years) were still sero-negative (Lolekha
et al., 2001). In 1974, a Japanese lab developed a live-attenuated vaccine (vOka)
starting from the clinically isolated parental Oka strain (pOka) that was passaged on
guinea pig cells, then serially passaged on Human cells (Takahashi et al., 1974).
Shortly after, many small scale studies have been conducted to evaluate the efficacy
of this vaccine and the maintenance of the protection after several years (Asano et
al., 1982; Asano et al., 1975; Ozaki et al., 1984). The vaccine was first commercialized
in Japan, in 1987 and, slightly later in Korea. In Japan, the vaccine is part of the
voluntary vaccination program, with only 20-30% of coverage (Ozaki, 2013).

The Oka strain was later used in parallel by two biotech companies, Merck and
GlaxoSmithKline to produce their own live attenuated vaccine, Varivax and Varilix,
respectively. Systematic vaccination started in the USA in 1995, and is now also the
applicable standard in Canada, and Taiwan. The single-dose vaccine has been proved
to be efficient at 80%-85% and has greatly diminished the incidence of chickenpox.
Mortality and morbidity associated with varicella has drastically fallen in the USA
since its introduction (Nguyen et al., 2005).

In Europe, even though varilix is licensed in many countries, only a limited number
of them have implemented a generalized vaccination program (Germany, Sicily). The
reluctance to generalize the VZV vaccine in some countries partly finds its origin in
conflicting models predicting the impact of VZV vaccination on Zoster occurrence in
vaccinated and non vaccinated individuals. In fact, the twenty years of vaccination in
the USA have brought a more global view and raised some concerns for the future
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(Goldman and King, 2013a; Goldman and King, 2013b; Myers, 2013). As stated above,
the vaccine, if administered in one single dose is efficient in around 80% of recipients.
This means that 20% of vaccinated individuals will be susceptible to a wtvzVv
outbreak. Even if most of them will develop a relatively mild disease, the lesions
carry infected particles that can be transmitted to naive individuals. During this
"breakthrough varicella episode", the wild-type virus is able to reach the ganglia to
establish a latency and to reactivate, causing Zoster. The VZV vaccine strain has also
been shown to have the property to establish latency and to reactivate, although
usually in mild forms. A two-dose schedule has recently been adopted in Canada and
the USA and becomes the rule. This has been shown to allow >95% protection and
should partially compensate for the strong drop in Cell-mediated Immunity specific
to VZV that has been observed in the years following the vaccination and may
account for the susceptibility of vaccinated person to contract breakthrough
varicella (Kuter et al., 2004). Of course, only a limited number of data are currently
available for the "two-doses" recipients. Note that a quite similar drop in the CMI
against VZV is observed in the case of a true varicella episode in a naive patient
(Weinberg and Levin, 2010).

The idea that frequent re-exposition to VZV during varicella epidemics are
boosting our VZV-specific CMI was first claimed by Hope-Simpson (Hope-Simpson,
1965) and has been confirmed many times ever since (Brisson et al., 2002; Thomas et
al., 2002). If true, it is conceivable that the introduction of the vaccine and the major
drop in varicella outbreaks occurrence will manifest in a higher rate of zoster cases in
the future, especially in people born prior the introduction of the vaccination
campaign. Some conflicting reports have been published on zoster incidence
comparing the pre- and the post-vaccination era. Even if all reports describe an
increase in the number of Zoster cases, an ascending trend was already present
before the introduction of the vaccine, complicating the interpretation of the results
(Doerr, 2013; Goldman and King, 2013a; Goldman, 2005; Goldman and King, 2013b;
Myers, 2013; Schmid and Jumaan, 2010; van Hoek et al., 2012).

1.5. Genome

VZV genome is a linear dsDNA molecule of ~125kbp (for review, (Cohen, 2010b)). It
is divided in two successive unique regions flanked by inverted repeats (figure 4).
The repeats surrounding the Unique Long region (U,), the Terminal Repeat Long
(TRL) and the Internal Repeat Long (IR.) are short DNA stretches of 88bp. The
Unique Short region (Us), much shorter that Us region from HSV-1, is flanked by
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longer repeats (IRs, Internal Repeat Short and TRs, Terminal Repeat Short)
comprising the coding sequence of three genes, ORF62, ORF63 and ORF64 that,
consequently, are present in two copies within the genome. ORF62 is identical to
ORF71, ORF63 to ORF70 and ORF64 to ORF69 (Davison, 1991; Davison and Scott,
1986; Straus et al., 1981).

Two distinct ORFs (42 and 45) have been shown to constitute two exons of a long
transcript which, after a splicing event, will give rise to a mature mRNA at the origin
of a single protein (Visalli et al., 2007). Oppositely, the open reading frame 33
contains two overlapping in-frame genes that possess distinct transcription initiation
sites but share the poly-A signal. The longer transcript, ORF33, is translated in a 605
amino acids protein whose C-terminal domain is identical to the protein of 302 amino
acids produced from the shorter transcript, ORF33.5 (figure 4). These gene products
are both essential for the capsid formation and will be described in details in the
following paragraphs.
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Figure 4. Schematic representation of the VZV genome. The digits indicate the ORFs and the arrows
indicate their direction of transcription. The two replication origins are represented by open boxes (Ori,)
whereas the five repeated regions (R1to R5) are represented by black boxes. The repeats flancking the
unique regions are represented by boxes containing triangles (adapted from Davision, 1986).

The linear form of the genome has been shown to be the major form present
within the virion (Davison, 1984; Kinchington et al., 1985). The presence of an
unpaired C residue at the 3' end of TR, and an unpaired G-residue at the 3' end of TRs
allow the molecule to circularize before the replication phase in the nucleus
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(Davison, 1984). This allows the expression of a more recently discovered gene the
ORF S/L located astride both ends (Kemble et al., 2000). This brings the number of
distinct proteins expressed during VZV lytic cycle to 70 (figure 4). The functional role
of many of them is still to be characterized. Most of them have clearly identified
homologs in HSV-1, which has been much more thoroughly studied. Consequently,
the role of some highly conserved proteins can be partially inferred from HSV-1 data.
Of note, six VZV genes are absent from HSV-1 genome: ORFS/L,ORF1, ORF2, ORF13,
ORF32 and ORF57 (figure 5). Conversely, nine genes present in HSV-1 are missing in
VZV: UL56, UL45, RL1, US2, US5, US6, US11, US12 and LAT). The transcription level of
each gene is highly variable from a very low level (ORF5, 16, 46 and 52) to the most
abundant transcripts (ORF9, 33/33.5, 49 and 64) (Cohrs et al., 2003b).

TR
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Figure 5. Comparison of HSV-1 and VZV genomes. VZV and HSV-1 genes are shown by numbers. Encircled
numbers represent genes that do not have homologs in the corresponding virus (adapted from Cohen 2010).

Five other repeated regions of variable size are present within VZV genome. The
repeat length is characteristic of the considered viral strain. Three of them are within
gene coding sequences (R1 in ORF11, R2 in ORF14, R3 in ORF22), giving rise to
variants, not only at the genomic level, but also at the protein level (Straus et al.,
1983). Note also that Us, and to a much lesser extent U_ can be present in both
orientation, giving rise to four different isoforms, two of which representing 95% of
the isolated molecules (Davison and Scott, 1986; Dumas et al., 1981; Kinchington et
al., 1985; Straus et al., 1981; Straus et al., 1984).

Viral genes and proteins designation has changed several times and is not
consistent throughout the scientific literature. Conventionally, VZV genes and
corresponding proteins are generally named after their position within the genome,
no matter the region of the genome (ORF1, ORF2,...). A "p" is sometimes added to
distinguish the protein from the gene. An exception concerns the immediate early
(IE) proteins that are named IE(x) where x is the number of the ORF and the
glycoproteins, gB, gC, gl, gK, gN, gH, gE, gM, gL, where the letter is assigned
according to homology with HSV-1. In HSV-1, genes and corresponding proteins are
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now mostly named from their position within the genome (UL1 to UL56, US1 to
US12). The prefix "p" has recently been added, in order to distinguish the gene from
the protein and might be universally adopted in the future (Mettenleiter et al.,
2006). Proteins encoded by the repeated regions continue to be designated as
Infected Cell Proteins (ICPo, ICP4 and ICP34.5). The older nomenclature that was
established on the basis of decreasing apparent molecular weight remains largely
used (for example, VP1/2, "Viral Protein 1/2” is the largest protein and is encoded by
UL36). This confusing nomenclature has led some team to suggest the adoption of a
more generalized naming, at least for the core genes that are shared by all
herpesviridae (table 3) (Mocarski, 2007). To help the reading of this document a
"conversion table" has been generated.

Common name® Abbrev. HSV vzv HCMV ~ HHV EBV KSHV Key function
name 6/7

Capsid

major capsid protein® MCP ULi9  ORF40 UL86 Us7 BcLF1 ORF25 hexon, penton, capsid
structure

triplex monomer* TRIt UL38 ORF20 UL46 U29 BORF1  ORF62 TRI1and TRI2 assoc to
form TRI complex,

triplex dimer* TRI2 UL18 ORF41  ULS8s Us6 BDLF1  ORF26 capsid structure

small capsid proteinb SCP UL35 ORF23 UL48A U32 BFRF3  ORF65 capsid transport

portal protein PORT uL6 ORF54 UL104 u7z6 BBRF1 ORF43 penton for DNA
encapsidation

portal capping protein® PCP UL25  ORF34 UL77 uUso BVRF1 ~ ORF19 covers portal in mature
virions

Tegument and cytoplasmic egress

virion protein kinase VPK UL13 ORF47 ULgy u69 BGLF4  ORF36 phosphorylation,
regulation

largest tegument LTP UL36 ORF22  UL48 U31 BPLF1  ORF64 uncoating, secondary

protein® envelopment

LTP binding protein® LTPbp UL37 ORF21  UL47 U3o BOLF1  ORF63

encapsidation and EEP ULy ORF53  UL103 uU7s BBRF2  ORF42 nuclear egress

egress protein®

cytoplamsic egress CETP ULn ORF49 ULg9g U7z1 BBLF1 ORF38 secondary envelopment,

tegument proteinb cytoplasmic egress

CETP binding proteinb CETPbp UL16 ORF44 ULo4 ués BGLF2  ORF33

cytoplasmic egress CEF1 UL51 ORF7 UL71 U44 BSRF1 ORF55 cytoplasmic egress

facilitator-1°

encapsidation ECP UL14  ORF46 ULgs u67 BGLF3  ORF34 TERbp chaperone

chaperone protein®

capsid transport CTTP UL1y ORF43  UL93 U64 BGLF1 ~ ORF32 capsid transport in the

tegument protein® nucleus

cytoplasmic egress CEF2 UL21 ORF38 UL88 Us9 BTRF1 ORF23 egress, interact with

facilitator-2° CETPbp

UL24 ORF35 UL76 U49 BXRF1 ORF20 putative membrane or

tegument

Envelope

glycoprotein B gB UL27  OEF31 ULs5 U39 BALF4  ORF8 heparan-binding, fusion

glycoprotein H® gH UL22  ORF60 ULys U48 BXLF2  ORF22 gH assoc, fusion
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glycoprotein L gL ULt ORF37  UL11s us2 BKRF2  ORF47 gL assoc, fusion

glycoprotein M° gM ULto  ORFso0 ULtoo  U72 BBRF3  ORF39 gN assoc

glycoprotein NP gN UL49A ORF9A UL73 U46 BLRF1 ORF53 gM assoc

Regulation

multifunctional MRE ULs4 ORF4 UL69 U42 BSLF1 ORF57 transcriptional, RNA

regulator of BMLF1 transport regulation

expression®

DNA Replication, recombination and metabolism

DNA polymerase® POL UL3o ORF28 ULs4 U38 BALF5  ORF9 DNA synthesis

DNA polymerase PPS UL42  ORF16 UL44 U27 BMRF1  ORF59 POL processivity

processivity subunit*

helicase-primase HP1 ULs ORF55  UL105 uz7 BBLF4 ORF44

ATPase subunit*

helicase-primase RNA  HP2 ULs2 ORF6  UL70 U43 BSLF1  ORF56 HP1, HP2 and HP3 assoc

pol subunit B to form HP, unwinding
and primer synthesis

helicase-primase HP3 UL8 ORF52  UL102 U74 BBLF2  ORF40

subunit C© BBLF3  ORF41

single strand DNA SSB UL29 ORF29 ULsy U41 BALF2  ORF6 DNA fork,

binding protein° recombination

alkaline NUC uL12 ORF48 UL98 uU7o BGLF5  ORF37 recombination

deoxyribonucleaseb

deoxyuridine dUTPase UL50 ORF8 UL72 U45 BLLF3 ORF54 reduce dUTP

triphosphataseb

uracil-DNA glycosidaseb UNG uL2 ORF59 UL114 u81 BKRF3  ORF46 remove uracil from DNA

ribonucleotide RR1 UL39 ORF19  UL45 U28 BORF2  ORF61 active enzyme only in

reductase large viruses with RR2

subunit®

Capsid assembly, DNA encapsidation and nuclear egress

maturational protease® PR UL26 ORF33 UL8o Us3 BVRF2  ORF17 capsid assembly,
scaffolding, DNA
encapsidation

assembly protein® AP(NP)! UL26.5 ORF33.5 UL80.5 Us3.5 BdRF1i  ORF17.5

(UL26) (UL80) (Us3)  (BVRF2) (ORF17)

capsid transport CTNP UL32 ORF26  UL52 U36 BFLF1 ORF68 capsid transport to sites

nuclear protein® of DNA replication

terminase ATPase TER1 UL15 ORF42- UL89g ue66 BGRF1  ORF29 TER1and TER2 form

subunit 1° 45 BDRF1 TER, packaging
machinery

terminase DNA binding TER2 UL28 ORF30 UL56 U4o BALF3  ORF7

subunit 2¢

terminase binding TERbp UL33 ORF25  UL51 U3s BFRF1A  ORF67 TER assoc

protein®

nuclear egress NEMP UL34 ORF24 ULs0 U34 BFRF2  ORF66 nuclear egress, primary

membrane protein® envelopment

nuclear egress lamina NELP UL31 ORF27  UL53 U3z BFLF2 ORF69

protein®

a, proposed

b, required for replication in some viruses or some settings
¢, required for replication in all viruses and settings tested.

d, AP and NP are related proteins derived from different primary translation products.

Table 3. Identity, function and proposed nomenclature for known and putative functions of
herpesvirus-common gene products of human herpesviruses (adapted from Mocarski 2007)
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1.6 Morphology

VZV virion has an approximate size of 200 nm and, similarly to all herpesviridae, is
composed of three distinct structural elements: the external envelope, in which are
inserted viral proteins among which the glycoproteins, the internal nucleocapsid and
the protein layer in between, that is called the tegument (figure 6).

The nucleocapsid measures about 100-120nm. Its symmetry is icosahedral with
T=16, meaning that it is made of 12 pentameric (figure 6, blue structures) and 150
hexameric capsomers (figure 6, light green structures). Capsomers are multimers of
the Major Caspid Protein (MCP), encoded by VZV ORF40, and are linked together by
triplexes (figure 6, dark green structures) composed of two molecules of VP23 (VZV
ORF41) and one molecule of VP19C (VZV ORF20). The pentameric capsomers
represent the twelves vertices while the hexameric capsomers form the facets. One
vertex is occupied by a dodecameric complex of the portal protein puUL6 (VZV
ORF54) forming a little hole through which the DNA is inserted within the capsid and
through which, most probably, the DNA will get out to enter the nucleus of a newly
infected cell.
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Figure 6. Virion Morphology. (left panel) Schematic representation of an herpesvirus showing the
capsid symmetry with pentons at the vertices (blue structures) and hexons forming the faces (light
green structures). (right panel) VZV virion in TEM.

In HSV-1, a recent study has identified, via mass spectrometry, the presence of 23
distinct viral proteins and 49 cellular proteins within the tegument (Loret et al,,
2008). The inner layer is strongly linked to the capsid and plays a role in the transport
of the capsid towards the nucleus during the entry process (see below). In HSV-1, the
main components of the inner tegument are pUL36, pUL37 and pUS3. The outer
layer is more easily extracted after the treatment of virions with detergent and has
been shown to dissociate from the capsid soon after virus entry. The role of the
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tegument for the viral life cycle will be discussed in the following paragraphs (for
review (Kelly et al., 2009)).

The envelope, acquired during the egress of the viral particle is a lipid bilayer in
which are inserted many viral proteins. In electron microscopy, it displays
protrusions of several nanometres that correspond to the external, glycosylated
domains of a particular class of virally encoded membrane proteins, the
glycoproteins. As described below, the glycoproteins are important for the initial
binding of the virion at the cell surface and for the fusion of the envelope with the
cell membrane to deliver the capsid within the cytoplasm.

2. Herpesvirus lytic cycle

The lytic cycle, represented at figure 7, starts when a viral particle enters in contact
with an uninfected host cell (1). The virus enter the cell when its envelope fuses
with the plasma membrane (2), the capsid is partially de-tegumented (3) and is

Figure 7. Replication cycle of an alphaherpervirus (pictures are from PRV). See detailed des-
cription in the text. G, Golgi apparatus; MT, microtubles; N, nucleus; NM, nuclear membrane;
NP, nuclear pore; RER, rough endoplasmic reticulum, TGN: trans-Golgi network (from Metten-
leiter et al., 2009)
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transported to the nuclear envelope via the microtubule network (4). The capsid
docks to the nuclear pore and the viral genomic DNA is transferred in the nucleus
(5). Several successive waves of viral gene expression will lead to the replication
of viral DNA (6) and the neo-production of procapsids within the nucleus (7). The
insertion of the DNA together with the maturation of the procapsids generates
mature capsids (8) that exit the nucleus through an envelopment/de-envelopment
process (9-11). Naked capsids acquire the tegument and their final envelope by
budding through cytoplasmic vesicles in the membrane of which viral
glycoproteins are inserted (12). The enveloped particles are released from the cell
when the transport vesicle fuse with the plasma membrane.

2.1. Viral entry and delivery to the nucleus

The entry of the virus in the host cell is a multistep process involving specific
receptors present at the cell surface and proteins present in the viral envelope
(figure 8). The binding at the cell surface is divided in an initial tethering step and a
following strong interaction step that constitutes a trigger for the fusion of the
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Figure 8. Herpesvirus entry. (A) Steps of viral entry. 1. The virus binds to cellular receptors at the cell surface;
eventually, a specific glycoproteins-receptor binding will trigger the subsequent fusion. 2. The fusion of viral
and cellular membranes progresses through an hemifusion intermediate followed by a complete fusion
with the formation of a fusion pore. (B) Routes of entry. Depending upon cell type, both HSV and EBV can
enter cells by fusion at the plasma membrane or with the endocytic membrane after endocytosis.
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envelope with the cellular membrane, delivering the capsid in the cytoplasm (figure
8 A1). The viral envelope can either fuse with the plasma membrane or with an
endosome after endocytosis (figure 8B).

2.1.1. Attachment to the cell surface

The first step of the viral life cycle is the tethering of the viral particle at the host
cell surface (Figure 8A, 1). In alphaherpesviruses, this initial contact is principally
mediated by the interaction of gB and gC with heparan sulafte proteoglycan (HSPG),
but also mannose-6-phosphate receptor (MPR®) for VZV. Accordingly, heparin seems
to block the attachment of the virions at the cell surface (Zhu et al., 1995a) and
MPR®-deficient cells present a defect in viral entry by cell free VZV but not cell-
associated VZV (Chen et al., 2004). In HSV-1 an interaction of gH/gL with integrins
also plays a role in this step that serves to concentrate the virus at the cell surface
but does not specifically trigger membrane fusion.
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Figure 9. interaction between viral glycoproteins and cellular receptor mediating the entry of
the human herpesviruses. Interactions resulting in initial attachment are indicated by open
arrowheads and interactions with entry receptors by filled arrowheads. For entry to occur, all
the documented interactions do not necessarily take place on the same cell or at the same time
(adapted from Heldwein and Krummenacher, 2008).
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2.1.2. Interaction with an entry receptor

The second step of viral entry differs between the considered cell type and consist
of a strong interaction of the virion with a specific receptor. This interaction defines
the host cell range of a particular virus and constitutes a signal to trigger membrane
fusion (Figure 9). For both HSV-1 and PRV, gD is the main viral glycoprotein involved
in this triggering step. Depending on the considered cell type, HSV-1 gD has been
shown to interact with Herpesvirus-Entry-mediator-A (HVEM), a receptor belonging
to TNF receptor family (Montgomery et al., 1996), nectin-1 and -2 (Geraghty et al.,
1998), and 3-O-sulfated heparan sulfate (Shukla et al., 1999). Even though VZV does
not express a gD homolog, a role of these receptors in its entry is not entirely
excluded. Nevertheless, for VZV, gE is likely to play the major role in this triggering
step. In contrast with HSV-1 and PRV where the absence of gE greatly reduces viral
spread but is not lethal, VZV gE is essential for the viral replication. It has been shown
to interact with Insulin Degrading Enzyme (IDE) to mediate viral entry. The
downregulation of IDE reduces both cell free and cell-associated infectivity and its
upregulation has the opposite effect, whilst no impact on HSV-1 entry is observed (Li
et al., 2006; Li et al., 2007). Interestingly, gE and gD are thought to derive from
duplicated genes (McGeoch, 1990) and share some similarities at the structural level,
notably.

2.1.3. Membrane fusion

The fusion of the viral envelope with a cellular membrane that results in the
delivery of the capsid within the cytoplasm can occur either at the cell surface or
with the endocytic vesicle after an endocytosis event (Figure 8B) (for review,
(Connolly et al., 2011; Heldwein and Krummenacher, 2008; Krummenacher et al.,
2013)). In the case of the endocytosis pathway, the entry can either require the
acidification of the endocytic vesicle or can be low pH independent. The route of
entry depends on the virus-cell type combination but can also coexist in one given
combination. The core fusion machinery, that is shared among herpesviridae is
composed of gB, and gH/gL glycoproteins. It remains to be elucidated why and how
the same set of glycoproteins (gD, gB, gH/gL) can mediate the three different entry
pathways of HSV-1. In the case of VZV, the route of entry in the different cell types
remains to be thoroughly characterized, but seems to be dependent on clathrin-
mediated endocytosis and on the membrane lipid composition (Hambleton et al,,
2007).
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HSV-1 and EBV gB have been shown to share structural similarities with known
fusion proteins. Fusion proteins have the properties to insert into target membranes
and to, through major conformational changes, draw viral and cell membrane
together, thereby inducing the formation of fusion pores. Initially thought to be
exclusively a fusion protein, recent studies have identify several gB receptors able to
trigger the fusion: paired immunoglobulin-like type 2 receptor alpha (PILR-a), non-
muscle myosin heavy chain Il a and myelin-associated glycoprotein (Arii et al., 2010;
Satoh et al., 2008; Suenaga et al., 2010). In VZV, cotranfection experiments showed
that the simultaneous expression of gB and gE can drive cell fusion and syncytia
formation (Maresova et al., 2001).

The gH/gL complex has originally been described as a fusogen, possibly
mediating the hemifusion step (Subramanian and Geraghty, 2007). gH possesses a
large exctodomain and one transmembrane anchor while gL lacks any
transmembrane domain and is thought to serve as a gH chaperone. gH displays
several features typical of type | fusion glycoproteins: five putative fusion motifs
and three heptad repeats have been identified in HSV-1 gH (Galdiero et al., 2005;
Galdiero et al., 2006; Gianni et al., 2006a; Gianni et al., 2006b). When expressed
alone via recombinant vaccinia virus, VZV gH/gL are able to mediate cell-cell fusion
(Duus et al., 1995). Nevertheless, the recently described crystal structure of gH/gL
ectodomains has revealed no homology with known fusion proteins (Chowdary et
al., 2010) and more recent data failed to demonstrate the gH/gL property to induce
hemifusion (Jackson and Longnecker, 2010). Accordingly, in a system of exogenous
expression exempt of vaccinia virus, the cell-cell fusion was observed only if VZV gB
was expressed together with VZV gH/gL (Suenaga et al., 2010). The gH/gL is thus
now considered as a fusion regulator through its interaction with gB.

2.1.4. Capsid transport to the nuclear pore and transfer of the DNA to the
nucleus

After the fusion of the viral envelope with the cellular membrane, most of the
outer tegument is disassembled (Aggarwal et al., 2012; Granzow et al., 2005). A
specific set of proteins remains attached to the capsid and is thought to mediate its
transport to the nuclear pores via the microtubules (MT) network (Luxton et al.,
2005). It is important to note that, to reach the nucleus, the capsid must first move
towards the microtubules organizing center (MTOC), then from the MTOC towards
the nucleus. It is then not so surprising that both interactions with dynein motors
responsible for minus-end directed transport (Dohner et al., 2002) but also with
kinesin motors mediating the plus-end transport are crucial for capsid docking to the
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nuclear pores (Radtke et al.,, 2010). Even though it has been shown to bind
specifically to dynein light chain RP3 and tctex1 (Douglas et al., 2004), the minor
capsid protein VP26 of both PRV and HSV-1 has been demonstrated to be
dispensable for the transport of the capsid to the nucleus (Antinone et al., 2006;
Dohner et al., 2006). The major role in capsid transport is likely to be played by the
tegument. In fact, not only most of the tegument is dispensable for the capsid
transport towards the nucleus, but the disassembly of the outer layer is important to
expose the inner part, pUL36 and pUL37 in particular, that have been demonstrated
to drive the motion of the capsids along MTs (Antinone et al., 2006; Luxton et al.,
2006; Wolfstein et al., 2006). Note that, recently, an interaction of pUL37 with
dystonin, belonging to another class of Mictrotubule Associated Protein (MAP) has
been shown to be important for the transport from the MTOC to the nuclear pore
(McElwee et al., 2013).

2.2. Gene expression

Once the capsid is docked at the nuclear outer membrane, a proteolytic cleavage
is necessary to release the DNA in the nucleus through the nuclear pore. In HSV-1,
this is mediated by pUL36 (Jovasevic et al., 2008). The entry of the DNA within the
nucleus is thought to induce the formation of PML-like bodies in very close proximity
of the DNA deposition site. Whether this is a prerequisite for the subsequent viral
gene expression or an intrinsic cellular defence is still a matter of debate (Everett,
2013). In HSV-1, the expression of ICPo will subsequently degrades PML protein
leading to PML bodies disruption and the progression through the next phase of the
lytic cycle.

A characteristic of all herpesviruses is the presence of three distinct and
successive phases of viral gene expression. Immediate Early (IE), also called a genes
are the first transcribed and allow the expression of Early (E) or B genes. Finally, Late
genes (L), or y genes whose expression is dependent on the viral DNA replication are
expressed.

2.2.1. Inmediate Early genes

The genes belonging to this class are transcribed by cellular RNA polymerase II,
without de novo viral protein production. They represent major transcription
regulators that are necessary to stimulate the expression of the viral repertoire. They
also have been shown to impact positively or negatively the expression level of
some cellular genes. Three VZV genes have been formally classified as IE: ORF4 (IE4),
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ORF62 (IE62) and ORF63 (IE63). All three are phosphoproteins and belong to the
tegument (Kinchington et al., 1995; Kinchington et al., 1992).

IE62, an essential protein, is the major transactivator of the virus, homologous to
HSV-1 ICP4 and is crucial to initiate viral gene transcription (Sato et al., 2003a). In
HSV-1, the initiation of the viral transcription cascade strongly relies on UL48 gene
product, the protein VP16 (VZV ORF10 homolog). VP16 is part of the viral tegument
and is brought to the nuclear compartment rapidly after cell entry, independently of
the capsid. It forms a complex with cellular factors (principally HCF-1 and Oct-1)
which binds to a consensus sequence present in the promoter of all IE genes. The
formation of this complex will initiate the transcription of the IE genes (recently
reviewed in (Kristie et al., 2010)). In VZV, only IE62 promoter has been shown to
possess a similar consensus sequence that, indeed is able to bind a complex
containing VZV ORF10, HCF-1 and Oct-1. The presence of this complex is able to
enhance the transcription of ORF62 (Moriuchi et al., 1995; Narayanan et al., 2005).
Nevertheless, contrarily to HSV VP16, VZV ORF10 is not essential for VZV replication
and obviously, the expression of IE63 and IE4 must rely on another mechanism (Che
et al., 2006; Kost et al., 1995; Michael et al., 1998). IE62 is known to activate its own
promoter and it has been shown that HCF-1 is also implicated in IE62 gene
transactivation properties (Disney et al., 1990; Narayanan et al., 2005; Perera et al.,
1992b). Both proteins have been shown to interact, maybe through a common
binding partner, the transcription factor Sp-1 (Kristie et al., 2010; Peng et al., 2003).
Since all three IE promoter contain Sp-1 binding site, the current model therefore
suggests that the expression of all IE genes relies on a complex containing HCF-1, Sp-
1 and IE62 (Ruyechan et al., 2003). The presence of large amount of IE62 in the viral
tegument is compatible with its role in the initiation of the transcription program,
similarly to VP16 in HSV-1 (Kinchington et al., 1992). Of note, IE62 has also been
shown to bind to the Mediator, TBP/TFIID and RNA pol Il and more than half of the
VZV genes contain Sp-1 binding sites in their promoter (Narayanan et al., 2007; Peng
et al., 2003; Ruyechan et al., 2003). The mechanism by which IE62/Sp-1 recruits the
Mediator co-activator, the basal apparatus of transcription as well as HCF-1, itself
able to recruit chromatin remodelling factors (MLL histone H3K4 methyltransferase)
is likely to play the major role in the expression of the entire VZV genome (for
review, (Ruyechan, 2010)).

IE4, also essential for the viral replication (Sato et al., 2003b), was originally
considered as a transcription factor (de Maisieres et al., 1998; Defechereux et al.,
1993; Perera et al., 1994). We have shown recently that it actually acts principally at a
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post-transcriptional level, by binding to RNA and SR proteins and enhancing the
export of mRNAs (Defechereux et al., 1997; Ote et al., 2009).

The situation of IE63 is more complicated. Its HSV-1 homolog (ICP22) has been
implicated not only in the transactivation of late viral genes, mainly through its
association with ICP4 (IE62 homolog), but principally in the repression on IE genes
and on many cellular genes (Bastian and Rice, 2009; Leopardi et al., 1997; Long et al.,
1999; Poffenberger et al., 1993; Rice et al., 1995; Sears et al., 1985). Conflicting
reports on VZV IE63 are present in the literature concerning both its dispensability
for the viral replication (Baiker et al., 2004; Cohen et al., 2004; Sommer et al., 2001)
and its regulatory properties (Jackers et al., 1992; Kost et al., 1995; Lynch et al,,
2002). Our laboratory has shown that VZV IE63 is able to repress all class of viral
genes as well as cellular genes by acting on the basal transcription machinery, that it
is mainly phosphorylated by the cellular CKIl and that its phosphorylation status
impacts its cellular localization as well as its repressive properties (Bontems et al.,,
2002; Di Valentin et al., 2005; Habran et al., 2005).

A last protein might also belong to the IE class, the HSV ICPo homolog, encoded
by ORF61. Even though its strict IE status has not been confirmed, a recent report
showed that it is express as early as IE62, namely 1 hour post infection. It is
dispensable for viral replication but displays some gene regulatory properties
(Inchauspe et al., 1989; Moriuchi et al., 1993; Nagpal and Ostrove, 1991; Perera et al.,
19923; Reichelt et al., 2009). It possesses a RING finger domain with a E3-Ubiquitin
ligase property, like ICPo. Its putative role in the regulation of PML bodies during the
lytic cycle will be discussed in the following paragraphs.

2.2.2. Early genes

The expression of these genes relies on the presence of newly synthesized IE
proteins. Most of the E genes code for enzymes: ORF8 is a dUTPase (Ross et al.,
1997), ORF13 a thymidylate synthetase (Cohen and Seidel, 1993; Spector et al,,
1989)), ORF18 and ORF19 ribonucleotide reductase (Spector et al., 1989), ORF36 a
thymidine kinase (Sawyer et al., 1986) and ORF59 an uracil DNA glycosylase (Reddy
et al., 1998b). The two viral kinases encoded by ORF47 and ORF66 and the proteins
implicated in the replication of the genomic DNA also belong to this class. Based on
homology with HSV-1, seven enzymes are required for the genome replication
(Boehmer and Lehman, 1997). VZV DNA polymerase is composed of the catalytic
(ORF28) and the processivity (ORF16) subunit whereas the primase/helicase complex
contains three subunits (ORF6, the primase, ORF55, the helicase and ORF 52, an
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accessory protein specific to alphaherpesviruses) (Mar et al., 1978; Miller and Rapp,
1977). ORF29 is a ssDNA binding protein and, from immunofluorescence study has
been shown to also localize as its HSV-1 homolog (ICP8) in punctuated intranuclear
regions of infected cells (Cohrs et al., 2002; Kinchington et al., 1988). These domains
initially appearing as several small regions are thought to represent areas where viral
DNA replication takes place. As the infection progresses, the small spots enlarge and
fuse together giving rise to what has been called the “replication compartment”
(RC). ORF29 could also modulate the expression of the late gene (Boucaud et al,,
1998). The last protein essential for the replication is encoded by ORF51 and
correspond to the origin-binding protein (see table 3).

ORF9, the most expressed VZV gene during the lytic cycle is thought to be
expressed at the early phase. In contrast to most of its homologs, it is essential for
the viral replication. ORF9 is one on the major component of the tegument and
interacts with IE62, gE and ORF11 (Che et al., 2008; Cilloniz et al., 2007; Tischer et al,,
2007). We recently demonstrated its role in the viral egress (Riva et al., 2013).

2.2.2.1 Viral kinases

ORF66 is a ser/thr kinase specific to alphaherpervirus and presents homology
with cellular CDKI (Moffat et al., 2004b). It is essential for viral growth in T cells while
dispensable in skin cells or fibroblasts (Ku et al., 2005; Moffat et al., 1998). ORF66 is
expressed during latency but is not essential for its establishment (Cohrs et al.,,
20033; Sato et al, 2003c). It phosphorylates IE62, which impact the cellular
localization and the virion incorporation of this latter (Eisfeld et al., 2006; Erazo et
al., 2011; Kinchington et al., 2001; Ng et al., 1994; Walters et al., 2009). As it has been
described for its HSV-1 and PRV homolog (US3), ORF66 also has cellular targets:
HDAC1 and HDAC2 as well as matrin 3, a nuclear matrix protein (Erazo et al., 2011;
Walters et al., 2009).

ORF47 is a CKll-like ser/thr kinase (Kenyon et al., 2003). It belongs to the
Conserved Herpesvirus-encoded Protein Kinase (CHPK) family. CHPKs share some
features and biological roles. They are part of the tegument and phosphorylate some
tegument proteins allowing the formation, maintenance and/or disassembly of the
virion (for review (Gershburg and Pagano, 2008)). They were reported to interact
with the DNA polymerase processivity subunit, thereby playing a role in the DNA
replication. They also were shown to play a role in the hyperphosphorylation of the
cellular translation factor EF-16 which facilitate the protein synthesis. CHPK have
been implicated in the innate immune evasion by interfering principally with the IRF3
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pathway (Hwang et al., 2009; Shibaki et al., 2001; Vandevenne et al., 2011; Wang et
al., 2009). VZV ORF47 is dispensable for in vitro viral growth but is determinant for
the T cells tropism and for the infection of immature dendritic cells (Heineman and
Cohen, 1995; Hu and Cohen, 2005; Moffat et al., 1998). It has been shown to
phosphorylate IE62, IE63, gE, gl and ORF32 (Kenyon et al., 2002; Kenyon et al., 20071;
Ng et al., 1994; Reddy et al., 1998a). We also showed recently that it phosphorylates
ORF9 and strongly interacts with it and that this phosphorylation is important for the
viral egress (Riva et al., 2013).

2.2.3. Late genes

The genes belonging to this class are only expressed after the initiation of the
genome replication. Most late genes encode structural proteins: proteins forming
the capsid as well as the scaffold proteins and maturing protease, all envelope
proteins synthesized in the RER, but also some tegument proteins like ORF10. VZV
expresses nine distinct glycoproteins, 5 of which presenting conserved homologs
among all herpesvirus subfamilies (table 4).

Gene glycoprotein Mw Essential? function

ORF5 gK 40 kDa yes Virion morphogenesis
and virus entry

ORF9A gN 10 kDa unknown

ORF14 gC 95-105 kDa no Adsorption and virus
entry

ORF31 gB 125-140 kDa yes Adsorption and virus
entry

ORF37 gH 105-118 kDa yes Membrane fusion

ORF50 gM 42-48 kDa Cell-to cell spread

ORF60 gL 18 kDa yes Membrane fusion

ORF67 gl 50-55 kDa no Envelopment

ORF68 gE 85-110 kDa yes Virus entry and cell-to-
cell spread

Table 4. VZV glycoproteins
2.3. DNA replication

VZV genome as well as HSV-1 genome circularizes prior the replication onset. In
the case of HSV-1, the cellular DNA ligase IV has been shown to mediate this step,
even though a parallel mechanism involving a recombination between the short
direct repeats at the ends of HSV-1 genome is not excluded (Muylaert and Elias,
2007; Strang and Stow, 2005).

The current model of HSV-1 DNA replication involves an initial bidirectional theta-
type of replication followed by a switch to a rolling-circle mechanism, generating
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head-to-tail concatemers. The existence of a first theta-type replication has not yet
been strictly proved nor has the mechanism that would trigger the switch, but the
requirement of the circularization and the existence of specific genomic sequences
described as origins of replication as well as a viral protein displaying all the
properties of an initiator protein are strong arguments in favour of this model. The
generation of DNA concatemers has been shown to be strictly required for the
subsequent DNA packaging into the preformed capsid (see paragraph 2.4) (Boehmer
and Lehman, 1997; Lehman and Boehmer, 1999; Muylaert et al., 2011; Weller and
Coen, 2012). The proteins implicated in VZV DNA replication and their HSV-1
counterparts are listed in table 5.

The first step of the DNA replication is the recognition of replication origins (Ori)
by the origin-binding protein (OBP), UL9 in HSV-1, ORF51in VZV. Three Ori sequences
are present in the HSV-1 genome, two within the repeats flanking the Us (OriS) which
are conserved in VZV and one in the U, region (OriL) (Ruyechan, 2010). In HSV-1, the
deletion of the two OriS or of the OriL are both compatible with viral growth,
showing that the presence of a single functional Ori is sufficient to initiate the DNA
replication (Igarashi et al., 1993; Polvino-Bodnar et al., 1987). OriS of both HSV-1 and
VZV are organized around a conserved AT-Rich palindrome essential for the genome
replication (figure 10). In HSV-1, three OBP binding sites (designated Boxes |, Il and
l11) are present close to the AT-rich region. Mutational analyses have shown that the
minimal functional origin contains the AT-rich region and Boxes | and Il (Nguyen-
Huynh and Schaffer, 1998; Weir and Stow, 1990). In VZV, there are also three
complete OBP binding sites, but they are all located upstream the AT-rich region and
orientated in the same direction. Box A is essential for the replication, box B is
dispensable and the presence of box C increases the replication efficiency (Stow and
Davison, 1986; Stow et al., 1990).

VZV oris
‘ Box B Box C J_ BoxA . ; : : __Partial |
3 e———— £l | AT-rich region | GA-rich region|| OBP Site 3
HSV oriS
Box | - .
5 skl | AT-rich region 3
Box I Box Il
L . et

Figure 10. Architecture of VZV and HSV OriS. Orientaton and position of OBP binding sites are
represented by grey boxes (adapted from Ruyechan, 2010).
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The binding of pUL9 dimers on the Ori sequence will result in a bending of the
DNA at the AT-rich region and the association of OBP with the ssDNA binding protein
ICP8 (VZV ORF29). The arrangement of OBP binding sites symmetrically on both
sides of the AT-region will generate in the case of HSV-1 a characteristic hairpin
structure (Muylaert et al., 2011). For VZV, the precise mechanism is so far unknown
but possibly involves the binding of a cellular factor or a viral protein downstream
the AT-rich region (Ruyechan, 2010; Stow et al., 1990).

HSV vzv Abbreviation Function in genome replication

ULg ORF51 OBP Origin binding protein, implicated in replication initiation

UL3o ORF28 POL DNA polymerase, catalytic subunit

UL42 ORF16 PPS DNA polymerase, processivity subunit

ULs ORF55 H DNA helicase

ULs2 ORF6 P DNA primase

UL8 ORF52 Accessory factor, binds to ORF55 and ORF6 to form the primase/helicase complex
ICP8 (UL29) ORF29 SSB Single-strand binding protein

Table 5. DNA replication enzymes.

Together, pUL9 and ICP8 will trigger the initial unwinding of the dsDNA and the
recruitment of the trimeric helicase-primase complex, composed of pUL5, pUL8 and
pUL52 (VZV ORF55, 52 and 6). The helicase UL5 is responsible for the subsequent
DNA unwinding while the primase activity is carried by UL52 which synthesizes the
RNA primers necessary to generate the lagging strand. UL8 does not possess any
enzymatic activity but seems to be important for the formation and the maintenance
of the complete replisome (Cavanaugh et al., 2009; Tenney et al., 1994; Tenney et al.,
1995). Its presence has been shown to be crucial for the binding of pUL5/pUL52 with
ICP8 and it also interacts with the catalytic subunit of the DNA polymerase
(Falkenberg et al., 1997; Marsden et al., 1997; McLean et al., 1994). Recent data
suggest that two triplexes are required for the efficient subsequent DNA synthesis
(Chen et al., 2011b) and a model has been proposed in which the leading strand and
the lagging strand are synthesized simultaneously (figure 11). In this model, each
primase/helicase would recruit one DNA polymerase through an interaction with the
catalytic subunit, encoded by pUL30 (VZV ORF28).
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RNA primer

"M}q‘\)‘{)}ll! ICP8
TN —

Lagging strand

2

J)i;:.
Okazaki fragment ‘1‘%\
l |

Replication loop

Figure 11. Proposed model of herpesvirus replication fork. In this recent model, each
replication fork would contain two trimeric helicase complexes, able to recruit two dimeric
polymerases. Areplication loop is formed in the lagging strand, allowing the simulataneous
synthesis of the leading and the lagging strands (adapted from Weller and Coen, 2012).

The catalytic subunit presents the classical domains of described polymerase
thumb, palm and fingers structures but also an extra N-terminal domain containing a
motif resembling the RNA-binding motif found in ribonucleoproteins (Liu et al,,
2006). pUL30 is a proof reading enzyme possessing a 3’-5’ exonuclease activity (Song
et al., 2004) and also displays an RNAseH function (Crute et al., 1989; Marcy et al.,
1990), which could play a role in the degradation of the RNA primers on the lagging
strand. The processivity subunit, pUL42 (VZV ORF16) possesses both an interaction
domain with pUL30 and with the DNA. It acts as a clamp able to move along the DNA
strand (Gottlieb et al., 1990; Hernandez and Lehman, 1990; Randell and Coen, 2001),
which, rather than sliding along the DNA, somehow ‘“hops” by dissociation
reassociation events (Komazin-Meredith et al., 2008).

As DNA replication is obviously an obligatory step for viral propagation, almost all
the first generation of anti-viral drugs were targeting this step of the viral cycle.
Nucleoside analogs (acyclovir, valaciclovir,,..) that most of the time require a
phophorylation by the viral thymidine kinase to become the active drugs were
developed 30 years ago. They are still currently used. Nevertheless, over the years,
resistant strains, that principally display mutation in the TK gene, have emerged. This
has led to the development of nucleoside analogs that do not require the
phosphorylation by the viral TK. The novel drugs that are under clinical trials target
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the ribonucleotide reductase, the Helicase/primase complex, but also the DNA
encapsidation step (for review,(Field and Vere Hodge, 2013; Piret and Boivin, 2014)) .

2.4. Capsid assembly and DNA encapsidation

Capsid assembly is a nuclear process, which implies that capsid proteins must
first reach this cellular compartment. Because many of them do not possess a
nuclear localization signal (NLS), it has been demonstrated that several cytoplasmic
protein-protein interactions are required in order to import all the capsid proteins
within the nucleus (figure 12). In HSV-1, the scaffold protein, encoded by UL26.5 is
thought to mediate the transport of the major capsid protein (MCP) (VPs5, pUL9),
whereas VP29C (pUL38) is responsible for the nuclear import of VP23 (pUL18) but
can also relocate VP5 (Nicholson et al., 1994; Rixon et al., 1996). The small capsid
protein VP26 (pUL35) only reaches the nuclear compartment through its interaction
with VP5. In VZV, only the scaffold protein/maturation protease (ORF33/33.5) and the
small capsid protein (ORF23) display a functional NLS. Both have been shown to
relocate the major capsid protein (ORF40) to the nucleus but neither one nor the
other is mediating the transport of ORF20 (pUL38) or ORF41 (pUL18) (Chaudhuri et
al., 2008). It is then likely that complexes of higher order must from in the cytoplasm
prior the nuclear import.

HSV HSV HSV VvZV Abbre- Function in genome replication
viation

VPs5 UL19 ICP5  ORF40 MCP Major capsid protein, forms the pentameric and hexameric
capsomers

VP19C uL38 ICP32 ORF20 Form an heterotrimer VP23,/VP19C called the triplex, linking the

VP23 uL18 ORF41 capsomers

VP11-12 uLé ORF54 Portal Localize as a dodecamer at one vertex forming a pore through
which the DNA is inserted in the capsid

VP26 UL35 ORF23 SCpP Small capsid protein

UL2s ORF34 Bind to the exterior of the capsid, stabilize the DNA within the

capsid

VP24+pre-VP21 UL26 ORF33 Scaffold protein

Pre-VP22a UL26.5 ICP35 ORF33.5 Assembly scaffold protein

Table 6. VZV capsid and assembly proteins and their HSV-1 counterparts.

28



INTRODUCTION

VP5

2.Herpesvirus lytic cycle

o +[] —>D
pre-VP22a
A~
b+ A—A
VP23, VP19C Partial Capsid Procapsid Mature Capsid
Cytoplasm Nucleus

Figure 12: Sequence of events of capsid assembly. (adapted from Spencer et al., 1998)

(see description in the text)

Once in the nucleus, the MCP-scaffold complex will assemble into 5-fold and 6-fold

caspomers (Kim et al., 2011a; Spencer et al., 1998). The protein scaffold is composed

of two proteins encoded by in-frame overlapping genes, UL26 an UL26.5 (VZV ORF33

and 33.5). As described in paragraph 1.5, both proteins share their C-terminal parts

but pUL26 possesses an extra N-terminal domain containing a protease motif and a

linker (Thomsen et al., 1995). The amount of the pUL26 is ten times lower than the

amount of pUL26.5 and the production of capsids is possible but very strongly

diminished if the expression of pUL26.5 is impaired (by mutating the initiating

methionine) (Matusick-Kumar et al., 1994).The dimerization motif is present in the

common part leading to homo- and hetero-
dimerization. The association of capsomers
by the triplexes and the coalescence of the
scaffold protein dimers will first generate
partial capsid that will grow and combine to
form the spherical, closed, procapsid (figure
12)(Homa and Brown, 1997; Newcomb et al.,
2005).

As described at paragraph 1.6, one of the
twelve vertices, instead of being occupied
by a VP5 penton is occupied by a structure
crucial for the maturation steps of the
procapsid into a functional, DNA containing
capsid. This ring-shaped structure is a

- 7
§_> iy
a

Procapsid
e, P & & ”’3%
_ © —_ 3 —
—
N> Initiation
b Step
1 o
M 3 eam
ajor S,
Carjssid Triplex ~ Scaffolding Portal
g i Protein
Protein

Figure 13. Procapsid formation model in the
absence (a) or the presence (b) of the portal
protein. (adapted from Newcomb et al., 2005)
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multimer containing twelve molecules of the portal protein, pUL6 (VZV
ORF54)(Rochat et al., 2011). Even though its presence is not strictly required for the
assembly process, to be incorporated in the final capsid, pUL6 has to be present
from the initial step. It is then postulated that, in vivo, the nucleation process leading
to procapsid formation might, in fact, start from the portal vertex (Huffman et al.,
2008; Newcomb et al., 2005) (Figure 13). This would explain how only a single vertex
is systematically occupied by the portal.

The procapsid is thought to be the precursor of all forms of capsids found in the
nucleus of an infected cell. Once assembled, it will go through several maturation
steps required to generate the mature DNA-containing capsid (Church and Wilson,
1997) (figure 14). Even though they are generally seen as simultaneous, the first step
corresponds to the activation of the protease motif of pUL26, called VP24, that will
free itself from the scaffold via an autocatalytic cleavage (Thomsen et al., 1995).
Once activated, VP24 cleaves the scaffold proteins in the common C-terminal region
removing the 25 last amino acids and generating the mature VP22a from pUL26.5
(also called “pre-VP22a”) and mature VP21 from pUL26, a slightly longer protein
containing the remaining linker at the N-terminal side (for review, (Cardone et al,,
2012)). The scaffold will then be degraded and expelled together with the DNA
insertion. In the same time, the capsid will rigidify itself and become more angular
(Newcomb et al., 1996; Roos et al., 2009; Trus et al., 1996). It is unknown how the
protease remains inactive until the procapsid is fully formed but this is currently
thought that is might simply be a kinetics issue. It is possible that, once initiated, the
procapsid assembly is very rapid and that the protease is only slowly activated. VP26,
the minor capsid protein encoded by UL25 (VZV ORF23) that decorates the exterior
part of the capsid is thought to be associated during the maturation process, as it is
not present on the procapsid (Newcomb et al., 2000; Zhou et al., 1995). A-capsids are
empty capsids thought to arise when the insertion of the DNA is initiated but not
completed leading to the loss of the packaged DNA (Perdue et al., 1976). The case of
B-capsids is more controversial, they contain a partially processed scaffold but no
DNA. Some authors consider them as a by-product, incidentally produced (Baines,
2011); others have demonstrated that a certain amount of them are able to
subsequently mature into C-capsids and see them as an intermediate stage, between
procapsid and C-capsids (Perdue et al., 1976; Thomsen et al., 1995) (red arrow at

figure 14).
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Figure 14. Maturation of procapsids leading to A-, B- an C-capsids formation. See detailed descriptionin
the text (adapted from Cardone et al., 2012).

Several proteins have been implicated in the DNA encapsidation process: the
portal pUL6 (VZV ORF54), pUL15 (VZV ORF42/45), pUL17 (VZV ORF43), pUL25 (VZV
ORF34), pUL28 (VZV ORF30), pUL32 (VZV ORF26), pUL33 (VZV ORF25). Is has been
shown that actually, most, if not all, of them already associate with procapsids
(Sheaffer et al., 2001). The terminase complex, responsible for the unit size cleavage
of the genomic DNA is trimeric and composed of pUL15, pUL28 and pUL33 (Addison
et al., 1990; Heming et al., 2014; Yang and Baines, 2006). It has been proposed that
the three proteins interact in the cytoplasm and are transported in the nucleus as a
complex (Higgs et al., 2008). All three terminase subunits have been shown to
interact with capsid and/or the portal (Salmon and Baines, 1998; Yang et al., 2007;
Yang et al., 2009). Of note, pUL15 and pUL28 have been shown to be less abundant
on C-capsid than on procapsid or B-capsids (Yu and Weller, 1998).

The role of pUL32 in the encapsidation process is still obscure. In its absence DNA
is replicated but is neither cleaved nor packaged and capsids accumulate at the
periphery of the replication compartment (Fuchs et al., 2009; Lamberti and Weller,
1998). A somewhat similar phenomenon can be observed with a pUL17-defective
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virus which presents arrays of immature capsids at the periphery of the replication
compartment and display a mislocalization of pUL6 (Taus et al., 1998). Moreover,
pUL17 has been shown to bind to the capsid as an heterodimer with pUL25 (Salmon
et al., 1998), another protein important for the DNA encapsidation process (McNab
et al., 1998; Stow, 2001). The heterodimer actually binds to capsid triplexes through
an interaction with pUL18 and forms a structure called “capsid vertex specific
complex” (CVSC) that is especially enriched in C-capsid, presumably favouring their
egress (Toropova et al., 2011; Trus et al.,, 2007). In fact, in PRV, pUL25 has been
shown to play an essential role in capsid nuclear egress while its presence only
strongly favour DNA cleavage and encapsidation (Klupp et al., 2006). It binds the
capsid through its interaction with pUL17, and both only associate with C-capsids
(Klupp et al., 2005b).

2.5. Nuclear Egress

To produce the infectious virion, the newly produced nucleocapsid has now to
acquire a tegument and an envelope. It is now generally accepted that the final
envelope acquisition takes place in the cytoplasm via the budding of naked capsid
through a cellular membrane either derived from endocytic vesicles or the Trans-
Golgi Network (TGN). To reach the cytoplasm, the nuclocapsid has to cross the
nuclear envelope. This is achieved through a envelopment-deenvelopment process
(figures 15 and 16). The capsid bud through the inner nuclear membrane (INM),
acquiring a primary envelope, which is lost by its fusion with the outer nuclear
membrane, releasing the naked capsid in the cytoplasm. The primary envelopment
necessitates the presence of at least two viral proteins conserved among
herpesviruses, pUL31 and pUL34 (VZV ORF27 and ORF24 respectively), that have
been called the “nuclear egress complex”(NEC). It is not entirely understood how
the nucleocapsid is able to reach the inner nuclear membrane, but possibly via an
active transport and the formation of a virally-induced nucleoskeleton (Feierbach et
al., 2006; Forest et al., 2005).

pUL31 is a nuclear phosphoprotein maintained in close apposition to the INM
through its interaction with pUL34, a type Il integral membrane protein localized in
the INM (Chang and Roizman, 1993; Reynolds et al., 2002; Shiba et al., 2000). The
NEC is important for both the budding step but also for the local disruption of the
nuclear lamina necessary for the capsid to get access to the INM. In fact, NEC is able
to recruit several kinases that will phosphorylate lamin A/C and lamin B and promote
the lamina disassembly. Among those kinases, some are cellular, like PKC® and PKCa
(Leach and Roller, 2010; Muranyi et al., 2002; Park and Baines, 2006) and some are
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viral. US3 (VZV ORF66), a kinase conserved among alphaherpesviruses has been
shown to phosphorylate lamin A and C whereas the CHPK (encoded by UL13 in HSV,
ORF47 in VZV) is crucial for nuclear egress in beta- and gamma-herpesviruses that do
not encode a US3 homolog (Gershburg et al., 2007; Krosky et al., 2003; Mou et al.,
2007) and has been shown to phorphorylate lamins leading to lamina disruption
(Cano-Monreal et al., 2009; Lee et al., 2008a; Marschall et al., 2005).

Nucleoplasm % Perinuclear space

u o
i “I? Glycoproteins Y pUL17-pUL25 -=; Tegument proteins
q:} pUL31-pUL34 }4&/ Lamina x pUS3

Figure 15. Primary envelopment. The herpes simplex virus (HSV) nuclear envelopment complex
(NEQ), including pUL31 and pUL34, induces a thinning of the nuclear lamina. The NEC
additionally recruits other viral proteins that are incorporated into the enveloping particle. Viral
proteins pUL17 and pUL25 form a complex on the surface of the capsid that is important in
selecting mature, DNA-filled capsids for primaryenvelopment (from johnson and Baines, 2011).
Despite tremendous efforts to find the protein linking capsid to the NEC, a lot a
controversy remains. Because C-capsids are preferentially selected for further
egress, a component specific of (or enriched in) them would be a good candidate. Of
course, the interaction between the capsids and the NEC has to be transient which
may explain why it has not yet been definitely assessed. Large scale yeast-two hybrid
experiments have identified pUL33 as a potential candidate, because it binds several
capsid and capsid bond proteins (pUL18, VP26, pUL15, pUL28, pUL32) and the NEC
(pUL31). But this has not yet been validated in vivo (Fossum et al., 2009; Vizoso Pinto
et al., 2011). Besides, in the absence of pUL34, PRV pUL31 has recently been shown to
binds capsids independently of pUL6, pUL25 or pUL33, whereas another study in
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HSV-1 has shown that pUL31 binds to the pUL17/pUL25 (the CVSC) independently of
pUL34 and pUS3 (Leelawong et al., 2011; Yang and Baines, 2011).

Nucleoplasm Perinuclear space Cytoplasm — INM — ONM
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Figure 16. De-envelopment model. After primary envelopment, herpes simplex virus (HSV)
particles, with the primary envelope containing some viral glycoproteins and pUL31 and pUL34,
reside in the perinuclear space. HSV glycoproteins gB and gH-gL may mediate fusion of the viral
envelope with the outer nuclear membrane (ONM), delivering naked capsids into the cytoplasm
and leaving pUL31 and pUL34 behind in the ONM (from Johnson and Baines, 2011).

The de-envelopment step that will deliver naked capsids in the cytosol can be
compared to the viral entry process and was first thought to rely on the
glycoproteins present in the primary envelope (figure 16). In HSV-1, the presence of
several viral glycoproteins in the INM, many of which (gD, gB, gH/gL) directly
implicated in the viral entry process is a strong argument in favour of this theory
(Baines et al., 2007; Farnsworth et al., 2007; Jensen and Norrild, 1998; Stannard et al.,
1996; Torrisi et al., 1992). Accordingly, the deletion of them, solely or in combination,
has shown to impact the nuclear egress to various extend, resulting in the
accumulation of enveloped particles in the perinuclear space or inside herniations of
the inner nuclear membrane (Farnsworth et al., 2007; Krishnan et al., 2005; Lee and
Longnecker, 1997; Wright et al., 2009). Interestingly, an HSV-1 mutant strain lacking
pUS3 kinase displays the same INM herniations showing that this protein could also
play a role in the de-envelopment process (Ryckman and Roller, 2004). In fact, HSV-1
gB tail pointing towards the cytoplasm or the nucleoplasm has been shown to be
phophorylated by pUS3 at threonine 887 and the mutation of this threonine impairs
the fusion at the ONM (Wisner et al., 2009).

Nevertheless, none of the glycoproteins is strictly required for the nuclear egress
and even if enveloped virions accumulate in the perinuclear space, many of them are
still able to reach the cytoplasm. In fact, in PRV, the glycoproteins implicated in the
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entry process, neither localize in the nuclear membranes, nor play a role in the
nuclear egress, arguing for two completely distinct mechanisms, or at least for the
existence of an alternative de-envelopment pathway (Klupp et al.,, 2008). The
discovery that the coexpression of pUL31 and pUL34 is sufficient to induce the
formation of vesicles in the perinuclear space and that at least some of them are
able to fuse with the ONM suggest that the NEC could be one of this pathways
(Klupp et al., 2007). Giving the fact that the portion of pUL34 protruding in the
perinuclear represents only 5 a. a. it is hard to understand how they could, by
themselves, mediate the fusion of those vesicles with the ONM. It is then likely that
some cellular proteins are implicated in this phenomenon. Actually, as professional
cell hijackers, herpeviruses have been suspected for quite some time to cross the
nuclear envelope via an existing cellular process, which remained to be discovered. A
recent work in Drosophila has revealed the existence of a, so far completely
unknown, mechanism of cytoplasmic transfer of large nuclear RNP complex through
a initial budding in the INM and subsequent fusion of the vesicle with the ONM.
Further studies need to confirm the existence of such a nuclear budding transport in
mammals but it is evident that unravelling this potentially conserved mechanism will
have an important impact in the herpesvirus field (Speese et al., 2012).

2.6. Tegumentation and secondary envelopment

The tegument is a protein layer residing between the nucleocapsid and the
envelope. It is now described as an inner layer and an outer one. The inner tegument
is structurally more organized and more tightly bound to the capsid (Zhou et al,,
1999). This internal tegument is mainly constituted of pUL36 (VZV ORF22) and pUL37
(VZV ORF21), two highly conserved proteins and of the pUS3 kinase (VZV ORF66).
The place where it is acquired is still a matter of debate but a thin layer of inner
tegument is possibly already present at the nuclear envelopment stage and stay
attached to the capsid after the de-envelopment process (Bucks et al., 2007; Henaff
et al., 2013). An accumulation of inner tegument proteins on the capsid surface most
likely takes place in the cytoplasm. This can occur possibly prior to the capsid
transport in cytoplamic areas where secondary envelopment takes place but
possibly also directly at the TGN where pUL36 and pUL37 have be shown to
accumulate (Desai et al., 2008). The binding of the inner tegument to the capsid is a
prerequisite for the subsequent acquisition of the outer tegument. This step is
consequently crucial for the final envelopment and in the absence of pUL36 or
pUL37, major defects in the egress process are observed (Desai et al., 2008; Desai et
al., 2001; Desai, 2000; Klupp et al., 2001). pUL36 is a large multifunctional protein able
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via its essential C-terminal part to bind the major capsid protein as well as the capsid-
bond pUL25 (VZV ORF34)(Coller et al., 2007; Lee et al., 2006). The N-terminal part
contains the pUL37 interaction motif (Kelly et al., 2012; Klupp et al., 2002; Lee et al.,
2008b) as well as a conserved deubiquitine activity which disruption in PRV impacts
virion morphogenesis (Bottcher et al., 2008).

The outer tegument contains many different proteins that are added to the
particle during the secondary envelopment process. Surprisingly, the presence of
the capsid is not absolutely necessary for the tegument to bud through a vesicle
carrying the envelope viral proteins. This leads to the formation and release at the
cell surface of capsid-less enveloped particles that are called “light-particles”. The
light particles have been shown to possess the complete set of tegument and
envelope proteins (Irmiere and Gibson, 1983; McLauchlan and Rixon, 1992). The
presence of the inner tegument proteins is not required for their formation which
indicates that the outer tegument self-assembles by interacting with the cytoplasmic
domain of the envelope proteins in a peculiar cellular compartment.

TGN cisterna Envelopment Enveloped virion in a
Tegument Convex face transport vesicle
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Figure 17. Herpesvirus secondary envelopment. Upper part, model depicting the accumulation of
tegument proteins at the concave side of the TCN-derived vesicle though which the cytoplamic
capsid will bud. The lower part, transmission electron microscopy pictures of HSV-1 viral particle at
different stages of the egress process. (A) primary enveloped virion in the perinuclear space, (B)
naked capsid in the cytoplasm, after de-envelopment, (C) capsid undergoing secondary
envelopment and (D) enveloped particle in its transport vesicle. Note the quite different aspect of
the teguement between A and D. bars=100nm
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The vesicles through which capsids buds to acquire the final envelope are thought
to derived from the TGN, even though another model has been described in which
they rather originate from late endosomes (see below). Nevertheless, because the
lipid content of the viral envelope present some similarities with TGN vesicles and
because most of the glycoproteins and many outer tegument proteins colocalize in
this cellular compartment, the TGN is generally considered as the site of secondary
envelopment (Harley et al., 2001; McMillan and Johnson, 2001; Sanchez et al., 2000;
Sugimoto et al., 2008; Turcotte et al., 2005; Zhu et al., 1995b). Of note, herpesviruses
are well-known to drastically remodel the internal membrane network and many
cellular proteins used as marker for these cellular subcompartments are dispersed or
relocalized during the infection (Campadelli et al., 1993; Wisner and Johnson, 2004).
This may explain why the exact nature of the cellular membrane meant to become
the viral envelope is still controversial.

Extensive and redundant protein-protein interactions have been identified
between outer tegument proteins, but also between tegument protein and the
cytoplasmic tail of the viral glycoproteins (for review (Johnson and Baines, 2011;
Mettenleiter, 2002; Mettenleiter et al.,, 2009)). This leads to the formation of
polarized vesicles in which one side (the concave one) is enriched in viral
glycoproteins and tegument proteins, the other only containing cellular
glycoproteins. After the completion of the envelopment, the concave side becomes
the viral envelope whereas the convex one becomes the transport vesicles (figure
17). Some particular interest must be demonstrated for the highly interconnected
proteins that might play a more important role. This is the case of pUL48 (VP16, VZV
ORF10) and pUL49 (VP22, VZV ORF9). As shown at figure 18, they both interact with
gM, either directly or indirectly. pUL49 interacts as well with gE/gl but also with gD
while pUL48 interacts with the gH/gL complex ((Maringer et al., 2012) and references
therein). The deletion of pUL48 in HSV or PRV results in a strong impairment of the
viral egress and the accumulation of non enveloped particles in the cytoplasm (Fuchs
et al., 2002; Mossman et al., 2000). A UL49-null HSV is viable but releases 10° to 10°
less viral particles than the wild-type virus and the extracellular virions have been
shown to possess decreased amount of gD, gE/gl and ICPo (Duffy et al., 2006; Elliott
et al,, 2005). In VZV, some of these interactions have been confirmed and the
deletion of pUL49 (ORF9) is not compatible with viral growth (Che et al., 2013b; Che
et al., 2008). Moreover, we recently demonstrated a role of ORF9 in the viral egress
process (Riva et al., 2013). Another bridge described between the capsid and the
envelope is mediated by the pUL11-pUL16-pUL21 complex. pUL11 is a conserved small
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protein anchored in the cytoplasmic face of Golgi and TGN vesicles through a
myristate and a palmitate lipid motifs, it bind pUL16, which has been shown to bind
the capsids but also pUL21 (Baines et al., 1995; Harper et al., 2010; Klupp et al., 20053;
Loomis et al., 2003; Meckes and Wills, 2007; Yeh et al., 2008).

Glycoproteins

Tegument proteins

Figure 18. Network of protein-protein interactions around alphaherpesvirus pUL49 and pUL48
tegument proteins. solid black lines show HSV-1 reported interactions, discontinued black lines
show PRV described interactions, solid red lines show VZV clearly demontrated interactions and
discontinued red lines VZV interactions recently described in a yeast two-hybrid screen (adapated
from Maringer et al., 2012).

Several glycoproteins have been implicated in the secondary envelopment
process. As in the case for outer tegument proteins, some functional redundancy
exists explaining why the deletion of a single glycoprotein only moderately impacts
viral egress. Nevertheless, a simultaneous deletion of either gE/gl and gM or gE/gl
and gD results in a strong accumulation of unenveloped particles in the cytoplasm
(Brack et al., 2000; Farnsworth et al., 2003). The cytoplasmic tail of the glycoprotein
is likely to play the major role, since it promotes the binding with the tegument layer.
Indeed, mutants lacking only the cytoplasmic domain of gE, together with either gM
or gD, present similar defects in the secondary envelopment (Brack et al., 2000;
Farnsworth et al., 2003). In addition, cytoplasmic regions of glycoproteins carry
important functional domains, among which Yxx¢ motifs (where Y is a tyrosine, x
any amino acid and ¢ an hydrophobic residue) that play a major role in endocytosis
and cell sorting that may strongly impact the envelopment process (for review
(Favoreel, 2006)). It is known for quite some time that VZV gE possesses in its
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cytoplasmic tail several Tyrosine-based motifs important for its endocytosis from the
cell surface where it accumulates during the infection (Alconada et al., 1996; Olson
and Grose, 1997; Zhu et al., 1996). A similar functional motif is present in HSV and
PRV gE homologs but also in the cytoplasmic tail of gB and gH (Alconada et al., 1999;
Favoreel et al., 2002; Heineman and Hall, 2001; Pasieka et al., 2003; Tirabassi and
Enquist, 1999). In VZV, is has been demonstrated that gk, gB and gH must be
endocytosed to be incorporated in the virion (Maresova et al., 2005). Accordingly,
the deletion of the endocytosis motif in VZV gE strongly impacts viral growth
(Moffat et al., 2004a). Even though the deletion of the corresponding motif in PRV
only results in a minor viral growth defect (small plaques phenotype), one should
remember that while gE is essential for VZV, it is known to be dispensable in HSV-1
and PRV (Tirabassi and Enquist, 1999). It is also possible that the endocytosis of
glycoproteins is not equally important for the different herpesviruses.

As mentioned above, the cellular origin of the membrane that will become the
final envelope is still a controversial issue. HSV-1 viral envelope is enriched in
sphyngomyelin and phosphatidylserine, lipids present in large amount in the Golgi
apparatus and the plasma membrane (van Genderen et al., 1994). A recent very
elegant study has proposed that endocytic tubules might represent the true source
of membranes in which secondary envelopment occur (Hollinshead et al., 2012)
(figure 19). By culturing the cells in a medium containing soluble horseradish
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Figure 19. Alternative model of secondary envelopment. (left panel) The model suggests that viral glyco-
proteins translated in the RER and glycosylated in the RE and the Golgi must reach the cell surface (1) to be
present in the endocytic vesicles that will subsequently engulf viral caspids (2). The enveloped virion is
released at the cell surface when the transport vesicle fuse back with the cell membrane (3). (right panels)
HFFF-2 cells infected with HSV-1 were cultured wih 10 mg/ml of HRP for 60 (F and G), 10 (J) and 2 (K)
minutes, fixed, stained with DAB to reveal the presence of HRP and then processed for TEM. The dark
curves represent endocytic vesicles. Capsids budding through labeled vesicles are easily detectable even
after very short period of incubation (adapted from Hollinshead et al., 2012).
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peroxydase, they were able to label those endocytic tubules. TEM analysis with the
apporiate HRP substrate demonstrated the wrapping of HSV-1 capsids by labelled
tubules as early as 2 minutes after the addition of the peroxidase in the medium
(figure 19 right panels).

Cargo movement through the endocytic pathway is regulated at multiple stages
by several Rab GTPases among which Rabs and Rab11 that are involved in the
transition from plasma membrane to early endosomes and the way back,
respectively. The fact that the simultaneous depletion of rabs and rab11 reduces the
virus yield by 99% is another clue to demonstrate the implication of the endocytic
pathway in the final envelopment process. This model could finally explain the
importance of the endocytosis motifs in the cytoplamic tails of the envelope
proteins.

2.7. Final egress

Once in its transport vesicle, the enveloped virion is thought to be released at the
cell surface via the cellular exocytic pathway. This part of the viral life cycle has not

been studied in details so whether it is the constitutive secretory pathway or a

MPR-mediated diversion
to late endosomes

regul secretion . : i
egulated Proteins mixed  Sorting

remains unknown (figure 1T |

20). Nevertheless, in the
case of VZV a diversion of
the transport vesicles to
the late endosomal
compartment has been
described and provide a
possible explanation for
the high amount of Golgi apparatus Signal mediated

regulated secretion

aberrant particles released

Figure 20. Protein sorting from the TGN. The constitutive secretion

is the default pathway. The presence of specific signals may diverte

characterizes VZV-infected  some molecules to the regulated secretory pathway. The man-

cells (Chen et al., 2004). nose-6-phosphate receptor present in the membrane of some
vesicles can redirect the cargo to the late endosomal compartment.

as the cell surface that

According to this model,
the presence of mannose-6-phosphate receptor (MPR®) in the transport vesicle
would redirect them toward the late endosomal pathways.
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Figure 21. A proposed pathway for VZV egress. After the
secondary enveloment (5 and 6), the MPR®-positive
transport vesicles are redirected to the late endocytic
compartment in which the low pH environment will par-
tially degrades the particles (8) until the late endosome
bring them to the cell surface (9). Most of the released
viral particles are aberrant and stay attached to the
plasma membrane (10) (adapted from Chen et al., 2004).
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The acidic content of this
cellular compartment would be
the
degradation of the particles
21). A
downregulation of this receptor
the
maturation into corneocytes or

responsible  for partial

(figure natural

accompany keratinocyte
squames. This would explain

why virtually no cell free
infectious particles are released
in the supernatant in cultured
cells or in a host naturally
experiencing varicella, except in
the

characteristic of the epidermis in

squamous epithelium

the varicella vesicles (Gershon
and Gershon, 2010). Of note, is

has been shown more recently
that the vast majority of the aberrant particles present at the cell surface actually
represent light-particles suggesting that the diversion towards the late endosomes,
if present, is not responsible for the very low amount of complete and potentially
infectious particles able to reach the plasma membrane of a VZV-infected cell
(Carpenter et al., 2008). It is conceivable that the phenotypical difference observed
between keratinocytes of the squamous epithelium and all other cell types in their
capacity to release free particles is attributable to the downregulation of MPR but
that the high level of aberrant particles present at the cell surface comes from a
completely independent phenomenon.

3. VZV latent cycle

Besides the lytic cycle that ultimately leads to the infected cell death, herpesviruses
are able to enter a latent stage in some specific host cells (table 2). The latency is a
life-long stage from which the virus can reactivate, causing recurrent infections.
The host cell type in which latency is taking place is a characteristic of the
subfamilies, neurons in the case of alphaherpesviruses. Because VZV only infects
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productively human and primates cells, no small animal model is able to
recapitulate the different steps of a natural infection. Actually, besides
chimpanzee and gorillas, so far, no animal placed in contact with VZV, no matter
the inoculation technique used, has developed a vesicular skin rash (Cohen et al.,
1996; Myers et al., 1987; Willer et al., 2012). Some imperfect but still useful models
of latency in rodents have been developed, including in our laboratory, but, so far,
none of them has been able to reconstitute the reactivation process (Cohen,
20103; Sadzot-Delvaux et al., 1990). It is then not surprising that only few data are
available in the literature compared to HSV. Unfortunately, even though some
characteristics of HSV latency seem to be shared by VZV, on this precise matter,
both viruses seem quite divergent (recently reviewed in (Eshleman et al., 2011)).

During the latent stage, several circular copies of HSV or VZV genome are present in

the cells but no infectious particle is released (Clarke et al., 1995; Jackson and
Deluca, 2003; Kinchington, 1999; Mellerick and Fraser, 1987). The exact cell type in
which VZV resides within the ganglion has been a long debate but is currently
considered to be the neurons themselves. (Croen et al., 1988; Kennedy et al.,
1998; LaGuardia et al., 1999; Levin et al., 2003; Wang et al., 2005) Upon
reactivation, satellite cells become infected as well.

The onset of latency, even for HSV-1, is still an obscure process that may involve the
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PML bodies. As mentioned above in paragraph 2.2., HSV-1 genomes colocalize
upon nuclear entry with the PML bodies. The expression of ICP0 is necessary to
disperse PML bodies that otherwise represses viral gene expression. It appears
that the balance between PML-induced gene silencing and ICPo-induced PML
degradation will deeply impact the outcome of the infection (Everett et al., 2007;
Everett et al., 2006). The maintenance of the latent stage is associated with the
expression of a unique portion of the HSV-1 genome whose transcript has been
termed LAT for Latency-Associated Transcript. This gene has been described as an
unstable non-coding transcript of 8.3kb at the origin of several shorter stable
RNAs (Farrell et al.,, 1991; Kang et al., 2006; Kent et al., 2003; Zabolotny et al,,
1997). Recently, a potential translation product was identified within the first 1.5
kb of this RNA (Henderson et al., 2009). Nevertheless, the maintenance of the
latency driven by the LAT is thought to principally occur at the RNA level. Several
miRNAs have been identified within the LAT, one of which has been shown to
downregulate ICPo (Peng et al., 2008; Umbach et al., 2008). Interestingly, other
miRNAs have later been discovered in the HSV-1 genome, and at least one is
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expressed during latency and downregulates ICP4, a major transcriptional
regulator of HSV-1 (Shen et al., 2009).

LAT is present in a HSV genome portion that is missing in VZV genome (see figure 5)
and no specific transcript, expressed exclusively during VZV latency, has been
identified so far. In fact, some transcripts (ORF4, ORF21, ORF29, ORF62, ORF63
and ORF66) expressed during the lytic cycle are present in latently infected
human ganglia, and also, except ORF66, in ganglia of latently infected rodents.
Originally identified at the RNA level, their corresponding proteins all have been
later detected, at least in a certain proportion of isolated ganglia. Interestingly,
ORF4, 21, 29, 62 and 63 have all been detected in the cytoplasm of latently
infected neurons whereas they are distributed between the nucleus and the
cytoplasm during the lytic infection (Brunell et al., 1999; Cohrs et al., 20033;
Grinfeld and Kennedy, 2004; Kennedy et al., 2000; Kennedy et al., 2001; Lungu et
al., 1998; Mahalingam et al., 1996; Sadzot-Delvaux et al., 1995).

VZV gene  Mutation Phenotype in latency References
ORFI Stop Dispensable Sato et al. (2003b)
ORF2 Del Dispensable Sato et al. (2002b)
ORF4 Del Impaired Cohen et al. (2005b)
ORF10 Del Dispensable Sato et al. (2003b)
ORF13 Stop Dispensable Sato et al. (2003b)
ORF14 Del Dispensable Grinfeld et al. (2004)
ORF17 Del Dispensable Sato et al. (2002a)
ORF21 Del Dispensable® Xia et al. (2003)
ORF29 Del Impaired Cohen et al. (2007)
Ectopic promoter Impaired Cohen et al. (2007)
ORF32 Del Dispensable Sato et al. (2003b)
ORF47 Stop Dispensable Sato et al. (2003b)
ORF57 Del Dispensable Sato et al. (2003b)
ORF61 Del Dispensable Sato et al. (2003a)
ORF63 Del Impaired Cohen et al. (2004)
Carboxy terminal truncations  Dispensable or impaired ~ Cohen et al. (2005a)
Phosphorylation sites Impaired Cohen et al. (2005a)
ORF66 Stop Dispensable Sato et al. (2003b)
ORF67 Stop Dispensable Grinfeld et al. (2004)

Stop stop codon; del deletion; ectopic promoter ORF29 expressed under a cytomegalovirus promoter

*Virus was not passaged in non-complementing cells before testing for latency
Table 7. VZV genes implicated or not in the establishment of latency (from Cohen, 2010a).

Rodent models have been used to define the viral genes that are necessary for the
establishment of the latency (table 7 and, reviewed in (Cohen, 2010a)). So far, no
deletion mutant has proven to be completely unable to establish latency, even
though strong defect can be observed. Among the genes expressed during
latency, ORF21, even though essential for the lytic cycle is dispensable, while ORF4
and ORF29, both also essential for the lytic cycle are important for the
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establishment of the latency. ORF63, which is the most expressed during latency
has been shown to be important for the entry in the latent stage and has been
shown to possess an anti-apoptotic activity. Finally, other genes that are not
expressed during latency have been evaluated for their role in its establishment.
Some mutants presenting strong growth defect in cell culture (ORF17 and ORF61
deletion mutants) establish latency at a normal level. ORF10, gl and gC, that are
dispensable for viral growth in fibroblast but important for some specific target
cells, are not required either to establish latency.

The PML bodies

PML bodies (also called ND10 nuclear bodies) are nuclear subdomains belonging to
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the nuclear matrix. They have been implicated in a large variety of cell processes,
including DNA repair, apoptosis, transcriptional regulation, senescence and
intrinsic defence against viruses (Bernardi and Pandolfi, 2007; Everett, 2006;
Everett and Chelbi-Alix, 2007; Regad and Chelbi-Alix, 2001; Salomoni et al., 2008;
Takahashi et al., 2004; Tavalai and Stamminger, 2008). They were discovered in
the sixties in transmission electron microscopy as spherical structures of 0,1 to 1
um, presenting a high degree of diversity but a common electron-dense shell and
an inner core. They are present in most cell types and their number is usually
between 5 to 15 per nucleus, which explains why they were initially called ND10,
for Nuclear Domains 10, where 10 is their approximate number in one nucleus.
More than 70 proteins have so far been identified within those structures, either
constitutively or under specific conditions. A common feature among these
diverse proteins is that they all seem to bear SUMOylation motifs and their
SUMOylation status is important for their incorporation in PML bodies. Among
them, only the PML protein seems to be strictly required for their formation and
maintenance (Lallemand-Breitenbach and de The, 2010). This protein presents
more than 14 isoforms with highly variable C-terminal parts attributable to
alternative splicing of the mRNA. Some isoforms are exclusively cytoplasmic
suggesting that PML might display very diverse biological role. Two other proteins
are constitutively present in PML bodies, SP100 and Daxx. All three genes are
upregulated upon interferon treatment leading to an increased number of PML
bodies in the treated cells (Chelbi-Alix et al., 1995; Gongora et al., 2001; Stadler et
al., 1995). Several other exogenous agents are known to perturb the formation or
organization of this nuclear subcompartment, among which arsenic trioxide that
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has been extensively used to deeply characterize the different steps in the
formation of PML bodies (figure 22).

The exact mechanism through which PML bodies are able to play a role in so many
divergent biological processes is still under extensive study and several models
currently coexist. The first one designate the PML bodies as specific dynamic
depot where nuclear proteins are stocked, awaiting some specific stimuli to be
relocalized where they are needed (Lehembre et al., 2001; Li et al., 2000; Lin et al.,
2006; Negorev and Maul, 2001; Yamada et al., 2001). A second model, a variation
of the first, suggests that they represent places where excessive proteins are
sequestered, maybe to be subsequently degraded (Lafarga et al., 2002). Because
PML bodies are especially enriched in protein-modifying enzymes, the third model
envisages them as a favourite place for post-translational modifications
(SUMOylation phosphorylation, acetylation,...) of some nuclear proteins (D'Orazi
et al,, 2002; Pearson et al.,, 2000). The last model proposes that they may
represent sites specific for specific nuclear processes, such as transcriptional
regulation of DNA replication (Boisvert et al., 2000; Eskiw et al., 2003; Wang et al.,
2004).

PML PML PML NB PML Mature
dimerization nucleation sumoylation PML NBs

¢ sM(sumo Q sumo
interaction motif)

SIM-containing @ Sumoylated
partners partners

Partners containing both a SIM
and SUMO

Figure 22. Schematic representation of PML Bodies biogenesis. PML proteins first
dimerize through the RBCC motifs and then multimerize to form the nuclear bodies. The
SUMOylation of PML and of the different partners is important for the subsequent matura-
tion of the NB and the sequestration of the associated proteins.
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4.1 PML bodies and viral infection

PML bodies seem to play a role in the life cycle of nuclear replicating DNA viruses.
Incoming genomes of at least three families of viruses (polyomaviridae, adenoviridae
and herpesviridae) have been shown to localize in very close proximity to those
nuclear bodies ((Ishov and Maul, 1996), and for review (Everett, 2006)). Is has been
later shown that it is probably not the genome that moves until it reaches these
particular places but a de novo ND10o formation at the site of genome deposition
(Everett et al., 2004). Moreover, many viruses, among which papillomaviruses (Day
et al., 2004; Roberts et al., 2003), adenoviruses (Doucas et al., 1996; Schreiner et al.,
2010), polyomaviruses (Erickson et al., 2012; Shishido-Hara et al.,, 2004), and
herpesviruses from the three subfamilies (Adamson and Kenney, 2001; Ahn and
Hayward, 1997; Everett and Maul, 1994; Kim et al.,, 2011b; Lee et al., 2004,
Sivachandran et al., 2008) have been shown either to disrupt PML bodies or to
modify their content in order to favour gene expression, or, conversely, to require
some ND10 component to replicate efficiently.

ICPo from HSV-1 has been shown to colocalize with PML Bodies very early upon
infection and, via its E3 ubiquitin ligase activity, to induce the proteasomal
degradation of the sumoylated forms of PML. This will ultimately lead to the
degradation of all PML isoforms and of the sumoylated forms of SP100 leading to
the dispersal of the PML bodies. This phenomenon is thought to play an important
role in the initiation of the viral transcription program. ICPo is dispensable for viral
growth but its absence strongly impacts the viral propagation and it plays an
important role in the reactivation of quiescent genome (Boutell et al., 2003; Everett
et al., 1998; Everett and Maul, 1994; Everett et al., 2007; Maul et al., 1993; Sourvinos
and Everett, 2002).

Whereas all ICPo homologs that have been tested share, at least in vitro, this E3
ubiquitin ligase activity, they differ in their ability to efficiently lead to the
degradation of PML and SP100 isoforms and ultimately lead to PML disruption
(Everett et al., 2010; Gaudreault and Jones, 2011; Parkinson and Everett, 2000).

4.2 PML bodies and VZV

In contrast to observations in HSV-1, VZV infection is not characterized by PML
protein degradation and SP100 level is only very slightly diminished (Kyratsous and
Silverstein, 2009). Immunofluorescence with anti-PML antibodies has demonstrated
that even though the number of PML bodies present in the nucleus slightly
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decreases as the infection progresses, they remain present, even at late time points
(Kyratsous and Silverstein, 2009; Reichelt et al., 2011; Wang et al., 2011). The staining
of SP100 in infected cells is dispersed at late time points, indicating that the virus
might be able to modulate the composition of the PML bodies (Kyratsous and
Silverstein, 2009). The downregulation of the major components of PML bodies
(PML, SP100 and Daxx) via shRNA has shown a minor impact on viral replication,
with a slight increase in viral titers at early times (Kyratsous and Silverstein, 2009).
Actually, PML bodies seem to exert an antiviral effect on a later step of VZV viral
replication cycle. Indeed, arrays of newly assembled capsids entrapped inside PML
cages have recently been identified in infected cells. These structures have been
postulated to impede the egress of those particles (Reichelt et al., 2011). It has also
been demonstrated recently that the decreased number of PML bodies present in
infected cells might be attributable to ORF61 (Wang et al., 2011).
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The exact location where the replicated DNA is cleaved and encapsidated and
where the capsid acquires its inner and outer tegument is still a matter of debate.
Immunofluorescence using specific antibodies and, more recently, the fusion of viral
genes with genes coding for fluorescent proteins coupled with confocal microscopy
have significantly helped to decipher the complex process of virion formation from
the nuclear steps to the final egress at the cell surface. Early in infection, capsid
proteins are frequently found in the replication compartment (RC), whereas later
time points are characterized by the appearance of very dense structures localized at
the periphery of the RC. These structures comprise both mature and immature
capsid proteins as well as some tegument proteins and have been called
“assemblons” (Ward et al., 1996). Their potential role in the infection process is still
controversial, as they could either be a functional compartment highly specialized in
nucleocapsid formation or a depot of dead-end products resulting from a protein
excess (Abaitua and O'Hare, 2008; Hutchinson et al.,, 2002; Lee et al., 2006;
Markovitz and Roizman, 2000; Ward et al., 1996).

Little is known about VZV nucleocapsid formation, but, based on HSV-1 homology,
a similar process is expected, even though some peculiar features, like the nuclear
import of capsid subunits, have already been described (Chaudhuri et al., 2008).

In the first part of this study, we have created a recombinant VZV whose capsid
protein ORF23 (homolog to VP26) is fused to the green fluorescent protein, as well
as the first described VZV dually fluorescent viruses where a tegument protein
(ORF9, ORF21, ORF22, ORF38 and OR63/70 respectively) is additionally fused to a red
fluorescent protein. With these viruses, we have demonstrated that (i) nuclear
structures located at the periphery of the RC are formed during VZV infection; (ii)
they appear in all cell types around 8 to 12 hours post-infection, as soon as the RC
starts to form; (iii) they contain capsid/procapsid proteins as well as some but not all
tegument proteins, whereas they do not contain any proteins associated with DNA
replication and encapsidation; (iv) they are mainly constituted of fully assembled
capsids of the three types, but they also contain many procapsids, as well as a few
partial capsids; and (v) they are highly dynamic. We believe that the observed
structures might represent a place where capsids are preferentially assembled
and/or accumulate after or during their formation, before their egress towards the
cytoplasm.
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In the second part of this study, we aimed to characterize further the VzV
assemblons. We tried to relate them to existing structures in homologous virus and
to identify a potential link between them and pre-existing known nuclear structures.
Strikingly, we found an association of VZV assemblons with the PML bodies. As VZV
capsid aggregates thought to be entrapped in some “PML-cages” have been
recently identified in the nucleus of VZV-infected cells, we tried to determine
whether the VZV assemblons were somehow related to these PML-cages (Reichelt
et al., 2011).
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RESULTS

PART I. Formation of dynamic capsid aggregates in the nucleus of
VZV-infected cells.

1. Construction of an eGFP-ORF23 VZV.

In order to study the nuclear steps of VZV virion assembly, we generated a virus
whose minor capsid protein ORF23 (HSV-1 VP26 homolog) is fused to the green
fluorescent protein (eGFP). ORF23 was naturally chosen because HSV-1 and PRV
VP26 had been demonstrated to tolerate quite well the presence of a fluorescent
tag. Homologous recombination in Escherichia coli was used to modify a BAC
containing the entire pOka genome of VZV. The BAC-VZV (pOka), kind gift from Dr.
Zhu (Zhang et al., 2007) was containing a “CMV-GFP”’ cassette in its backbone that
was used to monitor the transfection efficiency, the subsequent infection
progression and, when needed, the correct removal of backbone sequence via the
transfection of a Cre recombinase expressing vector. The first cloning step was then
the removal of the GFP gene in the BAC-VZV. This was achieved via homologous
recombination in bacteria, using the DY380 strain, an E.Coli strain containing in its
genome a defective copy of the A prophage where the three genes (Gam, Bet and
Exo) allowing the homologous recombination are under the control of a
temperature-sensitive repressor (figure 1 and details in the materials and methods
section). Briefly, the DY380 bacterial strain containing the BAC-VZV was induced to
express the A prophage recombination proteins and transformed with a PCR-

loxP loxP

<ORFeol > WGPl < WiniE__] [ CmR SP»< ORF61]

loxP loxP

'<ORF60| > m < MiniF ] CmR:EZ:ORF61|

Figure 1. Removal of the GFP cassette from the original BAC-VZV. (A) Scheme of the BAC-VZV received from
Dr. Zhu, the backbone is inserted in the intergenic region between ORF60 and ORF61, [ | represent the
repeats flanking U and the repeats flanking U_. LoxP sites are present at both ends. (B) Replacement
of the GFP by an Ampicillin resistance gene via homologous recombination with DY380 bacterial strain.
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amplified Ampicillin expression cassette, flanked by 50 bp stretches homologous to
the regions bordering the GFP in the BAC. Transformants were PCR-screened and
the integrity of the construct verified by the analysis of restriction digestion patterns
and sequencing of the modified region.

The second step of the cloning, the insertion of an eGFP gene upstream or
downstream ORF23 required a seamless system. The BAC-VZV AGFP was then
transferred in the SW102 strain. This strain, derived from the DY380, contains, in
addition, an incomplete galactose operon which miss, to be fully functional, the galK
gene. Two-steps are necessary to bring the desire modification in the BAC of
interest. A first step during which the galK gene is inserted at the right location and a
second step during which the galK gene is replaced by the desired mutation or
insertion (see figure 2 and details in the material and methods section). Strains and

. Minimal medium +
1st Targeting galactose

dsDNA with
, mutation

— Galk <0RF23 >—<0R1-'z4 - -
cat ori2
2nd Targeting & Q?;Q‘E?S}TSFJE””
- eGFP <0RF23 >—<0RF24 = = ORF23-eGFP
BAC

SW102 Gal-
- GFP - eGFP-ORF2

— &GrPi~— ORF4] 3

(adapted from Warming et al. 2005)

Figure 2. Insertion of the eGFP gene in frame with VZV ORF23 in the BAC via two-step homolo-
gous recombination. (left part) Scheme showing the principle of the technique; the first step
consists in the insertion of a galK expression cassete in the genomic region of interest, the second
is the replacement of the galK cassette by the desired modification. (right part) The correspon-
ding genomic changes brought to the BACVZV to insert the eGFP in frame with the ORF23 gene.

SW102 Gal* —— ORF22
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materials were obtained at the Biology Research Branch at the NCI and used
according to their protocol (Warming et al., 2005).

In two separate experiments, we inserted the eGFP coding sequence either
upstream or downstream ORF23 (Figure 2). The two BACs were transfected in a
human melanoma cell line (MeWo), which was passaged near confluence until
typical infection foci appeared. The cells, once infected have the property to fuse,
forming syncytia of sometimes gigantic size. In three successive experiments,
transfection of the BAC ORF23-eGFP failed to give rise to infection foci, even four
weeks after transfection, whereas transfection of the BAC eGFP-ORF23 led to a
productive infection.

The growth property of the fluorescently-labeled virus was compared with a pOka
strain obtained after the transfection of the unmodified BAC-VZV. Even though the
recombinant virus is viable and infectious, the expression of a fluorescently-tagged
ORF23 alters the viral growth (Figure 3A). The expression of the eGFP-fusion protein
was verified by western-blotting on total cell extracts of infected MeWo cells with an
antibody against GFP (Figure 3B). The fusion protein is detected as a doublet, slightly
higher than expected from the predicted molecular weight (51kDa). This is
consistent with previously published results suggesting that ORF23 might present
phosphorylation-dependent isoforms (Chaudhuri et al., 2008).
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Figure 3. Analysis of the eGFP-ORF23 VZV. (A) Growth curve of the eGFP-ORF23 VZV compared
to the pOka parental strain (WT). At day o, four 25 cm? flasks were prepared by mixing 3 x 10°
uninfected MeWo cells with 200 VZV infected cells. At the indicated periods of time, the number
of plaque forming units (PFU) was assessed as described in the material and methods section.
Means of a representative experiment out of three are depicted; error bars represent the
standard deviation. (C) Western-blotting on total cell extract of MeWo infected with
eGFP-ORF23 VZV with an antibody against GFP (expected size of the fusion protein: 51 kDa)
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2. Intense nuclear fluorescent spots

Living MeWo cells asynchronously infected with eGFP-VZV display various
fluorescence patterns (Figure 4). The green fluorescence actually characterizes their
stage of infection. At early stages, infected cells present arrays of incoming capsids
docked at the nuclear membrane (Figure 4, cell 1). At the beginning of the late phase
of gene expression, ORF23, a late gene, starts to be expressed. This is characterized
by a diffuse eGFP signal both in the cytoplasm and the nucleus (Figure 4, cell 2). At
later stages, the assembly of progeny virions initiates and bright dots corresponding
to single capsids show up in the nucleus (Figure 4, cell 3), after which very intense
larger nuclear fluorescent spots begin to appear (Figure 4, cell 4). These spots
looked quite similar to the structures described in HSV-1 by Ward et al.(1996) and
that were termed “assemblons” because they were suspected to play a role in the
assembly of viral capsids. This study and the notion of “assemblons” had been a
matter of debate ever since their discovery. One of the major criticisms of the cons
was the fact that the structures do not appear in every cell type and that they appear
only at very late time points. Of important note, this original study was carried out
with a wild-type HSV-1 and the analysis of the localization of several structural
proteins during the lytic cycle by the means of immunofluorescence (Ward et al.,

1996).

Figure 4. Nuclear dense structures form in eGFP-ORF23 VZV infected cells. Live visualiza-
tion of MeWo cells infected for 24h with eGFP-ORF23 VZV. Nuclei were stained with
Hoechst 33342 and confocal microscope images were captured with a 63x oil-objective.
Numbering represents gradual stages of infection.
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Before a deep characterization of these nuclear structures, we then decided to
analyze several other cell types and to determine at which time post infection these
structures appear. Human primary foreskin fibroblasts (HFF) were infected via a 20
min cell contact with eGFP-ORF23-infected MeWo cells, followed by extensive
washing, and a coverslip was fixed every hour in a 24h time frame. The cells were
immunostained against beta-tubulin and analyzed by confocal microscopy. Selected
time points are presented at figure 5. Incoming capsids docked at the nuclear
envelope were observed 3 hours p.i. (this stage corresponds to cell 1in Figure 4), but
the diffused green fluorescence resulting from de novo ORF23 expression only
became detectable at around 6h p.i. (this stage correspond to cell 2 in Figure 4). At
8h p.i., newly assembled capsids appeared throughout the nucleus (like cell 3 in
Figure 4), sometimes in tiny aggregates. Brighter and larger fluorescence dots,
similar to those seen in MeWo cells (cell 4, Figure 4), were present from 12h p.i. and
grew in size as the infection progressed (Figure 5).

eGFP-ORF23.

Figure 5. Nuclear dense structures form in primary HFF cells. Human primary foreskin
fibroblasts (HFF) were infected with eGFP-ORF23 VZV via a 20-minute contact with MeWo cells
followed by extensive washing. HFF were fixed at indicated times p.i. and immunostained
against beta-tubulin (Alexa568 secondary antibody).
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In a parallel experiment, time-lapse video imaging was performed and confirmed
the successive pattern (1 to 4) of the green fluorescence in the course of the
infection (movie S1). The brightness of the eGFP enables the detection of single
capsids inside infected cells and the analysis of several movies showed that it takes
about three hours from the emergence of the diffused eGFP signal until newly-
formed capsids show up in the nucleus (a 2h30 time frame separates stage 2 and 3 in
movie S1), and only one more hour until the larger fluorescent spots begin to form
(Figure 6A compare to+30’ and to+75’ or to+90’).

&

t0 + 4h15

Figure 6. Nuclear dense structures appear
before the cytoplasmic accumulation and
are present in MRC5 and N/TERT1.

(A) Human primary foreskin fibroblasts
(HFF) were infected with eGFP-ORF23 VZV
via a 20-minute contact with MeWo cells
followed by extensive washing. 12h post-in-
fection, areas with cells at the begining of
the late phase were selected an a picture
was taken every 15 minutes for a period of
16 hours. Selected frames are shown;
white arrows point to the onset of the first
newly assembled capsids (1), followed by
the emergence of nuclear dense structures
(2) and the apparition of capsids in
cytoplasmic areas (3). (D) Human primary
embryonic lung fibroblasts (MRCs5) and
human normal keratinocytes immortalized
by permanent TERT expression (N/TERT-1)
infected with eGFP-ORF23 were fixed 24 h
p.i. and nuclei counterstained with
Hoechst 33342. Confocal microscope
images were captured with a 63x oil-objec-
tive.

eGFP-ORF23

eGFP-ORF23 eGFP-ORF23
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We noticed that the larger fluorescent spots actually appeared before the massive
accumulation of capsids in the cytoplasm, where secondary envelopment occurs
(movie S1, cell on the left, figure 6A compare to+75’ with to+4h15 or to+5h45 and
movie S2, arrows). Such nuclear dense fluorescent structures also formed in human
primary embryonic lung fibroblasts (MRC5) and human keratinocytes immortalized
via permanent TERT expression (N/TERT-1) (Figure 6B). The latter cell line had been
shown to maintain most of the characteristics of primary keratinocytes and
constituted a model closer to the preferential natural host of the virus.

We next wanted to exclude the possibility that the structures observed were
artefactually induced by the presence of the fusion protein eGFP-ORF23. A recent
publication on HSV-1 had demonstrated that the fusion of the small capsid protein
with different fluorescent tags could have various outcomes and sometimes could
lead to the formation of big protein aggregates and non viable recombinant strains.
The nature of the fluorescent protein as well as the way the fusion gene was
organized seemed to deeply impact the formation of those aggregates and they
concluded that monomeric tag should be preferred (Nagel et al., 2012). For another
project, we had in mind to construct a triple fluorescent virus in which the capsid,
the tegument and the envelope could be tracked simultaneously. For this purpose
we had generated a virus expressing ORF23 fused to tagRFP-T, which is a true
monomeric red fluorescent protein. MeWo cells infected with this virus were then
analyzed by confocal microscopy (figure 7A left panel) and we observed exactly the
same fluorescence pattern. We also needed to check if the intense fluorescent spots
would be present with a wild-type infection. Mewo cells were infected in parallel
with eGFP-ORF23 and wild-type VZV, fixed and immunostained with an antibody
against ORF23, as well as with an antibody against ORF40, the VZV major capsid
protein. The presence of similar intense fluorescent spots in both conditions proved
that the dense structures are not a consequence of an improper tagging of ORF23
(figure 7B). The fact that these structures appear very early, before the massive
accumulation of capsids in cytoplasmic areas, and are present in all tested cell lines
contrast somewhat with the described HSV-1 assemblons. We then decided to
further characterize those structures.
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>

tagRFP-T-ORF23 VZV

eGFP-ORF23vzy W

pOka VZV (bacWT)

Figure 7. Nuclear dense structures also appear in tagRFP-T-ORF23 VZV- and pOka WT VZV-infected
cells. (A) MeWo cells infected with tagRFP-T-ORF23 VZV for 48h were fixed and immunostained with
an anti-ORF29 rabbit primary antibody followed by an Alexa633-anti-rabbit secondary antibody. (B)
MeWo cells infected for 24h with eGFP-ORF23 in parallel with pOka (unfloxed bacWT) VZV were fixed
and immunostained with both an anti-ORF23 rabbit antiserum and an anti-ORF40 mouse antibody.
Alexas568-anti-mouse and Alexa633-anti-rabbit were used as secondary antibodies.
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3. Characterization of the nuclear structures

3.1. Protein composition and localization regarding the replication
compartment.

As we wanted to determine the nature and the potential functionality of these
nuclear structures, we first wondered whether other viral proteins implicated in the
different nuclear steps of virion formation (capsid and procapsid proteins, DNA
replication and encapsidation proteins, proteins implicated in capsid nuclear egress),
were present in these discrete nuclear compartments. Unfortunately, at that time,
the recently characterized bank of VZV antibodies (Lenac Rovis et al., 2013) was not
developed yet and the only commercially available antibody for these class of viral
proteins was the antibody against the major capsid protein, ORF40. Thankfully, some
teams had produced antibodies of interest and were willing to share their materials.
We received an antibody against the single-strand DNA binding protein (ORF29)
(from Dr. R. Cohrs, USA), an antibody against the common C-terminal part of the
scaffold and maturing protease (ORF33/33.5) (from Dr. F. Rixon and V. Preston, UK),
an antibody against the subunit 1 of the DNA packaging terminase (ORF42/45) and an
antibody against the portal (ORF54) (both from Dr. Visalli, USA).

MRC5 cells were infected by a 20 minutes contact with eGFP-ORF23 VZV-infected
MeWo cells followed by extensive washing. Coverslips were then fixed at 8, 12, 16, 24
and 36h p.i. and immunostained with all mentioned antibodies. Selected time points
are presented in Figures 8, 9, and 10. The expression of ORF29 (ICP8 homolog)
allowed us to delineate the RC (Figure 8, dashed line), which started to form around
8h p.i. as several spots that enlarged and fused in a single wide area around 24h p.i.
The ORF29 labelling partially overlapped the eGFP signal (Figure 8, cyan arrows) but
the co-localization area remained rather discrete and did not grow with the
infection. We have to mention that anti-ICP8 labelling has been extensively used to
locate what is called the replication compartment. This compartment was originally
viewed as a nuclear area where viral genomic DNA is synthetised. More recent data
have demonstrated that the formation of this compartment is strictly required for
late gene expression and that it could well be subdivided in several
subcompartments. Nevertheless, as a first approach, this result suggests that, if
there is any, viral DNA replication can only occur in a very small part of this nuclear
compartment, corresponding to the periphery of the structures. Small isolated eGFP-
dots corresponding to individual capsids could be found sparsely within, as well as
outside, the RC, albeit the vast majority of the eGFP larger spots were located at the
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eGFP-ORF23

Figure 8. The nuclear dense structures contain the major capsid protein and partially overlap with ORF29.

MRC5 infected with eGFP-ORF23 VZV were fixed at indicated times p.i. and immunostained with both mouse
anti-ORF40 and rabbit anti-ORF29 primary antibodies. Alexa568-anti-rabbit and Alexa633-anti-mouse were
used as secondary antibodies and nuclei were counterstained with Hoechst 33342. Confocal microscope
images were captured with a 63x oil-objective. The ORF29 staining was used to draw the dashed line represen-
ting the RC, which was then reported on the eGFP picture. Cyan arrows show partial overlapping between
eGFP-ORF23 and ORF2g9 signals. White arrows point to structures where ORF40 colocalizes with eGFP-ORF23.

periphery of the RC. The same localization of the larger fluorescent spots was
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observed with the tagRFP-T-ORF23 VZV (figure 7), which corresponds to the location
described for HSV-1 assemblons.

The major capsid protein (ORF40) was present in the nuclear structures from 12h
p.i. and started to strongly accumulate at 16h p.i. (Figure 8, white arrows), whereas
the presence of ORF33/33.5 corresponding to the viral procapsid scaffold was more
delayed and was only substantially visible at late time points (24 and 36 hours p.i.)
and in only certain very large structures (Figure 9). Compared to anti-ORF40 or anti-
29, this antibody was clearly less sensitive, so we do not know whether this
appearance only in late time points reflects a late accumulation or a late detection.
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Figure 9. The procapsid scaffold protein is present in the nuclear dense structures. MRC5 infected with
eGFP-ORF23 VZV were fixed at the indicated times p.i. and immunostained with an anti-ORF33/33.5 (scaf-
fold protein and maturing protease) primary antibody and an Alexas568 secondary antibody. Confocal
microscope images were captured with a 63x oil-objective. White arrows point to co-localization.
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The DNA terminase subunit 1, encoded by ORF45/42 (UL15 homolog) never
seemed to accumulate in the dense structures, even at very late time points (Figure
10). Rather, even if we cannot demonstrated it (both antibodies are from a rabbit
origin), it seems to be distributed in the viral RC.
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Figure 10. The DNA terminase subunit 1 is absent from the nuclear dense structures. MRCs infected with
eGFP-ORF23 VZV were fixed at the indicated times p.i. and immunostained with an anti-ORF45/42 (DNA ter-
minase subunit 1) primary antibody and an Alexas568 secondary antibody. Confocal microscope images
were captured with a 63x oil-objective.

Unfortunately, none of the three anti-ORF54 antibodies appeared to work in
immunofluorescence. Two of them had been tested previously by the Visalli team,
which reached the same conclusion. The third one was totally uncharacterized but,
even after a long set-up only gave unspecific labelling.

We can conclude from these results that, like the HSV-1 assemblons, the observed
structures ultimately contain important proteins implicated in capsid assembly but
not the proteins that are implicated in DNA replication and encapsidation.
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We next wondered whether the structures observed by confocal microscopy
would be distinguishable at the ultrastructural level and if they were constituted of
fully or partially assembled capsids or of capsid proteins.

3.2 Capsids proteins or fully/partially assembled capsids?

In order to precisely and irrefutably characterize the nature of the nuclear dense
structures observed in confocal microscopy, we decided to carry out correlative
microscopy.

MeWo cells were grown on a glass-bottom dish, infected for 48h with eGFP-
ORF23 VzV, fixed with paraformaldehyde, stained with Hoechst and analyzed by
confocal microscopy. A Z-stack image was recorded for each infection focus present
on the glass coverslip that was then unglued from the plastic dish via a short contact
with methanol. The cells on the coverslip were fixed again with glutaraldhehyde and
osmium tetroxide, embedded in epon and processed for transmission electron
microscopy (TEM). Ultrathin sections were carefully examined and compared with
confocal images to clearly assess a concordance. Pictures of the chosen area were
then systematically recorded on all available sections. The image of an infection
focus was reconstructed from ten separate TEM images (Figure 11A) and compared
with the confocal Z-stack and (Figure 11B).

We directly noticed the presence of capsid aggregates of various size, present
most of the time at the periphery of the RC and that seemed to correspond to the
intense fluorescent spots observed in confocal (Figure 12). We then wondered if this
was the case for all dense fluorescent spots or if some of them would not contain
any capsid. In order to properly interpret this experiment, one should remember
that the section thickness in TEM is about 80 nm whereas the theoretical thickness
of an optical section in laser-scanning confocal microscopy (LSCM) with our 60x-oil
objective, even with the narrowest pinhole parameter is ® 500nm. Of note, this
theoretical axial resolution is almost never reached in reality. This means that the
signal detected in LSCM represents the sum of several successive z-sections
observed in TEM. This implies that it is essential to take many TEM pictures of the
same area on different serial z sections. This is critical to match properly the available
pictures recorded originally in LSCM. Taking into account the relative thickness of
sections in TEM relative to the optical section in LSCM and the well-known axial
distortion, that makes spherical fluorescent objects look ovoid in confocal
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Figure 11. The nuclear dense structures are capsid aggregates. MeWo cells were infected for 48h with
eGFP-ORF23 VZV in a glass-bottom dish. Cells were fixed, labeled with Hoechst and analyzed by confocal
microscopy. A Z-stack of pictures was recorded for each infection focus. The glass coverslip was then
separated from the plastic dish and the cell monolayer was re-fixed and embedded in Epon for analysis by
Transmission Electron Microscopy. Several pictures obtained by TEM (A) were merged to reconstitute one
of the infection focus identified by confocal microscopy (B); dotted line frames delineate areas chosen for
panels at figure 13.

microscopy, the number of aggregates is then expected to be much lower in a TEM
picture of one single ultrathin section than in a confocal image of one z-plane. It is
also important to notice that the sectioning of the embedded cells for TEM is never
perfectly parallel to the surface of the cells originally fixed on the glass, which adds a
level of complexity.
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Figure 12. The nuclear dense structures are capsid aggregates. (A) and (B) Higher magnification of field
portions from figure 12; Ag: capsid aggregates (numbered to make the correspondance between TEM
and confocal images), nuc: nucleolus, RC: replication compartment.

Taking those potential sources of misinterpretation into account, we carefully
examined all our pictures and reached the conclusion that each intense fluorescent
spot, regardless of its size, corresponds, at the ultrastructural level to an array of
capsids, almost always residing at the periphery of the RC. The latter was easily
detectable as a paler area in the center of the nucleus. We confirmed that the size of
the capsid aggregates increases over the time during the infection process by
analyzing ultrathin sections of MeWo cells infected at 8h, 12h, 16h and 24h p.i. (data
not shown).

In order to prove that the dense fluorescence structures observed in wild-type
VZV-infected cells immunostained for both ORF23 and ORF40 truly reflect the
presence of capsid aggregates in a wild-type infection, pOka VZV-infected MeWo
cells were analyzed by TEM in parallel of eGFP-ORF23 VZV-infected cells. We indeed
detected similar capsid aggregates with the wild-type virus (Figure 13). As for the
eGFP-ORF23 virus, the aggregates were found at the periphery of the RC (figure 13B).
By looking at the capsid content of the aggregates we were able to distinguish four
types of capsids. Empty A-capsid and DNA-containing C-capsids were easily
recognizable. A third type, “polka-dotted capsids”, very frequent was considered, by
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comparison to published data, to B-capsid. The fourth type of capsid comprised an
inside ring surrounded by a thinner and more defined outer edge and corresponded,

by comparison to what is known about HSV-1, to VZV procapsids (originally identified
as “large-core B-capsids) (Newcomb et al., 2000; Thomsen et al., 1995) (Figure 13B).

Figure 13. Nuclear capsid aggregates are
also present in wild-type VZV-infected cells.
MeWo cells infected with eGFP-ORF23 (A) or
pOka VZV (B) for 48h were compared by
TEM.

We then examined the capsid content of two separate nuclear compartments: the
capsid aggregates and the RC. For the latter, we only kept nuclei for which a well-
defined RC was present and to avoid bias due to small capsid aggregates and
tangent sections of large capsid aggregates, which were present at the periphery of
the RC, we excluded a 0.5 uM strip at the edge of the RC from the counting. Over
three thousand capsids were counted (within 22 nuclei and 43 capsid aggregates of
eGFP-ORF23 VZV-infected cells and 12 nuclei and 14 capsid aggregates for the wild-
type infection) and the percentage of the four types calculated for each RC and each
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aggregate. We noted that, for both the wild-type and the eGFP-ORF23 virurses, the
predominant form of capsid found within the aggregates is the B type. Importantly,
capsid aggregates were also enriched in procapsids, which were even totally absent
from the central part of the RC in a wild-type infection. Pair-wise t-tests were ran to
compare the mean percentage between the two compartment but also between the
two viruses. For both viruses, we found that the mean percentage of each type of
capsid within the aggregates was statistically different from that within the RC. We
also found a significant higher amount of procapsids in the eGFP-ORF23 virus
compared to the wild-type, both in the aggregates and in the RC (Figure 14).

A 20
80
60
8 ,
g ol Bprocapsid
8 DA
ﬁ 40 oB
S
R* 30 ac
20
10 -
0 T
aggregates RC aggregates RC
-10 4
eGFP-ORF23 pOka (BacWT)
Aggregates vs RC procapsids | capsids A capsids B capsids C
eGFP-ORF23 <0,0001 <0,0001 <0,0001 <0,0001
pOka (BACWT) 0,0079 0,0192 0,0014 0,0002
eGFP-ORF23 vs pOka (BAC WT) | procapsids | capsids A capsids B capsids C
aggregates 0,012 0,9372 (NS) | 0,8118 (NS) | 0,0206
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Figure 14. capsid content in the aggregates and in the the RC are different . MeWo cells in-
fected with eGFP-ORF23 or pOka VZV were analyzed by TEM. The proportion of the four
types of capsids (procapsids, A, B and C, black arrows) present within the aggregates and
the replication compartment was determined by systematic counting of randomly chosen
infected nuclei. Mean percentages are shown in (A); error bars represent the standard de-
viation. Mean percentages were pairwise compared using a two-tailed t-test in order to de-
termine statistically significant differences; p values are presented in (B), NS: non-signifi-

During this analysis, we noticed that the distribution of C capsids within the
aggregates did not seem random. We then decided to classify them regarding to
their position within the aggregates. C capsids that were part of the most exterior
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Figure 15. Nuclear capsid aggregates present a characteristic

organization and contain late partial procapsids. MeWo cells
infected with eGFP-ORF23 or pOka VZV were analyzed by
TEM. The C capsids present within the aggregates were divi-
ded into two categories on the basis of their localization; peri-
phery was strictly determined as the most exterior layer of
capsids and mean percentage are shown, with error bars re-
presenting the standard deviation. (D) Late partial capsids can
be found in the nuclear capsid aggregates of both viruses

layer of
considered as belonging to

capsids were
the periphery. Based on
this criteria, we observed
that 86%

within  the
resided

of C-capsids
aggregates
actually at the
periphery (Figure 15A).

the

periphery as the two most

we considered
external layers of capsid,
this percentage peaked to
over 95% (data not shown).
Another very interesting
point was the presence of
some partial capsids that
were not observed
elsewhere in the infected
nuclei (Figure 15B) and
which are thought to be

precursors of procapsids.

The fact that the capsid composition of the aggregates does not reflect the one

found in the RC, the presence of numerous procapsids and few partial capsids as

well as the

“not-random”’

organization indicated that those structures might

represent a functional compartment possibly implicated in capsid assembly, rather

than a simple accumulation over time. This prompted us to characterize the

dynamics within the structures.
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4. Dynamic or static structures?

We first tried to visualized the initial formation of the aggregates. For this, we
infected MRC5 cells via cell contact with eGFP-ORF23 VZV-infected MeWo cells for 12
hours and then selected cells in which isolated capsids were clearly visible in the
nucleus but in which not evident aggregate was present. We then took pictures
every 2 seconds over a 15 minutes time frame. Most of the capsids were in constant
movement but a few static fluorescent dots could also be observed (movie S3).
During the 15 minutes time frame, some of those static dots developed into nascent
aggregates whose size constantly evolved whilst seemingly preserving their initial
nuclear location (movie S3, white arrow). Isolated capsids seemed to constantly
move from and towards the aggregates.

We next studied the dynamics inside the aggregates via a Fluorescence Recovery
After Photobleaching (FRAP) experiment. Infected MRC5 were analyzed 16h p.i. in
order to obtain aggregates of moderate size. We bleached a region of interest (ROI)
corresponding to half of the aggregate during 45 seconds (Figure 16 and movie S4)
and then took pictures every 15 seconds. Two minutes post-bleaching, the
fluorescence already started to reappear in the bleached area, but it took 10 to 15
minutes to return to the original situation where the fluorescence was homogenous
overall the entire structure. This speed of fluorescence recovery was not compatible
with a fast protein diffusion, like that observed if we bleached a ROI of diffused eGFP
in the cytoplasm corresponding to the signal of the fusion protein rather than fully
assembled capsid (data not shown). On the contrary, it could be compatible with a
movement of capsids within the aggregates, which is expected to be much slower.
We concluded from this experiment that the capsids in the aggregates are
constantly reorganized.
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pre-bleach bleach post-bleach

Figure 16. FRAP experiment showing that capsids inside aggregates are not static. MRC5 cells were infec-
ted for 16h with eGFP-ORF23 VZV via cell contact followed by extensive washing. A region of interest (ROI)
represented by the white circle was bleached for 45 seconds and then an image was recorded every 15 se-
conds for 15 minutes. Selected time points are shown. Confocal microscope images were captured with a
60x oil-objective equipped with a chamber controlling the temperature and the CO, level.

If they were truly assembly sites, we would expect that once assembled, the
capsids would leave the structures to move towards the nuclear envelope and finally
exit the nucleus. We then decided to see what would happen if the structures were
constantly bleached and performed a Fluorescence Loss In Photobleaching (FLIP)
experiment. We infected MRC5 for 16h and demonstrated that if the structures were
bleached constantly for a certain time, an entire area of the nucleus was bleached
(Figure 17 and movie S5). One should note that around 16 hours p.i., the RC was very
frequently still divided into several areas separated by a thin layer of cellular genomic
DNA and each of these replication sub-compartments contained one to three capsid
aggregates.
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pre-bleach post-bleach

Figure 17. FLIP experiment showing that capsids within aggregates move from there. MRC5 cells were in-
fected for 16h with eGFP-ORF23 VZV via cell contact followed by extensive washing. A ROl represented by
the red shape was first bleached for 1 minute before successive steps of bleaching and image acquisition.
Selected time points are shown. Confocal microscope images were captured with a 60x oil-objective equip-
ped with a chamber controlling the temperature and the CO_level.

Surprisingly, the analysis of several time-lapse imaging experiment carried out
over longer periods of time demonstrated that the capsid aggregates could
sometimes give rise to a massive simultaneous transfer of a large amount of capsids
from the nucleus to the cytoplasm (movie S6, white arrows). Further experiments
would be required in order to evaluate the importance of this phenomenon for the
VZV lytic cycle and to determine whether this massive transfer occurs via a budding
through the inner nuclear membrane or maybe via a transient enlargement of the

nuclear pores.

We finally wondered whether some aggregates were the site of some capsid
maturation process such as partial tegumentation that potentially would be
important for the future nuclear egress.
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5. Localization of tegument proteins.

As said above, antibodies against VZV proteins, in particular against structural
proteins, were quite sparse and were not always suitable for immunostaining.
Moreover, as we aimed to decipher potential tegument association in living cells,
dually fluorescent VZV were created, starting from our eGFP-ORF23 BAC construct.
Different proteins were chosen: ORF21 and ORF22, homologous to HSV-1 UL37 and
UL36, respectively, which are supposed to belong to the inner tegument, ORF38, the
VZV pUL21 homolog, ORF9, corresponding to HSV-1 VP22, the most expressed gene
during the lytic cycle and supposedly the major tegument protein and ORF63, also
well-known to be part of the tegument. As we had already determined from the
targeting of ORF23 that the orientation of the fluorescent tag regarding the gene
could be of a great importance, we directly tested both possibilities. Moreover,
because some of these genes are expressed at a low level, we tested two different
red fluorescent tags: DsRed-monomer (referred to as “mDsRed”) and tagRFP-T
(referred to as “tRFP-T”). Only a few number of “targeted-genes/position of the
tag/nature of the tag’ combinations gave rise to infectious VZV after transfection of
the corresponding BAC in MeWo cells (Table 1). Other constructs either totally failed
to lead to infection foci, even four weeks after transfection, or engendered very
slowly replicating viruses (data not shown).

BAC viral growth
ORF9-DsRed slow replication
DsRed-ORFg no
tagRFP-T-ORFg no
ORFg-tagRFP-T yes
ORF21-DsRed no
DsRed-ORF21 yes
tagRFP-T-ORF21 yes
ORF22-DsRed yes
DsRed-ORF22 no
tagRFP-T-ORF22 no
ORF38-DsRed yes
DsRed-ORF38 no
ORF38-tagRFP-T no
ORF63-tagRP-T yes
tagRFP-T-ORF63 yes
ORF63-tagRP-T/ORF70-tagRFP-T  yes

Table 1. BAC contructs generated to create dually
fluorescent VZV.
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We evaluated the viral growth of the different recombinant strains The addition of
a second fluorescent tag did not seem to deeply impact the replication kinetics of
the virus (Figure 18B).
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Figure 18. Construction and growth ability of dually fluorescent VZV strains. (A) Schematic represen-
tation of the genomic region that has been modified in the BACVZV eGFP-ORF23 to create the dually
fluorescent viruses. (B) Growth curve of the dually fluorescent viruses compared to the eGFP-ORF23.
The same technique was used as described in Figure 4, except that 500 infected cells were used
instead of 200. Means of a representative experiment out of three are depicted; error bars represent
the standard deviation.
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We analyzed the distribution of the red fluorescence in infected living MeWo cells.
Even though ORF21, ORF22 are mostly cytoplasmic and ORF38 present both in the
cytoplasm and the nucleus, all three were present as well in some of the capsid
aggregates (Figure 19, white arrows).

overlay
/

overlay
/

overlay
/

eGFP-ORF23/0RF38-mDsRed eGFP-ORF23/mDsRed-ORF22 eGFP-ORF23/mDsRed-ORF21

Figure 19. ORF21, ORF22 and ORF38 tegument proteins co-localize with nuclear capsid aggregates . Live
visualization of MeWo cells infected for 24h with eGFP-ORF23/mDsRed-ORF21, eGFP-OR23/mDsRed-ORF22
or eGFP-ORF23/ORF38-mDsRed. Nuclei were labeled with Hoechst and confocal microscope images were
captured with a 63x oil-objective. White arrows in insets point to co-localization between eGFP-ORF23p
and mDsRed-ORF21 or mDsRed-ORF22; solid grey lines delineate nuclei from the Hoechst labeling.
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Most of the time though, only a portion of the eGFP-ORF23 area was also positive
for either mDsRed-ORF21, mDsRed-ORF22 or ORF38-mDsRed (Fig. 19, insets). In the
cytoplasm, ORF38 is accumulating in the TGN area and is also enriched in the viral
nuclear RC (data not shown).

The three proteins seem to accumulate and colocalize with the green signal at the
cell periphery in strongly infected syncitia and a portion of isolated cytoplasmic
caspids appears both green and red, which indicates that they are likely incorporated
in the mature virions. Unfortunately, the intensity of the red signal is too weak to
reliably study the incorporation of the tegument at the single particle level.

ORF63-tRFP-T is diffusely present in both the cytoplasmic and the nuclear
compartment, accumulating in this latter in the RC (Figure 20). This localization
reflects the one observed by immunofluorescence on wild-type VZV infected cells
labelled with an anti-ORF63 antibody (data not shown). Even though it has been
shown to be part of the tegument, neither cytoplasmic nor extracellular viral
particles appear dually fluorescent. The amount of incorporated protein might be

overlay
/

eGFP-ORF23/ORF9-tRFP-T

eGFP-ORF23/0ORF63/70-tRFP-T

Figure 20. ORF9 and ORF63 tegument proteins do not co-localize with nuclear capsid aggregates. Live
visualization of MeWo cells infected for 24h with eGFP-ORF23/ORF9-tRFP-T and for 36h with
eGFP-ORF23/0ORF63/70-tRFP-T. Nuclei were labeled with Hoechst and confocal microscope images were
captured with a 63x oil-objective. White arrows in insets point to co-localization between eGFP-ORF23
and mDsRed-ORF21 or mDsRed-ORF22; solid grey lines delineate nuclei from the Hoechst labeling.
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too low compared to the large amount of cytoplasmic protein.

ORF9, which was mostly displayed as cytoplasmic aggregates, was never detected
in these nuclear structures.

6. Discussion Partl

The entire process of VZV virion formation and egress is far from being fully
elucidated. Nucleocapsid formation in the infected cells leads to dramatic changes in
the nuclear architecture, the role of which is not entirely understood.

In order to better understand these processes, we created a virus with the small
capsid protein ORF23 fused to the eGFP. With this virus, we identified fluorescent
dense nuclear structures emerging around 8 to 12 hours p.i. and enlarging as the
infection progressed. As revealed by confocal microscopy, the identified structures
contain capsid and procapsid proteins as well as some proteins that supposedly
belong to the inner tegument. This prompted us to question whether they were
similar to the already described HSV-1 assemblons. These structures were first
identified in optical microscopy with antibodies against capsid proteins but the
fusion of HSV-1 VP26 with different fluorescent tags has demonstrated that this
protein forms peculiar aggregates whose size increases in the course of the infection
and likely correspond to the assemblons (de Oliveira et al., 2008; Desai and Person,
1998). Remarkably, the C-terminal region of VP-26, containing stretches of conserved
residues, has been demonstrated to carry an interaction motif with the capsids and
to redirect VP26 to nuclear spots defined as assembly sites (Desai et al., 2003).
Nevertheless, attempts to relate those intense fluorescent spots with some virus-
induced structures, discernible on ultrathin sections of infected cells, have remained
quite scarce (Feierbach et al., 2006; Nagel et al., 2012). A recent publication has even
shown that the fusion of HSV-1 VP26 with some fluorescent tags can lead to the
formation of fusion protein aggregates impeding viral growth (Nagel et al., 2012).
Here, in VZV-infected MeWo cells, we showed, via correlative microscopy, that the
nuclear structures observed in confocal microscopy actually correspond to capsid
aggregates identified in electron microscopy. We compared our eGFP-ORF23 VZV
with a wild-type virus, and observed similar nuclear dense structures in confocal
microscopy corresponding to similar capsid aggregates found in TEM. This proves
that the structures described here were not artefactually-induced by the eGFP-
ORF23 fusion protein.
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The major question to be asked concerns the potential functionality of these
nuclear dense structures. The presence of numerous A, B and C capsids, as well as
many procapsids, suggests that they may indeed represent sites where assembly can
take place. Procapsids are usually rarely seen in the nucleus of infected cells, due to
their rapid maturation into A, B and C capsids (Newcomb et al., 1996; Trus et al.,
1996). The high percentage of procapsids within the aggregates, and the
identification, only in this nuclear compartment, of partial procapsids, representing
earlier stages of assembly (Newcomb et al., 1999), are strong arguments in favour of
a functional role of these structures. Of course, these sites are probably not the sole
location of capsid formation, since some infected nuclei are devoid of them and the
first newly-formed capsids appear randomly distributed within the RC. Of note, while
procapsids are completely absent from the RC in a wild-type infection, a significant
amount of them can be found in the RC of cells infected with the eGFP-ORF23 VZV.
Moreover, the proportion of procapsids within the aggregates is significantly higher
for the eGFP-ORF23 compared to the wild-type virus (26.6% vs. 14.9%). We believe
that this may reflect a slower maturation rate, probably due to the presence of the
eGFP tag, and this could, in part, explain the growth defect of the recombinant virus
compared to the wild-type. The presence of the tag could, for example, impact the
assembly of DNA encapsidation complex, the accessibility of the portal or the
expulsion of the scaffold.

This could partially reconcile the data presented by Nagel et al. with ours. Nagel et
al. have demonstrated that the size of the fluorescent foci observed with the
different fluorescent-tag-VP26 fusion proteins is inversely correlated with the
growth ability of the recombinant viral strain. We think that this could actually reflect
a different degree of defect in the capsid maturation process. The TEM picture of
their correlative microscopy analysis contains many capsid aggregates similar to the
ones we observed but they did not insist on this particular point. It would be very
interesting to perform correlative microscopy on cells infected with all the different
HSV-1 strains used in their study, in parallel with cells transfected with the BAC
constructs that never led to a productive infection, to search for capsid aggregates
and, if present, to analyze their size and their capsid content over time. It is
conceivable that the nature of the fluorescent tag or the 3-D conformation of the
fusion protein differently affects the maturation of procapsids to A, B and C capsids,
maybe DNA encapsidation is totally prevented in some cases, which is leading to a
non viable viral strain. This could completely explain the fact that the deletion of
VP26-encoding gene has a lower impact on viral growth than its fusion with some

77



6. Discussion Part |
RESULTS PARTI

fluorescent proteins encoding genes. Of interesting note, Chauduri et al.(2008) had
also reached the conclusion that the deletion of VZV ORF23 was compatible with
viral growth whereas it fusion at the C-terminal end with a red tag was not. We,
accordingly, never obtained infectious virus after the transfection of the BAC ORF23-
eGFP. As concluded by Nagel, we believe that the nature of the tag is determining
the growth ability of ORF23 fluorescent viral strains. Nevertheless, the fact that we
were unable to recover infectious virus from mYFP-ORF23 or mCFP-ORF23 BAC
constructs indicates that the dimerization properties of the tag is not the sole
parameter to consider (mYFP and mCFP are monomeric variants of the respective
YFP and CFP fluorescent proteins).

If this hypothesis is true, the fact that we observed a few procapsids within the RC
of eGFP-ORF23 VZV-infected nuclei suggests that, indeed, a few number of capsids
are produced in this nuclear compartment but that, in a wild-type infection, the
procapsids are very rapidly converted in ulterior maturation stages, rendering their
visualization quite difficult.

Another interesting point is that the capsids within the aggregates are not
organized randomly. C-capsids are almost always found at their periphery, and, also,
the proportion of the different types of capsids does not mirror that found in the
rest of the nucleus. If the aggregates were simply due to an excess of capsids at late
time points of infection, these observations would not be expected. It is tempting to
speculate that DNA encapsidation occurs at the periphery of the aggregates, but our
data cannot exclude the possibility that some C capsids produced in the RC could
later be sequestered at the periphery of these aggregates. A recent paper on HCMV
has demonstrated that the replication of the genomic DNA only occurs at the
periphery of the RC, and that replicated molecules would then move towards the
centre of the RC. They showed that an active replication is necessary to maintain the
architecture of the RC and they suggested that this latter display a much more
complex organization that previously anticipated (Strang et al., 2012). We will discuss
this particular point in the final discussion.

The presence of numerous B capsids, which are largely thought to be dead end
particles, in the aggregates provides an argument for a depot of mostly immature
capsids with no function in the viral life cycle. Nevertheless, if this was the case, we
would expect within the aggregates a stronger enrichment of this type of capsid
compared to the enrichment of procapsids. In fact, B capsids are the most abundant
type of capsid produced during the infection. For the eGFP-ORF23 VZV, they
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represent 40% of the capsids in the RC and 60% percent of the capsids within the
aggregates. This corresponds to a 1,5 fold enrichment. Procapsids represent 5% of
the capsids found in the RC and 25% of the capsids present within the aggregates,
corresponding to a 5-fold enrichment. Of course, we did not evaluate if the
composition of the aggregates was changing in the course of the infection. It would
be very interesting to measure the proportion of the different types of capsid within
the aggregates over time to evaluate whether their increasing size is mainly
attributable to an increasing proportion of B capsids. Of note, the idea that B capsids
might represent maturation intermediates rather than dead-end by-product, based
on an old publication from Perdue, is still supported by some teams (Perdue et al.,
1976). This theory would be compatible with a role for these structures in capsid
assembly.

We demonstrated by FRAP that there is a constant movement of capsids within
the structures and time-lapse experiments demonstrated that their initial apparition
seems to be a dynamic process. Of note, an interesting study on PRV showed that
the formation of capsid assembly sites within the nucleus is a dynamic process
requiring a virally induced “nucleo-squeleton” (Feierbach et al., 2006). In their study,
they also identified capsid aggregates whose size increases when the cells are
treated with Jasplakinolide, a drug known to stabilize actin filament. They also
demonstrated that the capsids aggregates colocalized with an actin motor, Myosin
Va, but not with myosin | or Il. We actually performed an immunostaining against
MyoVa in VZV-infected cells but found no association, no matter the cell lines used
(MeWo, MRC5 or HFF). Of course, as MyoVa is an actin-motor quite specific for
neurons, but supposedly also present in melanocytes, it is possible that another
actin-base motor is implicated in the cell line we used. It would be interesting to
treat eGFP-ORF23 VZV infected cells with several cytoskeleton stabilizing and de-
stabilizing agents to evaluate the formation of VZV assemblons in these conditions.

The FLIP technology allowed us to demonstrate that the capsids residing in the
structures can subsequently relocalize elsewhere in the replication compartment,
which is a crucial point if the capsid aggregates truly represent assembly sites. It
would have been of course very interesting to label ORF23 with a photoswitchable
tag that would have allow to track the photoswitched capsids further down the
egress process.

We cannot exclude the possibility that the dynamic nature and the growing size of
the aggregates could also reflect an inability of the capsids to efficiently egress the
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nucleus towards the cytoplasm. In that case, aggregates could then be locations
where capsids simply accumulate, maybe in order to gain some of the properties
that are necessary for the future egress or simply waiting for some processes to be
achieved, like the disruption of the nuclear lamina or the maturation of the RC,
subsequently giving the capsids access to the inner nuclear membrane through
which they need to bud.

The ultimate demonstration that the structures identified here have a crucial role
for the virus life cycle would require a system in which we can impede their
formation and show that it impacts capsid formation or egress, which is,
unfortunately, difficult to set up. Nevertheless, attempts to prove that the nuclear
punctuated patterning of VP26 is essential for viral replication have recently been
carried out on EBV and KSHV with capsid self-assembly systems. Indeed, VP26
nuclear distribution has been shown to be dependent on its interaction with the
major capsid protein and the deletion of the region that is essential for its
localization in nuclear dense structures impedes capsid formation (Henson et al.,
2009; Perkins et al., 2008).

In this study, we created the first dually fluorescent VZV where, not only ORF23,
but also an additional tegument protein was fluorescently labelled.

With these viruses, we showed that ORF9 is mainly displayed as cytoplasmic
aggregates that could be related to its role in secondary envelopment which we
recently demonstrated (Riva et al., 2013). The localization of ORF63 was the same as
the one observed by immunofluorescence with an anti-ORF63 antibody on wild-type
infected cells. The protein present a diffuse pattern both in the cytoplasm and the
nucleus in which a higher concentration is found in the RC.

VZV ORF38 is largely uncharacterized. A study in which each VZV gene was
separately deleted in a BAC construct showed that no infectious virus was recovered
after the transfection of a AORF38-BAC (Zhang et al., 2010). We had also generated a
BAC-VZV-AORF38 before the publication of these data and reached the same
conclusion. Even though the generation of a complementing cell line expressing
ORF38 or a rescued virus expressing ORF38 in another locus should be generated to
formally ascertain it, VZV ORF38 seems to be an essential gene. In HSV-1, its homolog
pUL21 was shown to be dispensable for viral growth in cultured cells (Baines et al.,
1994; Mbong et al., 2012). PRV AUL21 PRV strain displays only a minor viral growth
defect in vitro and in intranasal infection mouse model but is strongly impaired for
growth in pig, the natural host of PRV (Klopfleisch et al., 2006; Klupp et al., 20053;
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Klupp et al, 1995). Its absence results in an important decrease in virion
incorporation of pUL46, pUL49 and pUS3. Interestingly, a live attenuated PRV strain
(Bartha strain) carries, among others, punctual mutations in the pUL21 gene and also
fails to package wild-type amount of pUL46, pUL49 and pUS3. The restoration of a
wild-type copy of pUL21 in Bartha strain reverts largely this phenotype and the
replacement of pUL21 gene with the Bartha mutated version in a wild-type virulent
strain (PRV-Ka) leads to a partial defect in incorporation of pUL46, pUL49 and pUS3
(Michael et al., 2007). Of note, the restoration of a wild-type copy of pUL21 in the
Bartha strain also increases its virulence (Curanovic et al., 2009; Klupp et al., 1995;
Lomniczi et al., 1987). The case of pUL21 of HSV-2 is also of interest. The deletion of
HSV-2 pUL21 is not compatible with viral replication and the mutant virus display a
delay in the gene expression profile but also a decreased number of produced
capsids and a strong accumulation of them within the nucleus, with almost no capsid
present in the cytoplasm (Le Sage et al., 2013). In HSV-2, pUL21, as in HSV-1 and PRY,
is present both in the nucleus and in the cytoplasm, compatible with a role both in
nuclear egress and in tegument incorporation during the secondary envelopment.
The analysis of the localization of ORF38-DsRed in infected cells revealed that the
protein is also present both in the nuclear and in the cytoplasmic compartments. The
strong accumulation of ORF38 at the TGN that we observed is consistent with a role
in the secondary envelopment process. In the nucleus, ORF38 is present both in the
RC and in the capsid aggregates, which would be compatible with a role in capsid
assembly and/or egress. In a recent Yeast-two-hybrid screen, many potential viral
proteins have been shown to interact with ORF38 among which: ORF25 (pUL33),
ORF26 (pUL32) and ORF42/45 (pUl15), all three implicated in the DNA
cleavage/packaging step; ORF24 and ORF27 (VZV NEC complex); ORF22 (pUL36), an
interaction conserved in EBV and finally some proteins implicated in the secondary
envelopment process, ORF9 (pUL49), ORF11 (pUL47), ORF49 (pUL11) and gl
(Stellberger et al., 2010).

The localization of ORF21 and ORF22, belonging to the inner tegument, in the
nuclear capsid aggregates revives the debate surrounding where the initial step of
tegumentation takes place. The presence of UL36 (ORF22 homolog) in the nucleus of
PRV and HSV-t-infected cells is highly controversial. Some reports demonstrating its
presence in the nuclear compartment (McNabb and Courtney, 1992), at the nuclear
envelope (Morrison et al.,, 1998) and its association with intranuclear C capsids
(Bucks et al., 2007) are corroborated by the presence in its N-terminal region of a
recently described functional and highly conserved, Nuclear Localization Signal
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(Abaitua and O'Hare, 2008). Moreover, another highly conserved 62 bp sequence, in
the C-terminal region of PRV UL36, has been shown to be essential for viral
replication and to be able to redirect the GFP to nuclear assemblons upon infection
(Lee et al., 2006). This region has since been shown to be functionally conserved in
HSV-1 (Coller et al., 2007). On the other hand, some groups failed to detect any UL36
in the nuclear compartment or in association with nuclear capsids, either on ultrathin
sections or after extraction on sedimentation gradients (Klupp et al., 2002; Mohl et
al., 2009; Trus et al., 2007). The amount of ORF22 found in VZV-infected nuclei is very
low compared to the cytoplasmic level and the use of a virus expressing
fluorescently-tagged ORF22 circumvents issues linked to antibodies’ sensitivity and
the possible masking of epitopes, potentially through protein conformation or post-
translational modifications. This might, in part, explain the discrepancies between
some published data and those reported here, bearing in mind that the VZV ORF22
localization has never been specifically investigated before. ORF21 has already been
shown in the nucleus of VZV-infected cells, but not in association with peculiar
structures (Cohrs et al., 2002). It is very interesting to note that the previously
described UL37-GFP/VP26-mRFP-expressing HSV-1 displays a high degree of co-
localization of capsids with UL37 at the Trans-Golgi Network, but also at some
particular nuclear sites that strongly resemble the structures that we observed
(Desai et al., 2008). The localization of both ORF22 and ORF21 at the nuclear capsid
aggregates is also corroborated by a very recent report demonstrating that up to 5
tegument proteins could be added to the HSV-1 particle at the nuclear stage, among
which were UL36 and UL37 (Henaff et al., 2013). In order to confirm that the addition
of a fluorescent tag on both proteins does not preclude their virion incorporation,
we purified VZV virions via two successive gradient steps (sucrose, then potassium
tartrate-glycerol) (Kinchington et al., 1995), and, via western-blotting with an
antibody against dsRed, confirmed the presence of DsRed-ORF21 in the viral particles
(data not shown). However, we were unable to detect the presence of DsRed-
ORF22, neither on the infected cell extracts, nor with highly purified virions extracts
(data not shown). We also confirmed that the presence of the fluorescent tag, at
least for ORF21, does not impact on its apparent cellular localization by generating a
V5-ORF21VZV in an otherwise wild-type viral context (figure 21).
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Figure 21. some ORF21aggregates also appear in pOka V5-ORF21 infected cells. Mewo cells were infected
with pOka V5-ORF21 VZV for 24h and immunstained with an antibody against the V5 tag, nuclei were
labeled with hoechst. confocal images were captured with a 63x oil-objective.

A recent Yeast-Two-Hybrid screen has identified ORF21 as an interacting partner of
both ORF23 and ORF22 (Stellberger et al., 2010) and HSV-1 and PRV UL36 and UL37
are also well known to interact (Kelly et al., 2012; Klupp et al., 2002; Lee et al,,
2008b). These interactions could explain the presence of the two tegument proteins
in the observed structures.

Of interest, while both UL36 and UL37 of PRV and HSV-1 have been shown to play
a role in the viral particle maturation at the cytoplasmic step, PRV UL36 and HSV-1
UL37 specifically have also been shown to be crucial for the nuclear egress (Desai et
al., 2001; Desai, 2000; Klupp et al., 2001; Luxton et al., 2006). It is therefore possible
that a layer of tegument is necessary for the capsid to bud through the inner nuclear
membrane. To date, we do not know why the co-localization of those two tegument
proteins is not homogenous within the capsid aggregates and only arise in some of
them, but, as revealed by TEM, the capsid content seemed to evolve during the
infection process; it is therefore possible that the protein composition is not
homogenous between aggregates. This particular point will be discussed in the
second part of the results section.

Now that a new bank of antibodies against VZV proteins has been generated
(Lenac Rovis et al., 2013), it would be very interesting to define the protein
composition of the structures along with capsid type proportions over time in more
detail by using both electron and confocal microscopy.

Altogether, this first part shows that VZV induces the formation of nuclear
structures containing capsid and tegument proteins, as well as assembled A, B and C
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capsids and procapsids. These dynamic capsid piles start to appear at specific and
defined locations within the nucleus as early as 8-12 hours post-infection and are
located at the periphery of the replication compartment. We believe that those
structures could be implicated in capsid assembly and/or maturation before egress
towards the cytoplasm. For this reason, and for the clarity of the following
paragraphs, we will further refer these structures “VZV assemblons”.
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PART Il. Association of the nuclear capsid aggregates with the PML
bodies.

1. VZV assemblons partially colocalize with PML bodies

During the characterization of the VZV assemblons, we noticed that their
localization seemed to be determined at early time points. Moreover, a new nuclear
subcompartment called VICE (for Virus-Induced Chaperones enriched) domains had
been described in HSV-1 infected cells (Burch and Weller, 2004; Livingston et al.,
2009). These domains are thought to either play a role in the assembly process, or to
sequester several types of protein (viral protein made in excess or misfolded, cellular
proteins implicated in the DNA damage response,...). The sequestration of those
proteins might provide a way for the virus to impede the activation of stress
pathways or premature apoptosis that would be detrimental for the virus (for
review, (Wileman, 2007)). We therefore wondered whether some pre-existing
nuclear architecture was somehow dictating the places where the VZV assemblons
develop, or if the formation of VZV assemblons was recruiting some cellular proteins.
We decided to label infected cells for two well-known nuclear subdomains, namely
the PML bodies (antibody against PML protein) and the nuclear speckles (antibody
against SC35) and for several chaperones and DNA damage proteins which had been
demonstrated to be present in the HSV-1 VICE domains (Hsc70, Hsp70, Hsp9o, HSF-1,
P-RPA, PH,AX).

The analysis of HFF cells infected with eGFP-ORF23 VZV for 12, 24 and 48 hours
revealed that neither chaperones (Hsc70, Hsp70, HSF-1), nor DNA damage proteins
(P-RPA, P-H2AX) were co-localizing with VZV assemblons (data not shown). We did
not detect any specific signal for Hspgo labelling. The only potentially interesting
information that we got from these experiments was that P-RPA was accumulating
in the RC of infected cells.
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Figure 22. VZV assemblons partially colocalize with PML bodies. (A) HFF cells infected with
eGFP-ORF23 VZV for 48h were fixed and immunostained with a rabbit anti-PML and a mouse
anti-SC35 primary antibodies (Alexas568 -anti-mouse and Alexa633-anti-rabbit secondary antibo-
dies). Confocal microscope images were captured with a 63x oil-objectif. (B) Higher magnifica-
tion of field portion. White arrows point to colocalization, cyan arrows point to assemblons that
does not colocalize with PML labelling.

HFF infected for 24h with eGFP-ORF23 VZV immunostained for both PML and SC35
demonstrated that a substantial amount of VZV assemblons colocalize with PML
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bodies (Figure 22 A and B, upper panels) while they are very frequently juxtaposed
to nuclear speckles (Figure 22 A and B, lower panels). At a higher magnification, we
can observe that, most of the time, the eGFP-ORF23 positive area is larger than the
PML positive one (Figure 22B, white arrows). Using Imaris software, we estimated
that around 63 percents of the assemblons colocalize with the PML bodies.

We then looked back to the TEM pictures that we had made with MeWo infected
cells and noticed that, indeed, at the ultrastuctural level, VZV assemblons are
frequently localized next to nuclear speckles (Figure 23A, B and D).

Knowing their association with PML bodies in confocal microscopy, we searched
in TEM for PML bodies in infected MeWo cells, at several time post infection. Even
though we were able to detect structures similar at the ultrastructural level to the
described PML bodies in non infected MeWo cells, their detection in infected cells
proved to be much harder. Instead, we could detect a particular arrangement of
some capsids that looked like surrounded by some material (figure 23C, E and F,
black arrows). This “spherical” arrangement is sometimes discernible in particular
areas of the larger capsid aggregates (figure 23D, G and H, black arrows). In very big
assemblons, even though less evident, such peculiar zones can still be distinguished
(figure 231, black arrow).
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Figure 23. VZV assemblons are located near
nuclear speckles and seem associated to sphe-
rical structures that might correspond to PML
bodies. MeWo cells infected with eGFP-ORF23
VZV were analyzed by TEM. (A) and (B) show
close juxtaposition with nuclear speckles, (C)-(1)
show selected assemblons that present a parti-
cular arrangment with a portion of capsids that
seem encircled by some material. RC, replica-
tion compartment; ns, nuclear speckles; black
arrows point to spherical structures.
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2.0RF21- and ORF22-containing assemblons colocalize with PML
bodies

When then clearly had an association of some VZV assemblons with the PML
bodies. As we had also observed in the first part of this work that inner tegument
proteins were present in some but not all VZV assemblons, we wondered whether
we were facing two distinct structures: VZV assemblons associated with tegument
proteins and VZV assemblons associated with PML bodies.

MeWo cells infected for 48h with eGFP-ORF23/mDsRed-ORF21 (Figure 24A) or
eGFP-ORF23/mDsRed-ORF22 (Figure 24B) VZV were immunostained with the anti-
PML antibody. The experiment demonstrated that VZV assemblons containing
tegumentary proteins are associated with PML bodies. Noteworthily and more
evident for ORF21 than for ORF22, signals for the tegument protein and for the PML
bodies only partially overlap while are both comprised in the eGFP positive area. This
is compatible with the observation made in TEM suggesting that the capsids
aggregates are not homogenous and that several distinct parts can be distinguish.

We had reached that point in our reflections when Ann Arvin’s team published
their data indentifying, at late time points of infection, nascent VZV virions
entrapped inside PML bodies. They suggested that those structures represent an
intrinsic cellular defence against the viral infection and tried to show that the viral
particles present in those structures are unable to proceed with further egress,
which decreases the viral infectivity (Reichelt et al., 2011).

We then wondered if the dynamic capsid aggregates appearing around 12h p.i.
that we identified represented earlier form of these described PML-cages. We then
decided to evaluate the formation of VZV assemblons in the absence of PML bodies.
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Figure 24. ORF21- and ORF22-containing assemblons colocalize with PML bodies. MeWo cells were
infected with eGFP-ORF23/mDsRed-ORF 21 (A) or eGFP-ORF23/mDsRed-ORF22 (B) VZV. 48 hours post-in-
fection, cells were immunostained with a rabbit anti-PML primary antibody and an AMCA anti-rabbit
secondary antibody. Confocal microscope images wre captured with a 63x oil-objective. White arrows
point colocalization areas.
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3. VZV assemblons form independently of the PML bodies

We generated a MeWo cell line stably expressing a shRNA against all PML
isoforms via retroviral vectors particles transductions and from an already described
plasmid. (pSuper-Retro-Hygro-shPML, a kind gift from Dr. C. Kyratsous (Kyratsous et
al., 2009)). Non-transduced MeWo cells in parallel with sh-PML expressing cells were
infected with eGFP-ORF23 VZV and fixed 24 hours p.i. Immunostaining against PML
was performed to control the knockdown of the gene (Figure 25A). Nuclear dense
fluorescent structures were present in both cell lines showing that the PML bodies
are not required for their formation (figure 25A). We performed an immunostaining
against ORF29, ORF40 and SC35 in infected shPML-MeWo cells and demonstrated
that VZV assemblons in this cell line are also mostly localized at the periphery of the
RC, frequently juxtaposed to the nuclear speckles and contained ORF40. This
indicates that VZV assemblons that form in the absence of PML bodies resemble the
ones that form in their presence.

In order to confirm the nature of the fluorescent dense structures, we analyzed by
TEM sh-PML MeWo cells infected with eGFP-ORF23 for 48h. It revealed the presence
of capsid aggregates similar to those observed in non-transduced MeWo cells (figure

25B).

The presence of VZV assemblons in PML-depleted cells suggested that they may
represent a virus-induced nuclear compartment that is important for its life cycle and
not solely some intrinsic cellular defence that progressively entraps newly formed
capsids, impeding their egress. Of course, both hypotheses are not completely
mutually exclusive. At early times the association with PML bodies could be
beneficial for the virus and at later time points, maybe when the structures reaches a
certain size, capsids present in the structure are no longer able to leave them.

We then wanted to discriminate between a progressive accumulation of capsids
at or within PML bodies, as suggested by Reichelt at al., and a recruitment of the
latter where the nascent assemblons containing capsids start to form.
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Figure 25. The nuclear dense structures corresponding to capsid aggregates also appear in PML-depleted
cells. (A) shPML-MeWo cells as well as non-transduced MeWo cells were infected with e GFP-ORF23 VZV for
24h and analyzed by immunofluorescence using an anti-PML antibody (Alexas68 secondary antibody).
Confocal microscope images were captured with a 63x oil-objective. (B) shPML MeWo cells infected with
eGFP-ORF23 VZV for 48h were analyzed by TEM. R¢, replication compartment; ns, nuclear speckles.
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4. Assemblons formation and colocalization with PML bodies is
timely orchestrated.

We infected MeWo cells with eGFP-ORF23 VZV by a 20-minutes contact with
MeWo infected cells followed by extensive washes with PBS and fixed coverslips
after 4, 6, 8, 12, 16, 20 and 24 hours to perform an immunostaining against PML and
ORF40. For each time point we scored all the different dots present in the infected
nuclei (positively stained for PML only, ORF23 only, ORF40 only and all the possible
combinations of colocalization). The Imaris software was used to analyze the data
and to help us to make a distinction between the eGFP signal most likely
corresponding to individual capsids and the eGFP signal corresponding to
assemblons. Of course, some bias is unavoidable, particularly at the early time points
where the size of the nascent assemblons barely exceeds the size of single capsids.
Representative pictures of selected time points are shown at figure 26 and graphs
depicting the numbering results at figure 27 A and B.

Dots positive for ORF40 alone or for ORF40 + PML were absent from all time
points. At 4h p.i., neither ORF23 nor ORF40 were expressed, this time point was then
excluded from the scoring. The green fluorescence appeared at 6h p.i. as a diffused
cytoplasmic and nuclear signal, but no capsid dots were detected inside the nuclei.
At that time, ORF40 presented a diffuse nuclear localization. At 8h p.i., newly
formed capsids showed up as isolated bright little dots throughout the nucleus.
Occasionally, those little dots seemed to be localized close to or at some PML bodies
(Figure 26, white arrows) that appeared partially yellow in the overlay. This
represented the first colocalization event between the studied proteins. At this time
point, PML bodies overlapping partially with the eGFP-ORF23 signal represented 50%
of all dots while PML bodies negative for ORF23 accounted for 40%. Later on, as the
infection progresses, colocalization of PML and ORF23 increases (Figure 26, cyan
arrows) and two other major types of punctuations arise: ORF23 + ORF40 and triple
colocalization between ORF23, ORF40 and PML.
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Figure 26. Temporal localization of ORF23, ORF40 and PML during VZV infection. MeWo cells were
infected with eGFP-ORF23 VZV via a 20 minutes contact with infected MeWo cells, followed by extensive
washing. Cells were fixed after 6h, 8h, 12h, 16h, 20h and 24h and immunostaind against PML and ORF40.
Progressively, the proportions of the different kind of dots evolve towards a
majority of the ones where the three proteins colocalize and the ones with ORF23
colocalizing with ORF40 (Figure 27). Starting from 12-16 hours p.i., the population of
infected cells becomes more and more heterogeneous because of secondary
infections. The presence of a large, well-defined, replication compartment was then
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assessed in the infected nuclei and cells were subdivided in two groups, based on
this criterion (Figure 27B).
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Figure 27. The localization of VZV assemblons regarding the PML bodies is timely orchestrated. (A)
Quantification of the different fluorescent spots present in the nuclei of infected cells at the indicated
time points, corresponding to the pictures shown at figure 26 (N>100 except for 6h and 8h where N=50).
For each time point, mean number of the different types of spots are represented as a percentage of all
spots present in the cells. (B) Nuclei from all time points were divived in two groups based on the
presence or absence of a well defined RC.

We can clearly observe that before the establishment of the RC more than 75% of
all dots are PML only or PML+ ORF23 whereas in cells with a well-defined RC, 75% of
the dots represent triple colocalization or ORF40 + ORF23. Structures containing
both ORF23 and ORF40 that do not colocalize with PML might argue for two distinct
type of VZV assemblons or could only reflect a limited amount of PML proteins
available in the infected nuclei. It is also important to note that when the three
proteins colocalize, most of the time, ORF40p and PML signals only partially overlap
whereas all the area is eGFP positive (Figure 26, insets at 20h p.i.). The fact that the
major capsid protein seems absent from nascent assemblons supposedly containing
capsid was not expected. The commercial antibody that we used was raised against
infected cell extracts and we do not know if it is able to detect ORF40 present in the
assembled capsids (and procapsids) or is only detecting the soluble form of the
protein. The lack of punctuates at 8h post infection demonstrates that even if the
antibody is able to label assembled capsids, its sensitivity is not sufficient to detect
single capsids. The fact that VZV assemblons are positive for ORF40 staining at late
time points can be explained either by the presence of a very large number of
capsids or by the accumulation of capsid proteins in addition to the capsids. It is likey
that, at late time points, part of the regions positive for both ORF23 and PML may
represent the capsids entrapped in PML bodies described by Reichelt et al. and that
could correspond to the structures we observed in TEM (Figure 23). It is possible
that those PML cages render ORF40 present in the entrapped capsids hardly
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accessible for the antibody, or that PML-cages only contains capsids whereas the
surrounding area also contain capsid proteins.

The mean number of PML bodies present in infected nuclei was determined for
each time point and compared with the mean number of PML bodies in non infected
cells for which 200 nuclei were counted. Pair-wise t-test were run and showed that
from 8 hours p.i. the number of PML bodies starts to drop and reaches a two-fold
decrease at 24h p.i. (figure28). This drop in the number of PML bodies concomitant
with the appearance of the VZV assemblons is in favour of a disassembly-reassembly
of the PML bodies.

e Figure 28. The number of PML bodies
! , ' | decreases during VZV infection. The total
number of PML bodies present in the nuclei of
12 infected cells was calculated for each time
point of the experiment presented at figure
26 and 27. Histogram represents the means
and error bars the standard deviation. The
mean number of PML bodies present in non
infected cells was determined on >200 nuclei.
Pairwise t-tests were run to compare the

NI 6h 8h 12h  16h  20h  24h means, *p value <0,01; ** p value <0,0001.
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-
o

PML/nucleus

o N A2 OO

In order to determine if two distinct VZV assemblons were present in infected
cells or if the amount of PML proteins is simply too low to be recruited at these
places we wondered what would happen in cells overexpressing PML.

We generated two expression vectors where PML is tagged at its N-terminal side
with either mCherry or eGFP. We used gateway cloning and the entry vector
pDONR223-PML obtained in the human ORFeome 5.1 bank available at the GIGA-
interactomic platform. The two vectors were transfected into MeWo cells that were
subsequently infected with either eGFP-ORF23 or tRFP-T-ORF23 VZV. Even though
the transfection efficiency was very low despite many unsuccessful set-up, it was
possible to find cells that were both transfected and infected (figure 29). In both
cases (eGFP-PML with tRFP-T-ORF23 VZV and mCherry-PML with eGFP-ORF23 VZV),
all VZV assemblons colocalized with PML-bodies (figure 29, white arrows).
Interestingly, it was possible to detect syncytia obviously resulting from the fusion of
a cell that was expressing the tagged-PML with cells that were most likely non
transfected (figure 29, cyan arrow). In these nuclei the red labelling was very faint,
only a portion of VZV assemblons were marked suggesting that PML protein was
most likely recruited to existing VZV assemblons. Of course, if would have been
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interesting to have recorded time-lapse images on living cells to definitely prove this
statement.
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Figure 29. Localization of VZV assemblons in cells overexpressing PML protein. Mewo cells were
transfected with a plasmid expressing the PML protein fused to eGFP (A) or to mCherry (B). 24
hours post-transfection, the cells were infected via cell contact with MeWo infected with
tRFP-T-ORF23 (A) or eGFP-ORF23 VZV followed by extensive washing. Pictures were recorded 24
hours later with a 63x oil-objective. White arrows point to nuclei in which all VZV assemblons colo-
calize with tagged-PML, cyan arrows point to secondary association after cell fusion.
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If we looked at transfected cells infected at a stage before the emergence of big
assemblons, the capsids were evenly distributed in the nucleus and occasionally
colocalized with PML bodies (Figure 30). This was also observed with endogenous
level of PML protein (Figure 26 8h p.i.). The overexpression of PML protein was then
unable to trap all newly produced virions.

eGFP-ORF23
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Figure 30. Localization of newly assembled capsids in cells overexpressing PML protein. Mewo
cells were transfected with a plasmid expressing the PML protein fused to mCherry. 24 hours post
transfection, the cells were infected via cell contact with MeWo infected with eGFP-ORF23 VZV
followed by extensive washing. Pictures were recorded 24 hours later with a 63x oil-objective.

Of course, one have to remember that 14 isoforms of the PML protein have been
described so far and that Reichelt suggested that the isoform IV (PML-IV) was
uniquely able to interact with ORF23 and to trap newly assembled virions. The
isoform that was present in the human ORFeome 5.1 is the isoform 13, whose C-
terminal part is similar to PML-Il and really different from PML-IV. We then decided
to repeat the experiment described in Reichelt’s study with six different PML
isoforms. We received the 6 expression vectors (PML-, Il, 111, 1V, V, VI-eGP) from Dr.
Peter Hemmerich (Leibnitz-Institute of Age Research, Jena, Germany), transfected
them in 293 and Hela cells (to avoid the transfection problems we encountered with
MeWo cells) and infected the cells with tRFP-T VZV (data not shown). We actually did
not find any major differences between the different isoforms, and the results were
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completely similar to the ones obtained with isoform 13 (figure 29 and 30). We so far
do not know why we could not reproduce their experiment.

5. Discussion Part Il

In this second part of our work, we aimed to determine if VZV assemblons were
related to VICE domains described for HSV-1 and if they were associated with
particular nuclear subdomains.

VICE domains described for HSV-1 infection are characterized by an accumulation
of Heat shock proteins and chaperons such as Hsc70, Hsp70 and Hsp9o. We failed to
detect chaperones or DNA damage proteins in association with VZV assemblons.
Actually, none of the studied proteins seemed to localize into nuclear punctuates like
it is described for HSV-1. Even Hsp70, which aggregates have been described by
several teams, is diffuse in VZV-infected cells. It is possible that VICE domains do not
form in VZV-infected cells or that their composition differs. One should note that in
HSV-1 infected cells, most of those proteins are present in the nucloplasm as well,
which have been shown to mask their localization in the HSV-1 VICE domains.
Accordingly, some published protocols suggest to include a nucleoplasmic
extraction step by a short detergent treatment of the cells prior fixation. In order to
exclude the possible link between VZV assemblons and VICE domains we should
repeat these immunofluorescence experiments with this additional step (Wilkinson
and Weller, 2006).

The first interesting point was the apparent frequent juxtaposition of VZV
assemblons with the nuclear speckles. Those structures, also called interchromatin
granules clusters, represent nuclear area specifically enriched in mRNA maturation
proteins (splicing and export factors, among others) and some transcription factors.
Nuclear speckles are dynamic and there is a permanent exchange between the
nucleoplasma pool and the speckle pool of their constitutive proteins and RNPs.
Their role in cellular gene expression is still not fully understood but highly expressed
genes have been shown to localize at their very close proximity. This is consistent
with the idea that they may represent a supply or a recycling factory for the factors
playing crucial role in transcription, pre-mRNA maturation and export (for review,
(Spector and Lamond, 2011)). Some studies have demonstrated a relocalization of
hnRNP and snRNPs upon HSV-1 infection. hnRNPs become marginalized at the
nuclear envelope together with the genomic DNA whereas snRNPs, from a diffuse
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nuclear localization pattern in non infected cells, become, in addition, highly
concentrated in peculiar punctuates that were later shown to be the nuclear
speckles (Martin et al., 1987). The nuclear speckles themselves are reorganized upon
HSV-1 infection, their number diminishes while their size increases and from an
homogenous distribution throughout the nucleus they are found at the edge of the
RC, close to the margin of genomic DNA (Sandri-Goldin et al., 1995). The
redistribution of snRNPs and nuclear speckles has been attributed to HSV-1 ICP27
(VZV 1E4) which also concentrates in these domains (Phelan et al., 1993; Sandri-
Goldin et al., 1995). Since ICP27 was known to inhibit host cell splicing this ICP27-
driven nuclear reorganization was logically considered first to contribute to this
inhibition (Hardwicke and Sandri-Goldin, 1994; Hardy and Sandri-Goldin, 1994; Sandri-
Goldin and Mendoza, 1992; Schroder et al., 1989). Nevertheless, the generation of
ICP27 mutants unable to relocalize snRNP and nuclear speckles but still able to
inhibit host cell splicing invalidated this hypothesis (Sandri-Goldin et al., 1995). The
discovery that those domains are enriched in polyA-RNA (Besse et al., 1995) and that
the ICP27 mutants unable to induce snRNP and nuclear speckles reorganization
present defects in late gene expression raised the possibility that this phenomenon
is important for the export of the late mRNAs (Hardwicke et al., 1989; McMahan and
Schaffer, 1990; Rice and Knipe, 1990). A recent study has shown that the viral RC
forms by fusion of distinct smaller compartments moving in the nucleus via an active
process and that this coalescence occurs at the nuclear speckles and enhances the
export of a subset of viral late mRNAs (Chang et al., 2011).

Interestingly, PML bodies and nuclear speckles are known to be frequently
juxtaposed in the cell nucleus and a study on HCMV has demonstrated a tight
relationship between the deposition site of the incoming genome and the
localization of both PML bodies and nuclear speckles. This is thought to create an
environment favouring immediate early gene expression. The association of
incoming genome with PML bodies will be discussed in more details in the following
paragraphs, but this demonstrates that virally-induced nuclear remodelling is likely
to play an important role at many steps of the viral life cycle (Ishov et al., 1997).

The fact that VZV assemblons forming around 12h p.i. are found in proximity of the
nuclear speckles could be the reflect that the initial localization of the incoming
genome is somehow maintained throughout the lytic cycle even after the formation
of the RC or could be due to their association with PML bodies that somehow keep
their initial juxtaposition with the nuclear speckles.
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One of the most intriguing observations of this second part of the results resides
in the colocalization of VZV assemblons with the cellular PML bodies. This
phenomenon is meant to be quite unique among herpesviruses since most of them
have developed different ways to disrupt the PML bodies in the course of the
infection. The first and most characterized disruption of PML bodies by a viral
infection is probably the way ICPo from HSV-1, via its E3 ubiquitin ligase activity,
induces the proteasomal degradation of all PML isoforms leading to the degradation
of the sumoylated forms of SP100, promoting thereby viral gene expression (Everett
et al., 1998; Maul et al., 1993). Briefly, in 1993, ICP0 was shown to specifically and
transiently localize to PML bodies. Subsequently, HSV-1 genome itself has been
identified at this peculiar location (Ishov and Maul, 1996). Several mechanisms
leading to this association have been hypothesized but it is now generally admitted
that, upon entry, HSV-1 genome, in association with a specific set of viral and/or
cellular proteins, is able to recruit specific components of PML bodies, among which
some PML isoforms, inducing de novo PML bodies formation (Everett and Murray,
2005; Everett et al., 2004). This association is thought to represent an intrinsic
antiviral defence that HSV-1 overcomes through ICPo-mediated PML degradation
(Everett et al., 2008). This PML bodies-mediated repression is not sufficient to totally
impede the viral cycle progression, since ICPo deletion is not lethal for the virus but
is thought to represent a decisive step towards the lytic or the latent cycle (Everett
et al., 2006). During latency, the HSV-1 genome has been shown to be surrounded by
a shell of PML, which is disrupted upon reactivation, another clue for a role of PML
bodies-ICPo interaction on the fate of the viral infection (Catez et al., 2012; Everett et
al., 2007).

ICPo is conserved among alphaherpesviruses and its E3 ubiquitin ligase activity is
crucial for PML proteasome-mediated degradation. Nevertheless, whereas all
homologs, including the VZV one, that have been tested share, at least in vitro, this
E3 ubiquitin ligase activity, they differ in their ability to efficiently lead to the
degradation of PML and SP100 isoforms and ultimately provoke PML disruption
(Everett et al., 2010; Gaudreault and Jones, 2011; Kyratsous et al., 2009; Parkinson
and Everett, 2000). It is possible that the detailed mechanism through which PRV,
BoHV-1 and EHV-1 disrupt the PML bodies is slightly different from the one described
for HSV-1. The viral proteins leading to PML disruption in beta- and
gammaherpesviruses do not possess an E3 ubiquitin ligase activity, which indicates
that the means to counteract this intrinsic cellular defence are varied. Among
herpesviruses, only KSHV and VZV seem, at a first sight, not to lead to PML bodies
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disruption. In fact, when expressed alone, ORF61, the VZV ICPo homolog, , is able to
slightly decrease the SP100 level, but the amount of PML and SP100 remains quite
stable during the infection process (Kyratsous and Silverstein, 2009). Accordingly,
the PML bodies are maintained throughout the VZV lytic cycle even though their
number decreases, their size seems to increase and the labelling looks fainter and
surrounded by a halo (Kyratsous and Silverstein, 2009; Reichelt et al., 2011). The
silencing of SP100 was shown not to impact VZV infectivity while the silencing of
PML increased somewhat the viral titer at early time points as well as the growth
kinetic of infection foci (Kyratsous and Silverstein, 2009).

Surprisingly, all these characteristics represent hallmarks of another type of
nuclear replicating DNA viruses, the polyomaviruses (Erickson et al., 2012; Gasparovic
et al.,, 2009; Jiang et al., 2011; Shishido-Hara et al., 2004). Even though the
relationship between polyomaviruses and PML seems to be quite distinct for each
virus, one common property is that the PML bodies (at least the punctuate pattern
seen in immunofluorescence with anti-PML antibody) seem to be maintained in
infected nuclei. Neither JCV, nor SV40 seem to disrupt PML bodies, even though,
SV40 genome and T-antigen localize in these nuclear bodies (Gasparovic et al., 2009;
Ishov and Maul, 1996). BKV has been shown not to disrupt but to reorganize the
PML bodies, leading to a decrease in their number while their size increases. During
BKV infection, Sp100 and Daxx are relocated diffusely within the nucleus but their
protein level is unchanged (Jiang et al., 2011). Of important note, a dispersed signal
was also observed for Sp100 in VZV-infected cells (Kyratsous et al., 2009). In our
study, we found that the total amount of PML bodies decreases by two-fold in VZV-
infected cells at 24h post infection. At the ultrastructural level, we were able to
distinguish “classical” PML bodies in non-infected cells or cells infected at early
stages, whereas, at later time, we could only detect spherical arrangement of
capsids, that could potentially represent PML-bodies. We then can hypothesize that
VZV, as well, is dramatically reorganizing the PML bodies during the infection.

Another interesting analogy between what we observed with VZV and what has
been described for polyomaviruses resides in the observation that JCV minor and
major capsid proteins can be found in PML-bodies, not only in transfected cells, but
also in brain cells of patients with progressive multifocal leukoencephalopathy, a
pathology resulting from JCV infection (Shishido-Hara et al., 2004). PML bodies were
hypothesized in this case to constitute platforms for viral assembly. Papillomaviruses
represent another interesting example in which capsid proteins colocalize with PML
bodies. The HPV minor capsid E2 has been shown to relocalize the major capsid L1
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and the early protein E2 to PML bodies. The composition of the latter is modified by
the infection, with an accumulation of hDaxx but no more SP100 (Day et al., 1998;
Florin et al., 2002). Whether this association is beneficial for the virus or is simply a
consequence of the viral infection with no harms and no benefits is still to be
confirmed (Day et al., 2004; Narayanan et al., 2007).

Some VZV capsid aggregates entrapped in PML-cages have recently been
identified in the nucleus of infected cells (Reichelt et al., 2012; Reichelt et al., 2011),
which is believed to limit capsid egress to the cytoplasm. We first thought that the
structures described here represented earlier stages of this phenomenon. However,
when we silenced PML gene expression via shRNA technology, we still observed
eGFP-ORF23 intense fluorescent spots in confocal microscopy, as well as capsid
aggregates in TEM. The nuclear polyomavirus virus factories are also found in
association with PML bodies in infected cells but, as in our case, the depletion of
PML protein does not preclude their formation (Erickson et al., 2012).

As VZV assemblons form in absence of PML bodies, we wondered what was
leading to their association. It is conceivable that the formation of VZV assemblons
occurs independently of the presence of the PML bodies but that their enlargement
as infection progresses constitutes some sort of danger signal that induces de novo
PML bodies nucleation. This could explain the fact that the number of PML bodies
decreases with the infection and that the timing between VZV assemblons formation
seems to correlate with this decrease. Another possibility would be that VzVv
genome recruits PML constituents at its entry site in the nucleus, forming new PML-
like bodies (maybe without SP100 protein). Subsequent transcription and replication
phases would then occur in close association with these structures, as described for
other herpesviruses. It is possible that capsid assembly and DNA encapsidation
would also take place in this close vicinity. As no VZV protein is able to efficiently lead
to PML degradation or PML disruption, the newly assembled particles would then
progressively be entrapped in those PML bodies. The decreased number of PML
bodies would then represents the number of initially incoming genomes. However,
the timing of the decrease in not coherent with this hypothesis, since VZV IE proteins
are expressed as early as th to p.i. (Reichelt et al., 2009) and the PML bodies
recruitment followed by their disruption has been shown to occur in the first 2 hours
of infection and before the formation of prereplicative sites (Maul et al., 1993).
Precise kinetics experiments are particularly hard to set up with VZV due to its highly
cell-associated nature and we could not label in our experiments ORF29 together
with PML because both antibodies are from a rabbit origin. Interestingly, in its 2009
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publication, Reichelt showed that IE62 (HSV ICP4 homolog) foci thought to label
incoming genomes form at 1-2h p.i. but do not colocalize or seem juxtaposed with
PML bodies, as described for HSV, whereas some ORF61 foci colocalizing with PML
bodies were observed at this time (Reichelt et al., 2009). Whether ORF61 association
with PML bodies has an impact on VZV assemblons formation is unknown.

The major capsid protein, VZV ORF40, seems to localize within VZV assemblons
only from 16h p.i. which was of course not expected since they are supposed to
contain capsids. It is possible that the sensitivity of the antibody is too low to label
single capsids or that the antibody used is unable to detect ORF40 when assembled
within the capsid. The fact that ORF40 and PML labelling only overlap in large
assemblons is consistent with the TEM pictures showing that some assemblons
seem to contain two distinct areas, one of which displaying a spherical arrangement
of the capsids and could correspond to the PML positive area observed in confocal
microscopy. The lack of ORF40 labelling in the area positive for the PML staining
could originate from a poor accessibility of the capsids in this part of the assemblon
or from the presence of capsid only in the PML-positive area and a mix of capsids
and capsid proteins outside the PML-positive area. Interestingly, the same
phenomenon is observed with the localization of mDsRed-OR21 and mDsRed-ORF22
for which sensitivity or accessibility of the antibody cannot be evoked. It is possible
that the capsids outside the PML-positive area possess a tegument layer but not the
ones accumulating in the PML specific area. Another possibility is that no capsid
wouls display a layer of tegument but that ORF21 and ORF22 would have a role to
play in this specific part of the nucleus. Since C-capsids are more likely to be
tegumented than the other types, determining if is the proportion of the different
types of capsids differs between the PML-positive and the PML-negative area using
Immunoelelectron microscopy could help us to answer this question.

Our data show that only a proportion of VZV assemblons colocalizes with the PML
bodies and that the “PML-negative” ones seem to appear secondarily. If this
colocalization indeed corresponds to the PML-cages described by Reichelt, which we
think, we have to reconcile the “dynamic capsid aggregates concept” and role in
assembly that we have tried to demonstrate with the antiviral defence concept
(Reichelt et al., 2011). It is possible that the dynamic character of VZV assemblons is
different between PML-positive and PML-negative structures. We tried to answer
this question with the transfection of fluorescently-tagged-PML expressing vectors
followed by infection with fluorescent VZV. Unfortunately, this experiment proved
to be hard to set up. Indeed, we never managed to transfect HFF cells with the
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expression vectors and tranfection of MeWo cells was far from efficient (see figure
29). Furthermore the expression of tagged-PML was often leading to very large
structures quite different from the endogenous PML. To overcome this issue, we
generated a mCherry-SP100 and an eGFP-SP100 expression vectors but it leads to the
same inconclusive results. Another explanation that may conciliate Reichelt’data
with ours is that over the time, the dynamic capsid aggregates progressively freeze
by a progressive solidification of the PML-cage. Indeed, we performed all our
dynamic experiments between 16h to 24h p.i. whereas Reichelt observed their PML-
cages at 48h p.i. Lastly, one should note that the true sequestration of capsids they
described was only observed after the overexpression of PML-IV, an isoform that,
endogenously, is only expressed at low level. In other words, whereas the observed
association between VZV assemblons with endogenous PML truly impacts further
egress or represent simple colocalization remains to be proved.
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Viruses are obligatory parasites. They have developed many ways to subvert the
cellular machinery to their own benefit. A fine tuning between the cellular intrinsic
antiviral defence and the expression of the viral repertoire leading to virion
production and release is meant to be crucial for the outcome of the infection in the
host. Herpesviruses are slow evolving viruses, known to have co-evolved with their
hosts and possess a large genome. The complexity of their virion necessitates a
complex life cycle, not to mention that they all have the property to establish a
latent cycle besides the lytic one. The virus-host cells interactions governing the fate
of the infection are still largely unknown.

The nuclear architecture is completely remodelled upon herpesvirus infection that
induces the progressive formation of a huge compartment termed the Replication
compartment (RC). Many cellular and viral proteins have been shown to localize in
the RC, among which all the proteins necessary for the replication of the viral
genome, which is thought to occur at numerous specific spots present in this
compartment and proteins implicated in viral gene expression. It appeared later that
the optimal expression of viral late genes strongly relies on the formation of this RC
and recent data on HCMV indicate that the area where viral genomic replication
takes place might be restricted to the periphery of the RC. Of note, the single strand
DNA binding protein (VZV ORF29, HSV-1 ICP8) that has been extensively used to label
this nuclear compartment have been shown to play a role in viral late gene
expression. The RC is thought to form from smaller entities containing a specific set
of viral proteins and that have been called “prereplicative sites”. It is now known
that only in HSV-1, a specific subset of these prereplicative sites will develop into
mature RC and this specific subset is associated with the cellular PML bodies.
Proteins of viral and cellular origin have been shown to form colocalized, juxtaposed
or distinct foci in infected nuclei and accumulating evidences suggest that the RC is
much more compartmentalized than anticipated. Selected examples of this virus-
induced territorialisation of the nucleus as well as our suggested model for VZV are
presented below.

In 1997, Ishov et al. simultaneously labelled HCMV genome, HCMV IE mRNA and
two IE proteins in infected nuclei and suggested that upon entry, the genome
associates with two nuclear structures, the PML bodies and the nuclear speckles and
initiates the transcription program. Subsequently, IE72 localize to PML bodies, while
IE86 accumulates at the junction between PML bodies and nuclear speckles. This is
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thought to create an environment favouring IE gene transcription and export and is
followed by PML bodies dispersal induced by IE72 that concomitantly relocalizes to a
diffuse pattern. The subsequent formation of the replication compartment was
thought to initiate at these sites (figure 1).

oo viral DNA
(3E) ND10
. ND10
@ +ET2
/ .| ese
/
/ SC3s
/ domain
/ / o [E
/ cytoplasm / / nucleus ST transcripts

Figure 1. HCMV development and dissolution of the immediate transcript environment. Upon entry in the
nucleus, the viral genome will associate with PML bodies (ND10) and nuclear speckles (SC35 domain). After
the onset of IE gene expression, IE proteins are specifically recruited to this peculiar nuclear location. IE1
(IE72) will localize to PML bodies and subsequently disperse them whereas |E2 (IE86) wil occupy an area
partially overlapping with ND10/IE72 and the SC35 domain (adapted from Ishov et al., 1997).

In 2008, Livingston et al. proposed a model for HSV-1 RC formation (figure 2). In
this model, the first step corresponds to the accumulation of ICP4 on incoming HSV-1
genome which leads to the formation of PML bodies adjacent to ICP4 foci (Stage I).
The detailed transition from stage | to stage Il (figure 2B) would correspond to the
ICPo recruitment to and subsequent diruption of the PML bodies. The disruption of
the PML bodies is followed by the formation of the VICE domain, adjacent to the
genome-bound ICP4 foci. This complex recruits ICP8 leading to the formation of
microfoci (Stage II). The subsequent recruitment of replication proteins (fisrt the
helicase/primase trimeric complex pUL5/pUL8/pUL52 and the OBP pUL9, then the
DNA pol, pUL30/pUL42) gives rise to the prereplicative foci (stage Ill a and b). The
fusion of the prereplicative foci finally leads to the RC formation.
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A.
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Figure 2. Proposed model of HSV-1 replication compartment formation. (A) sequence of foci for-
mation from initial ICP4 juxtaposition to ND10 (stage I) to the mature RC (stage 4). (B) proposed
events sequence that leads to ICP8 microfoci formation (adapted from Livingston et al., 2008)

Such model have not been presented for VZV, mainly because precise kinetics
experiments are harder to set up leading to data sometimes difficult to interpret.
According to our data and data from the literature, especially a paper published by
Reichelt et al. in 2009, the likely sequence of event at early stages of infection is the
following. The first visible foci that are dectected are foci of IE61 (HSV-1 ICPO
homolog) and foci of IE62 (HV-1 ICP4), which emerge at distinct locations. IE61 foci
are colocalizing with the PML bodies, whereas ICP4 most likely are fixed on VZV
genome and consequently label their deposition site (figure 3, 2h p.i.). This
represents the first difference between HSV-1 and VZV since no close association of
incoming genome with PML is detected. Subsequently, IE61 foci progressively
evolves toward a diffuse nuclear signal and ORF29 (HSV-1 ICP8) expression becomes
visible as a diffuse signal (4h p.i.). The first ORF29 foci, likely corresponding to
prereplicative sites, appear at 6h p.i. juxtaposed to the IE62 signal. The formation of
nascent globular domains that will fuse forming the mature RC is evident starting
from 8h p.i. At that time, the first newly assembled capsids are produced and are
localized inside as well as oustide the globular domain. As seen by video imaging, at
that time, capsids are highly motile and seem to be able to move freely in the entire
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nuclear space. Some of them colocalize with PML bodies and we believe that,
somehow, the capsid assemby process induces de novo PML formation. At 12h p.i.,

6h p.i.

@ IE62(ICP4) @ORF29 (ICP8)
® PML bodies o capsid

® IE61 (ICPO)

B O PML body & ORF29
@ |E62 (ICP4) @ Nuclear speckles

O IE61(ICPO) @  capsid

Figure 3. Proposed model of nuclear remodelling upon VZV infection.
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while the RC enlarges, the first capsid aggregates appear, most of them in
association with the PML bodies, and a few capsids can be observed in cytoplasmic
areas. At 16h p.i., large VZV assemblons are present at the periphery of the RC that
now occupy almost the entire nucleus. Some of them strongly colocalize with PML
bodies and they are frequently juxtaposed to nuclear speckles. At later times, maybe
because the capsid assembly slows down, the assemblons also contain soluble
capsids and procapsids proteins. In VZV, no VICE domain formation is observed,
which is another difference with HSV-1. In HSV-1, the PML dispersal is necessary for
the VICE to form. It is then possible that the persistence of PML bodies in VZV-
infected cells precludes their formation.
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1. Construction of the BAC-VZVAGFP

The GFP cassette was removed from the BAC-VZV (kindly provided by Dr. Zhu) and
replaced by an ampicillin resistance gene via homologous recombination with the E.
coli strain DY380. Briefly, the DY380 bacteria containing the BAC-VZV were grown at
32°C to an O.D. of 0.6. The bacteria were then placed in a shaking waterbath at 42°C
for 15 minutes, cooled on ice for 5 minutes and made electrocompetent by 3
successive wash steps with ice-cold water. The final bacterial pellet was resuspended
in 50 pl of ice-cold 10% glycerol. The bacteria were electroporated in a BioRad Gene
pulser, at 1.75 kV, 200 Ohms, 25 puF with 50 ng of an ampicillin resistance cassette,
amplified by PCR using the pUC19 as template (table S1). Bacteria were plated on
ampicillin LB-agar and the correct recombinant analyzed by PCR and sequencing.

2. Construction of recombinant and mutant viruses

Viruses presenting one (or two) open reading frame(s) fused with fluorescent
protein encoding genes were constructed by modifying the BAC-VZV-AGFP. This was
achieved via homologous recombination using the SW102 bacterial strain and a galK
positive and negative selection cassette (Warming et al., 2005)

2.1. Generation of the targeting cassettes

The targeting cassettes were PCR-amplified with the specific set of primers and
template as described in supplemental Table 1. After cycling, the PCR products were
Dpnl-digested and purified after migration on a 1% agarose gel .

2.2. Generation of the recombinant BACs

The BAC-VZVAGFP was first transferred to SW102 bacterial strain by
electroporation. The galK cassettes were inserted into VZV genome as followed:
SW102 bacteria containing the target BAC were grown, temperature-induced and
made electrocompetent exactly as described above. Bacteria were electroporated
with 50 ng of the appropriate galK cassette and recovered with 1 ml of LB at 32°C for
1 hour. After two washes with Mg solution (37 mM, Na,HPO,, 22 mM KH,PO,, 19 mM
Nacl), bacteria were resuspended in 1 ml of M9 and 150 pl of them were plated onto
galactose containing minimal medium. Colony-PCR was used to select clones
containing the correct galK insertion. Positive clones were streaked onto galactose
containing McConkey agar plates and single bright red colonies were further
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analysed by restriction enzyme digestion of miniprep DNA. One or two clones were
then chosen for the next recombination step: the replacement of the galK
expressing cassette by a fluorescent protein encoding gene.

The galK positive SW102 clone selected at the first step was temperature-induced
and made electrocompetent as described above. lIdentical electroporation
conditions were used to transform the cells except that 200 ng of the galK
replacement cassette were used. After 1h of recovery and two washes with M9, 150
pl of bacteria were plated onto minimal medium containing glycerol as carbon
source and 2-deoxygalactose (Sigma-Aaldrich) to select against galK. Colony-PCR
using two different sets of primers was used to screen the clones. Clones positive for
both PCR were streaked on galactose-containing MacConkey agar plates and single
white colonies were cultured overnight in 20 mL of LB to extract BAC DNA.
Restriction digestion pattern was analyzed in details to confirm the correct
replacement of the galK cassette.

3. Cell culture

Human melanoma cell line (MeWo) (ATCC number HTB-65) and human primary
embryonic lung fibroblasts (MRC5) were cultured in Eagle’s minimal essential
medium supplemented with 1% of non-essential amino acids, 1% glutamine, 1%
antibiotic mix (penicillin-streptomycin) and 10% FBS (Fisher Scientifics, GIBCO).
Primary Human Foreskin Fibroblasts (HFF) were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 1% glutamine, 1% antibiotic mix (penicillin-
streptomycin) and 10% FBS (Fisher Scientifics, GIBCO). Human normal keratinocytes
immortalized by permanent TERT expression (N/TERT-1 cells) were obtained from Dr.
James Rheinwald (Harvard Skin Disease Research Center) and cultured according to
their protocol (available upon request at their cell culture facility).

4. Recombinant virus culture

To reconstitute recombinant viruses, 3 pg of the modified BACs per well of 6-well
plates were transfected into MeWo cells using 6 pl of JetPEI (PolyPlus transfection),
according to the manufacturer’s protocol. Three days later, the cells were
transferred to a 25 cm’® flask and passaged near confluence every 2-3 days until
typical infection foci appeared.

To infect HFF/MRC5/N/TERT-1 cells, strongly infected MeWo cells were trypsinized
and placed in contact with the cells for 20 minutes. The cells were then washed 3
times with PBS and placed back in the incubator with complete culture medium.
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5. Determination of viral growth

In order to determine the growth kinetics of the different viral recombinant
strains, infected MeWo cells were trypsinized on day o and the proportion of GFP
positive cells, corresponding to infected cells, was determined by FACS (BD Cantoll).
Four 25 cm’ flasks of MeWo cells for each viral strain were then infected via co-
culture with 200 or 500 infected cells (see figure legend). On day 1 to 4, one 25 cm®
flask for each virus was trypsinized and serially diluted (dilution range 1/36 to 1/1024,
performed in triplicates) on 24-well plates containing uninfected MeWo cells. Three
days post-seeding, the number of infection foci was recorded in every countable well
with an inverted fluorescence microscope. A second measure was carried out on the
following day in order to increase accuracy.

6. Western blotting

Protein samples were incubated with sodium dodecyl sulfate (SDS)-loading buffer
(125 mM Tris-HCl [pH 6.8], 4% SDS, 20% glycerol, 6% B-mercaptoethanol, 0.03%
bromophenol blue) and boiled for 3 min. Proteins were then separated by SDS-PAGE
and transferred onto a polyvinylidene difluoride membrane. Membranes were
blocked with 5% nonfat dry milk PBS-Tween and then incubated with anti-GFP
antibody (Roche, 1/500). After 3 washes, the membrane was incubated with the
appropriate secondary antibody and the proteins of interest were detected using
the Amersham ECL Western blotting detection reagents kit (GE Healthcare) and the
ImageQuant LAS4000 (GE Healthcare).

7. Immunofluorescence

Coverslips were washed with PBS, fixed for 30 minutes in 4% paraformaldehyde-
PBS, permeabilized in 0.1% Triton X100-PBS and blocked with 10% FBS-PBS. Coverslips
were then incubated for 1-2 hours with the primary antibody diluted in 10% FBS-PBS
as follows: mouse anti-beta-tubulin (1/500, Sigma), rabbit anti-PML (1/50, Santa Cruz),
mouse anti-ORF40 (1/50, Santa Cruz), rabbit anti-ORF29 (1/200, kind gift from Dr. R.
Cohrs), rabbit anti-ORF45/42 (1/200, kind gift from Dr. R. Visalli), rabbit anti-
ORF33/33.5 (1/50, kind gift from Dr. F. Rixon), rabbit anti-ORF23 (1/200, kind gift from
Dr. M. Sommer), mouse anti-V5 (1/500, Invitrogen), mouse anti-SC35 (1/500, Abcam),
After 3 washes in 5% FBS-PBS, coverslips were incubated for 1 hour with the
appropriate secondary antibody (coupled to Alexas568 or Alexa633, as described in
the figure legend) (Invitrogen) diluted 1/400 in 10% FBS-PBS. After washing and nuclei
staining with Hoechst33342 (Acros Organics) diluted 1/100000, coverslips were
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mounted on glass slides with mowiol. Images were recorded with an Olympus
FV1000 confocal inverted microscope using a 63x oil objective.

8. Live imaging

A Nikon A1R confocal microscope equipped with a motorized platform and a
chamber controlling the temperature, the humidity and the CO, level was used for all
live imaging experiments. For Fluorescence Recovery After Photobleaching (FRAP)
experiments, a region of interest (ROI) was bleached via 488-laser illumination for 45
seconds at the laser maximum intensity before recording images every 15 seconds.
For Fluorescence Loss in Photobleaching (FLIP), the ROI was first bleached for 1
minute before successive pictures acquisition (2 frames each time) followed by 5-
seconds photobleaching.

9. Generation of shPML-MeWo cell line

Retrovirus vectors allowing shPML expression were generated after the
transfection of phoenix-Ampho cells (ATCC #SD3443) with the pCKsuper-shPML
(kind gift from Dr. C. Kyratsous). The retrovirus vectors were used to transduce
MeWo cells that were selected with first 200 and then 500 pg/ml of hygromycin.

10. Electron microscopy

VZV eGFP-23p-infected wild-type MeWo cells and shPML-MeWo cells were washed
in Sérensen's buffer and fixed for 1.5 h at 4°C with 2.5% glutaraldehyde in a Sérensen
0.1 M phosphate buffer (pH 7.4) and post-fixed for 30 minutes with 2% osmium
tetroxide. After dehydration in graded ethanol, samples were embedded in Epon.
Ultrathin sections obtained with a Reichert Ultracut S ultramicrotome were
contrasted with uranyl acetate and lead citrate. Observations were made with a Jeol
JEM-1400 transmission electron microscope at 80 kV.

11. Correlative microscopy

MeWo cells grown in a 35mm glass-bottom dish were infected via cell contact for
48h with eGFP-ORF23 VZV, washed with PBS and fixed with 4% paraformaldehyde-
PBS. In order to reduce the surface of cells to be analyzed, most of the monolayer
was scraped off the dish to leave a central small area which was stained with
Hoechst (1/100000 for 5 minutes), washed 3 times with PBS and visualized by
confocal microscopy. An image Z-stack was recorded for each infection focus
present on the glass coverslip that was then unglued from the plastic dish via a 10
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seconds contact with methanol. The cells on the coverslip were fixed again for 1 h at
room temperature with 2.5% glutaraldehyde in a Sérensen 0.1 M phosphate buffer
(pH 7.4) and post-fixed for 30 minutes with 2% osmium tetroxide. After dehydration
in graded ethanol, samples were embedded in Epon. Serial ultrathin sections
obtained with a Reichert Ultracut S ultramicrotome were contrasted and observed
as described above. Ultrathin sections were carefully scrutinized and compared with
confocal images until a concordance was clearly assessed. Pictures of the chosen
area were then systematically recorded on all available sections.

12. Generation of PML and SP100 expressing vectors

The pDONR223-PML and the pDONR223-SP100 were obtained in the human
ORFeome 5.1 bank. LR reaction with pCS-DEST-mCherry or pCS-DEST-eGFP were
performed overnight at room tempeture with 150ng of entry clone and 150ng of
destination vector, 1 pl of LRIl clonase mix (invitrogen) in a total volume of 10 pl. One
ul of proteinase K was added to the LR reaction that was place one hour at 37°C. The
reaction mix was dialysed for th and then electroporated in electrocompetent
DH10B.

13. Cell transfection

MeWo cells were transfected with 1ug of eGFP-PML or mCherry-PML expression
vectors with lipofectamine according to the manufacturer’s protocol (invitrogen).
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