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"Somewhere, something incredible is waiting to be known."
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Abstract

Varicella-Zoster virus ORF9p: role in viral envelopment and cell-cell
fusion

Varicella-Zoster virus is a double-stranded DNA virus belonging to the
Herpesviridae family. Its genome encodes 72 ORFs among which ORF9p, the
most expressed protein during the lytic cycle of the virus.
Previous work in our laboratory showed that ORF9p plays a role in viral
envelopment and that it may interact with the cellular Adaptor Protein-1
(AP-1) complex to do so.
The aim of this work was to better characterize the role of ORF9p during sec-
ondary envelopment and to understand the importance of the ORF9p/AP-1
interaction in this process.
First, we confirmed the ORF9p/AP-1 interaction in an infection context and
identified the residue leucine 231 of ORF9p as critical for this interaction.
We showed that alanine substitution of this residue led to a mislocaliza-
tion of ORF9p in infected cells as well as a strong replication defect of
the virus. Then, we showed that the L231A mutation was also associated
with a lack of cell-cell fusion usually seen upon infection by the Wild-type
virus. Moreover, naturally occurring compensatory mutations in the coding
sequences of gE and/or gH not only restored the fusion phenotype, but
also increased cell-cell fusion compared to the Wild-type virus. We have
also demonstrated that ORF9p favored the formation of glycoproteins com-
plexes around gE and gH and that the ORF9p L231A mutation destabilized
these complexes. Finally, we propose a model explaining the potential role
of ORF9p in secondary envelopment of VZV as well as in the cell-cell fusion
process.





Résumé

Varicella-Zoster virus ORF9p: role in viral envelopment and cell-cell
fusion

Le virus de la Varicelle et du Zona est un virus à ADN double brin appar-
tenant à la famille des Herpesviridae. Son génome encode 72 protéines parmi
lesquelles ORF9p, protéine la plus abondamment exprimée au cours du
cycle lytique du virus.
Différents travaux réalisés précédemment dans notre laboratoire ont dé-
montré qu’ORF9p jouait un rôle dans le processus d’enveloppement du
virus et que, pour ce faire, elle pourrait interagir avec le complexe cellulaire
AP-1.
L’objectif de ce travail était de caractériser plus en profondeur le rôle de
la protéine ORF9p au cours de l’enveloppement secondaire du virus et de
déterminer l’importance de l’interaction ORF9p/AP-1 dans ce processus.
Premièrement, nous avons confirmé l’interaction ORF9p/AP-1 dans un con-
texte d’infection et identifié le résidu leucine 231 d’ORF9p comme critique
pour cette interaction. Nous avons montré que la mutation de ce résidu
entraîne une mauvaise localisation d’ORF9p au sein des cellules infectées
ainsi qu’un grave défaut de réplication du virus muté. Par la suite, nous
avons montré que la substitution de la leucine 231 d’ORF9p par une alanine
est également associée à une perte de fusion cellule-cellule normalement
observée au cours d’une infection par le virus sauvage. Ensuite, nous avons
observé que des mutations compensatoires apparaissent dans les séquences
codant pour les glycoprotéines gE et/ou gH et que ces mutations non
seulement restaurent le phénotype de fusion, mais entraînent également
une fusion plus importante qu’observée avec un virus sauvage. De plus,
nous avons montré que la protéine ORF9p permettait la formation de com-
plexes de glycoprotéines autour de gE et gH et que ces complexes étaient
perturbés par la mutation L231A d’ORF9p. Finalement, nous proposons
un modèle expliquant le rôle que pourrait jouer ORF9p dans le processus
d’enveloppement secondaire du VZV ainsi que dans le processus de fusion
intercellulaire.
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1 Introduction
1.1 The order Herpesvirales

1.1.1 Classification

The Herpesvirales is an order of double-stranded DNA (dsDNA) viruses
infecting animals. The hallmark of herpesviruses is their ability to establish
lifelong latent infections. This order can be divided in three families (Figure
1.1):

1.1.1.1 Malacoherpesviridae

This family is composed of only two species, Haliotid herpesvirus 1 and
Ostreid herpesvirus 1, which are the only known herpesviruses species with
an invertebrate host [175].

1.1.1.2 Alloherpesviridae

This family englobes thirteen species of herpesviruses infecting fishes and
amphibia [175].

1.1.1.3 Herpesviridae

With 107 species, it is by far the largest family. It regroups herpesviruses
infecting reptiles, birds, and mammals. This family can be further divided
in three subfamilies, differing by the size and structure of the genome, the
speed of replication, the host range, and the cell type in which the latent
infection is established [175]:

Alphaherpesvirinae

Some genes homologous to those found in HSV-1, contained in the unique
short region of the genome and flanking internal and terminal repeats, are
characteristic of the subfamily [175]. These viruses can infect a broad host
range, have a relatively short reproductive cycle, rapid spread in culture
and the capacity to establish a latent infection in sensory ganglia [348].

The most studied viruses in this subfamily are the human Herpes Simplex
virus type 1 and 2 (HSV-1, HSV-2) and Varicella-Zoster virus (VZV) or the
animal Pseudorabies virus (PRV) and Marek’s disease virus (MDV).
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Betaherpesvirinae

Genes corresponding to the Human Cytomegalovirus us22 family are char-
acteristic of the subfamily [175]. Most members of this subfamily can infect
a restricted host range, have a long reproductive cycle, and the cells that
they infect frequently become enlarged (cytomegalia). These viruses can
establish latency in lymphoreticular cells, in secretory glands, kidneys, and
other tissues [348].

Well known members of this subfamily are the Human Cytomegalovirus
(HCMV) and the Human Roseoloviruses type 6 and 7 (HHV-6 and HHV-7).

Gammaherpesvirinae

Certain genes may be unique to the members of the subfamily, such as
bnrf-1, btrf-1, and brlf-1 of EBV [175]. Viruses in this group show limited
host range, infecting specifically either T or B lymphocytes, but exceptions
may occur. They establish latency in lymphoid tissues [348].

The Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus
(KSHV) are two human herpesviruses belonging to this subfamily.

1.1.2 Morphology

Herpesviruses are spherical viruses measuring approximately 200 nm and
are constituted by four structural elements: the core, the capsid, the tegu-
ment, and the envelope (Figure 1.2B). The core is formed by a single copy
of a linear dsDNA molecule tightly packed into the capsid. The capsid
is an icosahedral structure of around 125 nm in diameter constituted by
162 capsomers, 12 of which are pentons made of five copies of the Major
Capsid Protein (MCP) and 150 of which are hexons composed by six copies
of the MCP in addition to the Small Capsid Protein (SCP). The capsomers
are joined together via triplexes consisting of two viral proteins in a 2:1
ratio (Figure 1.2A). The capsid is then surrounded by a proteinaceous layer
called the tegument containing both viral and cellular proteins. The tegu-
ment is poorly structurally defined but can be divided into inner and outer
tegument depending on the association of its components with the cap-
sid, giving the inner layer an icosahedral aspect. Finally, a lipid envelope
containing the viral glycoproteins surrounds the viral particles [72].

The protein composition of the tegument as well as the envelope varies
widely across the Herpesviridae family: in HSV-1, eight capsid and capsid-
associated proteins, 13 viral glycoproteins and 23 potential tegument pro-
teins as well as 49 distinct host proteins were identified by mass spectrome-
try analysis of virions [245]. In HCMV, 71 viral and more than 70 cellular
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Figure 1.1: Herpesvirales classification. The Herpesvirales are double-stranded
DNA viruses infecting animals. The order can be subdivided in three families
depending on the infected host as well as DNA features. The branching shows

relations between the viruses, not evolutionary distances. Figure from [319].

proteins were detected. In KSHV, 21 host proteins were found in addition
to the 24 viral proteins [418, 455, 263].

1.2 Varicella-Zoster virus (VZV)

1.2.1 Epidemiology

Varicella-Zoster virus is a highly contagious herpesvirus causing both vari-
cella (chickenpox) and herpes zoster (shingles). Contamination occurs by
inhalation of saliva droplets dispersed by subjects with acute infection or by
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Figure 1.2: Herpesvirus morphology. A) Reconstruction of a HSV-1 capsid gener-
ated from cryo-electron microscope images. Hexons are shown in blue, pentons in
red, and triplexes in green. B) Schematic representation of a Herpesvirus particle.
G: genome, C: capsid, T: tegument, E: envelope. Distances are in nm. C) Photo
of a Herpesvirus particle taken with a transmission electron microscope. Figure

adapted from [175].

direct contact with viral particles present in high amount in vesicular fluid
within skin lesions [118]. VZV is present worldwide, and most people are
seropositive by mid-adulthood. Geographic variation in the age of infection
is usually observed. In the pre-vaccination era, more than 90% of infections
occurred before adolescence and less than 5% of adults remained suscep-
tible in temperate countries. In tropical regions, VZV infection generally
occurs at older ages resulting in higher susceptibility among young adults.
The reasons accounting for these differences are poorly understood but may
lie in the properties of the virus, climate, or population density [432].

According to the World Health Organization (WHO), the global annual
varicella disease burden in the pre-vaccine era was estimated to include 4.2
million severe complications leading to hospitalization and 4 200 deaths.
In the same era, the case fatality rates for varicella were approximately 3
per 100 000 cases [432]. In the United States of America, in the 1990s, an
average of 4 million people got chickenpox, 10 500 to 13 000 of which were
hospitalized, and 100 to 150 of them died each year. Since a vaccine became
available in 1995 and universal varicella vaccination was introduced, it is
estimated that, each year, 3.5 million cases of varicella, 9 000 hospitalizations,
and 100 deaths are prevented [51]. In Europe, the annual number of varicella
cases in each country is close to the countrys birth cohort, with 52 to 78%
of the cases occurring in children under six years old and 89 to 95.9% of
the cases before 12 years old. In 2015, only eight European countries were
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recommending universal varicella vaccination for children at the national
or regional level and seventeen countries recommended vaccination for risk
groups only [102].

1.2.2 Pathogenesis

1.2.2.1 Varicella

VZV enters the body via the upper respiratory tract where a local replication
occurs in epithelial cells and in the tonsils, where T-cells are infected [221,
13]. This process leads to a cell-associated viremia about four to six days
after the initial infection (Figure 1.3, left) [141]. During this primary viremia,
the virus is disseminated to reticuloendothelial tissues, including liver
and spleen, where it further multiplies [118]. VZV is then transported to
the skin and mucous membranes with a second viremic phase occurring
about 14 days after infection. The characteristic skin rash shows up about
two weeks (10 to 21 days) after infection. This exanthema involves princi-
pally the trunk, where small pruritic maculopapular vesicles appear before
spreading to the neck and limbs. After 12 to 72 hours, the macules turn into
pustules that often break down giving rise to scabs. VZV is transmissible 24
to 48 hours before the appearance of the rash, which is often preceded by
other symptoms such as nausea, loss of appetite, fever, and headache [118,
141].

Figure 1.3: Varicella-Zoster virus replication cycle. VZV infection occurs via the
upper respiratory tract. The virus then spreads and reaches the tonsils where it
infects T cells. These T cells transport the virus to the skin and mucous mem-
branes. After the primary infection, VZV establishes latency in sensory ganglia.
Reactivation from latency allows the virus to cause a second infection in the skin.
The lesions associated with this new infection are usually restricted to the der-
matome innervated by the ganglion where the reactivation occurs. Figure adapted

from [450].
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Varicella usually heals in one to two weeks. Complications are rare in
immunocompetent children but are more frequent in immunodeficient
patients. The most recurrent complications are bacterial superinfection of
the pustules, laryngitis, pneumonia, and neurological problems [118]. VZV
infection can have terrible consequences if it is contracted during pregnancy.
Indeed, VZV can be transmitted to the fetus causing congenital varicella
syndrome. Although its incidence is exceptionally low, it is associated with
symptoms including skin lesions, neurological defects, limb hypoplasia,
or skeletal anomalies [5]. Fetuses exposed to VZV after the fifth month in
utero may develop asymptomatic chickenpox and zoster early in life. If
the mother develops varicella close to delivery, the newborn can exhibit a
serious form of varicella with mortality rates close to 30% [118].

After primary infection causing varicella, VZV becomes latent in sensory
neurons, mainly in the trigeminal ganglia (Figure 1.3, center) [131, 199].
Contrary to what has long been believed, VZV reactivations are numer-
ous but are mainly subclinical [118]. The frequent viral replication and
subsequent production of antigens stimulate the immune memory and so,
attenuate reactivation. When cell-mediated immunity against VZV declines,
usually with age or in immunocompromised individuals, the virus reacti-
vates from latency to cause a symptomatic infection termed zoster (Figure
1.3, right) [118].

1.2.2.2 Zoster

Around 10 to 20% of people who contracted varicella are susceptible to
develop zoster, with the likelihood increasing over 50 years old [118]. VZV
reactivation usually occurs in a single sensory ganglion and the virus is then
driven back to the dermis and epidermis, where the virus replicates and
causes a vesicular rash (Figure 1.3, right). Since reactivation mainly arises in
a single ganglion, the rash is usually restricted to a single dermatome [118].
Skin lesions usually disappear after two weeks, but the pain associated with
zoster usually takes 4 to 6 weeks to vanish. Unfortunately, some patients
will develop chronic pain after VZV reactivation. This chronic pain, termed
post-herpetic neuralgia (PHN), can persist from three months to even years
after resolution of the rash [118, 131, 11]. Post-herpetic neuralgia results
from damage to peripheral and central neurons, and may be a byproduct of
the inflammatory response associated with VZV reactivation [248].

1.2.3 Genome

The first fully sequenced and characterized Alphaherpesvirus genome was
the one from VZV, by Davison and Scott in 1986 [74]. The structure of the
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genome is similar in all Alphaherpesviruses and is composed of two unique
segments designated Unique Long and Unique Short (UL and US, respec-
tively) (Figure 1.4). These two unique regions are flanked by repeats of
different length that are termed Internal Repeats (IR) and Terminal Repeats
(TR) [25]. Four different genome arrangements can exist differing in the
relative orientation of the UL and US segments. In VZV virions, whereas
the US orientation is present in a 50%-50% repartition, one orientation of
the UL segment is present in approximately 95% of the genomes and the
other in only 5%. This overrepresentation of one orientation for UL might
be a consequence of the shorter repeats flanking it, that would reduce the
frequency of homologous recombination between the repeats [25]. Finally,
the genome possesses an unpaired C residue at the 3’ end of UL and an un-
paired G residue at the 3’ end of US. These unpaired residues are important
for circularization during genome replication [25, 74].

Figure 1.4: HSV and VZV genomes structure. Alphaherpesviruses genome struc-
ture consists of two unique regions (UL and US) flanked by repeated regions either

internal (IR) or terminal (TR). ORI: origin of replication. Adapted from [201].

The genome of VZV is the smallest genome of human herpesviruses and is
composed of 124 884 bp. UL and US are respectively 104 836 bp and 5 232 bp
while TRL and IRL are 88 bp, and TRS and IRS are 7 319 bp [74]. VZV also
has an overall lower G+C content compared to HSV (46% vs 68% respec-
tively) [25]. Interestingly, Herpesviruses genomes have significantly higher
G+C content in the inverted repeats compared to the unique segments. In
VZV, this G+C content is about 44% and 43% in UL and US while it is ap-
proximately 68% in TRL and IRL, and 59% in TRS and IRS [74]. Furthermore,
the genome of VZV contains five reiterations of short G+C-rich sequences:
R1 located in orf11, R2 in orf14 (gC), R3 in orf22, R4 between orf62 and the
origin of viral replication, and R5 between orf60 and orf61. The length of the
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repeated regions varies among different VZV strains and has been used to
distinguish the strains [61].

From the DNA sequence they obtained, Davison and Scott predicted the
presence of 71 open reading frames (ORFs) coding for proteins1 [74]. Three
ORFs are in repeated regions flanking US and are thus present in two copies:
orf62/71, orf63/70, and orf64/69 [73]. The VZV genome encodes 41 core
genes that are conserved in all Herpesviruses. Some of these genes will be
discussed in the coming sections.
Although most VZV genes have homologues in HSV-1 and HSV-2, six ORFs
are exclusive to VZV (orf1, orf2, orf13, orf32, orf57 and orfS/L). On the other
hand, seven genes are encoded by HSV, but not VZV (ul45, ul56, us2, us5,
us6, us11, and us12) [61].

1.3 Alphaherpesviruses replication cycle

HSV-1 and PRV are the most studied alphaherpesviruses. HSV-1 is the
model virus of the subfamily and the envelopment process of PRV has
been thoroughly characterized. Thus, most information described hereafter
comes from HSV-1 or PRV studies. As most VZV proteins have homologs
in HSV-1 or PRV, some details of their replication cycle can be extended to
VZV.

1.3.1 Viral entry

Herpesviruses entry into their host cells is a complex mechanism involving
two major steps: attachment to the cell surface and binding to specific
receptors, and fusion of the viral envelope with cellular membranes (Figure
1.5A) [20].

Tethering of the virion to the cell surface requires the interaction of viral
glycoproteins with specific cell receptors. Heparan sulfate proteoglycans
(HSPGs) have been identified as important for virion attachment. In HSV-1,
gC, and to a lesser extent gB, were shown to bind HSPGs [162, 163]. Interac-
tion of either gC or gB with HSPGs is a relatively nonspecific process based
on charge interactions between the highly negatively charged heparan sul-
fate and positively charged amino acids residues on gC or gB. While these
interactions are useful to concentrate the viral particle at the cell surface,
it is not sufficient to trigger its entry [20]. Other interactions between the
viral particle and the host cell are thus required for successful entry of the

1To see the function of VZV proteins and their homologs in HSV-1, please refer to the
sheet attached to this thesis or to appendix A.
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virion. The glycoprotein gD, which is conserved and essential in most alpha-
herpesviruses, has been shown to be important for the entry process [46].
In HSV-1 and HSV-2, four gD receptors have been identified: HVEM, a
member of the tumor necrosis factor receptor family; the immunoglobulins
nectin-1 and nectin-2; and a sulfated form of heparan sulfate (3-O-sulfated
heparan sulfate, 3-O-HS) [20, 126, 269, 372, 424]. HVEM was the first gD
receptor identified and is expressed on the surface of T and B lymphocytes,
epithelial cells, and fibroblasts present in human tissues of the lung, liver,
and kidney [20, 269, 378]. Nectin-1 is expressed in virtually all human
tissues and is used by both HSV-1 and HSV-2 while nectin-2, also expressed
broadly in human tissues, is considered as a weak receptor for HSV-2 and
inactive for HSV-1 [20, 379, 241, 47, 217]. Both nectin-1 and nectin-2, as well
as the poliovirus receptor CD155, have been shown to mediate the entry
of PRV using gD [20, 126, 424]. The last type of gD receptor, 3-O-HS, is a
highly sulfated form of heparan sulfate and has been shown to allow the
entry of HSV-1 upon interaction with gD [20, 372, 371].

In the case of VZV, attachment of the virions to the cell surface also oc-
curs via heparan sulfate proteoglycans (HSPGs). Indeed, treatment with
heparin prevented cell infection with VZV in a concentration-dependent
manner [459] and gB has been shown to interact with HSPGs [180]. As VZV
does not possess a gD homolog, one or several other glycoproteins and other
cellular receptors are needed. Thus far, no unique receptor specific for VZV
has been identified, but it has been shown that treatment with mannose-6-
phosphate (Man6P) could prevent infection of cells by cell-free VZV [459,
54]. Furthermore, depletion of the mannose-6-phosphate receptor (M6PRci)
prevented infection by cell-free, but not cell-associated VZV in five different
cell lines [54]. This directly suggests a role for M6PRci in the entry of VZV
into host cells. The M6PRci is a multifunctional receptor and is essential
for normal cell function [128]. Its main task is to deliver newly synthesized
acid hydrolases from the trans-Golgi network (TGN) to the endosomes for
their subsequent transfer to lysosomes [128]. It has also been shown to be
implicated in the internalization of several ligands from the cell surface to
endosomes [128]. At the cell surface, the M6PRci is almost exclusively found
in clathrin-coated pits [40, 215] and it has been suggested to participate in
the entry of HSV via an endocytic pathway [40]. Although at least four
VZV glycoproteins have been shown to contain Man6P residues [54], to our
knowledge, none of them have yet been shown to interact with M6PRci.
Other cellular proteins could be involved in the process of VZV entry: in-
sulin degrading enzyme (IDE) has been shown to interact with VZV gE, and
downregulation of IDE results in 25-75% reduction of VZV infection and
cell-to-cell spread [238]. IDE seems to play a role in VZV entry rather than in
attachment of the virions to the cell surface [237]. Its interaction with gE has
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Figure 1.5: Herpesvirus entry. A) Two main steps are involved in Herpesviruses
entry: tethering to the cell surface and fusion of the viral envelope with the cell
membrane. B) Depending on the cell type infected, the viral envelope fuses directly
with the cell membrane or with the membrane of an endocytic vesicle. Figure

from [65].

been shown to induce a conformational change and a size modification in
gE that enhances the stability and infectivity of the virus [237]. Furthermore,
deletion of the IDE-binding domain of gE leads to an accumulation of gE at
the cell surface and the cell-cell junctions, demonstrating its importance for
membrane fusion, syncytia formation and cell-to-cell spread [237]. More-
over, the interaction between gE and IDE may explain the tropism of VZV
for a broad range of cell types because IDE is ubiquitously expressed [238].
In addition, Suenaga et al., identified myelin-associated glycoprotein (MAG)
as a potential receptor allowing entry of VZV in neural cells [390]. They
showed that VZV gB could bind to MAG and that this interaction promotes
cell-cell fusion when expressed with gH/gL [390]. The same team later
demonstrated that sialic acids residues on VZV gB were required for MAG
association and induction of cell-cell fusion [392]. Sialic acids residues on
VZV gB have recently been shown to promote entry of VZV in hematopoi-
etic cells [391, 393]. Indeed, gB can interact with Siglec-7, a member of the
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sialic acid immunoglobulin-like lectin (Siglec) family of immune regulatory
receptors, mainly expressed on hematopoietic cells [391]. The Siglec-7/gB
interaction is dependent on the sialic acid residues on gB and is required to
induce membrane fusion [391].

Once the viral particle is attached to the cell surface, the viral envelope must
fuse with either the plasma membrane or the membrane from endocytic
vesicles (Figure 1.5B). The pathway of entry seems to vary upon the cell type
to be infected: HSV-1 has been shown to enter Vero cells by direct fusion at
the plasma membrane [123] while it enters HeLa or CHO cells via a low-pH
endocytic pathway [286]. On the contrary, PRV has been shown to use a
low-pH endocytic route to enter PK15 and Vero cells [266]. Regarding VZV,
clathrin-dependent endocytosis is required for infection of HELF, MeWo
and U373MG cell lines [149]. The reason for the existence of different entry
routes is not clear, but it has been suggested that the endocytic pathway
could be used to overcome the barrier formed by the subplasmalemmal
cortical filament network in some cell types [377]. The mechanism of fusion
triggered by Herpesviruses glycoproteins will be discussed in more details
further in this thesis.

1.3.2 Capsid delivery to the nucleus

Upon viral envelope fusion with the cellular membrane, the capsid is re-
leased and most of the tegument proteins dissociate from the incoming
virions [3]. The capsid must then reach the nucleus to deliver the viral
genome for its transcription and replication. This translocation of capsids
towards the nucleus is not possible by diffusion alone. This is especially true
to cover long distances in the axon in the case of infection of nervous cells.
Indeed, it was calculated that HSV capsids would need 231 years to travel
1 cm in the axonal cytoplasm in the absence of an active transport mech-
anism [377]. It has been shown that herpesvirus capsids travel from the
cell periphery to the nucleus along microtubules [86]. The inner tegument
proteins of HSV-1, including pUL36 and some pUL37, remained associated
with the capsid during the transit to the nucleus [3] and PRV pUL36 has
been co-immunoprecipitated with dynein and dynactin, suggesting a direct
role for pUL36 in motor recruitment for capsids transport [448]. The func-
tion of pUL36 and pUL37 in capsid transport will be further detailed in the
coming sections.

Once arrived near the nucleus, the capsid docks to the nuclear pore to de-
liver the viral DNA. In HSV-1, at least two viral proteins, pUL25 and pUL36,
were shown to interact with components of the nuclear pore complex [316,
66]. This docking at the nuclear pore is necessary for DNA uncoating [297]
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because it triggers the proteolytic cleavage of pUL36 which leads to DNA
ejection [190].

1.3.3 Gene expression cascade

Transcription of Herpesviruses genome is performed following a sequen-
tially regulated and ordered cascade in which viral genes can be divided in
three classes: Immediate-Early (IE), Early (E), and Late (L) genes [169].

1.3.3.1 Immediate-Early genes (IE)

Immediate-early genes are the first to be expressed in newly infected cells.
They are synthesized at highest rates between three to four hours post-
infection [169]. Their expression relies only on cellular components such
as the RNA polymerase II. The IE transcripts encode regulatory proteins
that are carried back into the nucleus where they serve to regulate IE genes
transcription and up-regulate the transcription of Early genes [142].

VZV encodes at least four IE proteins regulating viral transcription, three of
which (IE4, IE62 and IE63) are in the tegument of virions and one (ORF61)
is not present in virions [1, 203, 204].
IE4 is essential for VZV replication and can regulate gene expression alone
or in combination with IE62 [361, 76].
ORF61p is synthesized very early post-infection [337] and can trans-activate
promoters of all three classes of genes [271, 423]. Interestingly, in Vero cells,
ORF61p seems to inhibit the transactivation mediated by IE4 and IE62 on
all classes of VZV promoters [277].
IE62 is a phosphoprotein and the major trans-activator of VZV genes and
thus, is essential for viral replication [204, 361]. IE62 can regulate the ex-
pression of all classes of genes as well as of its own promoter [320, 174].
It can interact with IE4 and IE63 and both these interactions modulate its
trans-activation [381, 247].
IE63 has been shown to be heavily expressed during latency, especially in
neurons [75]. In co-transfections studies, it was shown to repress the expres-
sion of IE62 and to promote the activation of thymidine kinase, suggesting
a role for IE63 in the repression of IE genes as well as in the activation of
Early genes [178].

1.3.3.2 Early genes (E)

The Early genes are most expressed between five to seven hours post-
infection [142]. They mainly encode proteins involved in DNA replication
and nucleic acid metabolism, such as the VZV DNA polymerase composed
of two subunits (ORF16p + ORF28p), the ribonucleotide reductase (ORF18p
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+ ORF19p), the viral thymidine kinase (ORF36p), the two DNA binding
proteins (ORF29p + ORF51p), the two viral Ser/Thr kinases (ORF47p +
ORF66p), the viral dUTPase (ORF8p), the thymidylate synthetase (ORF13p),
the protease (ORF33p), the DNAse (ORF48p), the helicase/primase complex
(ORF52p + ORF55p) and the uracil-DNA glycosylase (ORF59p) [61].

1.3.3.3 Late genes (L)

The Late genes are synthesized at increasing rates until at least twelve
hours post-infection [142]. They encode structural proteins and require
the expression of IE and E genes for their transcription. At first, their
expression was thought to depend on viral DNA synthesis, but this concept
was modified after the observation that some Late genes can be transcribed
relatively early in infection, before the synthesis of new viral DNA [142].
The group of genes with properties intermediary between Early and Late
genes has been classified as Early-Late genes while the group of Late genes
transcribed after viral DNA synthesis has been called True-Late [142].

The VZV major capsid protein (ORF40p), the scaffold protein (ORF33.5p)
which serves in nucleocapsid assembly, the portal protein (ORF54p) which
allows viral DNA packaging into the capsid, and most VZV glycoproteins
are examples of Late proteins [1].

1.3.4 Genome replication

Viral DNA synthesis begins rapidly after infection and shortly after the
appearance of the Early proteins [233]. First, the DNA molecule is con-
verted into a circular form by direct end-to-end ligation mediated by the
cellular DNA ligase IV [274, 388]. The DNA synthesis starts at an origin of
replication (ORI). In HSV, three origins of replication have been identified:
one ORIL in the middle of the UL segment, and two ORIS in the repeated
regions flanking the US segment [386, 154]. VZV lacks an ORIL but does
have two ORIS in a position equivalent to that of HSV-1 (Figure 1.4) [154,
387]. DNA synthesis starts bidirectionally at an origin of replication to form
a theta structure. It then switches to a rolling circle mode, which generates
numerous copies of the genome that are cleaved and packed in the capsid
as they are produced [154, 233].

Seven HSV-1 genes have been identified as necessary for DNA replica-
tion: ul9, ul29, ul5, ul8, ul52, ul30 and ul42 (Figure 1.6) [154, 188, 457, 258,
433]. The first viral protein to intervene is pUL9, which, after homod-
imerization, binds the origin of replication [154, 306]. pUL9 contains both
an ATP-binding motif and a helicase motif, and plays a role in DNA un-
winding [135, 37]. pUL9 is stimulated by pUL29 (ICP8), a single-strand
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DNA-binding protein, which increases the rate and extent of the helicase
activity of pUL9 [154, 36].

Figure 1.6: Schematic representation of HSV-1 replication machinery. A) Repli-
cation fork of HSV-1. B) A replication loop is formed for coupled leading- and

lagging-strand synthesis. Figure adapted from [31].

After initiation, the primase/helicase complex formed by pUL5, pUL8 and
pUL52 is recruited to the replication fork probably by interaction with
ICP8 [103]. The pUL5 subunit was shown to contain seven conserved motifs
found in members of helicase superfamily I [134, 133] and mutations in
these conserved motifs result in viral replication defect and impairement
of the helicase but not primase activity in vitro [138, 457]. On the other
hand, pUL52 contains a conserved DXD motif, which is found in DNA
primases. Mutation of this motif abolishes primase but not helicase activity
in vitro [205]. While pUL5 seems to be the helicase subunit and pUL52
the primase subunit, the integrity of the pUL5/pUL8/pUL52 complex is
required for its function [55]. The exact function of the pUL8 subunit is
not known, but it is necessary for the function of the complex and has
been shown to increase the rate of pUL5/pUL52 primer synthesis [403,
369]. Furthermore, pUL8 has been shown to interact with both ICP8 and
the catalytic subunit of the viral DNA polymerase, suggesting its role in
keeping the replisome intact [103, 253]. The last essential component of
the replication machinery is the viral DNA polymerase, composed of the
catalytic (pUL30) and processivity (pUL42) subunits [129, 332, 136]. The
viral polymerase has an architecture closely resembling that of other alpha
polymerases despite being at least 300 amino acids longer and having a low
sequence homology [243]. pUL30 also shows a 3’-5’-exonuclease activity,
which serves as a proofreading activity to ensure high fidelity during DNA
replication. In addition to its exonuclease activity, pUL30 possesses a RNase
H activity that probably serves to remove the RNA primers that initiates the
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synthesis of Okazaki fragments [243]. The pUL42 protein, with its dsDNA-
binding activity, increases the polymerase activity by tethering pUL30 to
the DNA molecule [233, 243, 336].

Apart from these seven essential proteins, a set of auxiliary proteins have
been identified. These proteins, although non-essential in cell culture, ap-
pear to be crucial for infectivity in animal models. These include thymidine
kinase, ribonucleotide reductase, alkaline endo-exo-nuclease, deoxyuridine
triphosphatase and uracil N-glycosylase. In addition to these viral proteins,
some cellular proteins such as DNA ligase and topoisomerases play a role
in viral DNA replication [154].

1.3.5 Capsid assembly and genome encapsidation

Once the viral genome has been synthesized, it must be packed into the
nucleocapsid to form a new viral particle. As already mentioned above,
Herpesvirus capsids are composed of 162 capsomers forming an icosahe-
dron. One of the capsid vertex is occupied by the portal complex, which
is a dodecamer of the pUL6 protein forming a ring structure allowing the
passage of the genome in or out of the capsid [283, 67, 284]. The capsomers
are linked together by 320 triplexes, each formed by two copies of pUL18
and one copy of pUL38 (Figure 1.7) [283, 67, 299]. In addition, the tip of each
pUL19 protein in the hexons is decorated with one copy of the small capsid
protein pUL35 [67]. Finally, pUL17 and pUL25 are forming a heterodimer
found in five copies associated with each penton. These complexes are
called the capsid vertex-specific component (CVSC) and are important for
capsid stability as well as for association of the capsid with the tegument
(Figure 1.7) [67, 412, 408, 404].

During the lytic infection, four types of capsids are formed in the nucleus of
infected cells: procapsids, which are quite fragile, are the precursor form
of the stable A-, B-, and C-capsids (Figure 1.8) [279, 130, 346, 160]. The
assembly of the procapsid starts around a scaffold composed of two related
proteins: VP22a, that contains the scaffold core domain, and a chimeric
protein formed by the viral protease (VP24) attached to the N-terminus of
VP22a via a linker [67, 242]. The initiation of procapsid formation is thought
to start with assembly of the portal ring associated with the scaffold protein
VP22a [282, 280]. Then, the major capsid protein VP5, in association with
VP22a, would be incorporated by self-assembly of the scaffold protein and
finally, the preformed triplexes would be incorporated by interaction with
the VP5-VP22a complex [279, 380, 285, 347].

The maturation of the procapsid occurs at the time of DNA packaging and
is driven by activation of the VP24 protease which, via an auto-proteolytic
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Figure 1.7: Structure of HSV-1 capsid and CVSC. Herpesvirus capsids are com-
posed of 162 capsomers (yellow; 150 hexons, 11 pentons and 1 portal). In HSV-1,
the hexons are formed by six copies of pUL19, each decorated by one copy of
pUL35. The pentons are constituted by five copies of pUL19. The capsomers are
linked together by triplexes (green). Finally, on top of the pentons lies the CVSC

(Top inset). Figure from [309].

cleavage, frees itself from preVP22a [242, 24]. During this maturation pro-
cess, the outer shell of the procapsid changes from a roughly unstable
spherical form to a highly stable icosahedral form [24, 166, 411]. Three
different outcomes can occur during capsid maturation [279, 24, 411] and
lead to the appearance of A-, B- or C-capsids (Figure 1.8): C-capsids are
the type of capsids found in mature virions. They are formed if the pro-
capsid encounters the DNA packaging machinery and DNA is inserted
inside. B-capsids are a dead-end product obtained when the DNA packag-
ing machinery is not engaged and the angularization of the capsid traps
the scaffold protein inside. Finally, A-capsids are capsids from which the
scaffold has been expelled, but the DNA is not successfully sealed within.
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Figure 1.8: HSV-1 capsid assembly and maturation. Four types of capsids are
formed during infection: procapsids are the precursor form of the three other types.
The maturation occurs when pUL26, the viral protease, cleaves preVP22a and itself.
B-capsids are a dead-end product, which contains the degraded scaffold proteins
but no DNA. A-capsids are capsids from which the scaffold protein was ejected
but the DNA was not retained. Finally, C-capsids are mature capsids containing

the viral genome. Figure adapted from [50].

The viral DNA encapsidation requires seven essential proteins: pUL32,
pUL6, pUL15, pUL28, pUL33, pUL17, and pUL25. Although its exact role
in viral DNA packaging is still unresolved, pUL32 seems to be important
for the correct localization of capsids to the replication compartment [223].
pUL32 is the only protein involved in DNA cleavage/packaging which has
not been shown to associate with capsids. It contains two highly conserved
oxidoreductase-like C-X-X-C motifs that are essential for cleavage/packag-
ing of the viral genome. Mutations in these motifs alter the disulfide profile
of pUL6, pUL25, VP19C and VP24, suggesting a role for pUL32 in modulat-
ing disulfide bond formation during capsid assembly and maturation [8].
As already mentioned above, pUL6 forms the portal by which DNA is incor-
porated into the capsid during packaging and through which it is released
during viral entry, and is thus required for DNA encapsidation [284].
pUL15 and pUL33 are linked together by pUL28 and form a heterotrimer
with terminase activity [443]. pUL15 is homologous to HCMV pUL89,
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which has been shown to have a RNase H activity [275]. The crystal struc-
ture of the C-terminal domain of pUL15 shows a conformation resembling
those of RNAse H-like enzymes [160, 367]. This directly suggests a role
for pUL15 in cleavage of viral concatemeric DNA. Furthermore, pUL15
contains conserved amino acids motifs known as Walker A and Walker B
boxes found in proteins that metabolize ATP, suggesting that pUL15 also
serves as a motor for the translocation of DNA into the newly formed cap-
sid [160, 445]. pUL28 is a regulator of the terminase complex. It has been
shown to bind to specific sequences that are required for the cleavage and
packaging of the genome [2]. The exact role of the last component of the
terminase complex, pUL33, is unknown. It has been shown to interact with
capsids [28] and with pUL28 [443]. This interaction with pUL28 seems to
facilitate the interaction between pUL28 and pUL15. One role for pUL33
could therefore be to stabilize the terminase complex [443].
Finally, two components of the capsid vertex-specific component, pUL17
and pUL25, are required for DNA packaging. It has been hypothesized that
the presence of the CVSC surrounding the portal vertex could serve in the
assembly of the portal/terminase DNA packaging complex [408]. The pre-
cise role of pUL17 is not known, but it has been shown to be important for
the correct localization of capsids within the replication compartment [402].
From the seven proteins essential for viral DNA packaging, only pUL25
is not required for DNA cleavage [259]. It is found in increasing amounts
from procapsids, to B-, A-, and then C-capsids, which suggests a role in
capsid stabilization as the encapsidation progresses [259, 281, 368]. Based
on structural studies, Huet et al. suggested a model to explain the role of the
CVSC in DNA packaging. They showed that the interaction of the pUL15
and pUL28 subunits of the terminase complex with capsids, and the initial
cleavage of the genome requires the presence of pUL6 as well as pUL17.
The interaction of the terminase with pUL17 and pUL6 leads to the cleavage
and packaging of the viral DNA. During the process, the portal is displaced,
probably in response to the packaged DNA. The displacement of the portal
would then modify the orientation of pUL17 leading to the disengagement
of the terminase and favoring the binding of pUL25, sealing the viral DNA
inside the capsid [172].

1.3.6 Primary envelopment and nuclear egress

Once the viral genome has been packed into the capsid, the latter must
be enveloped and transported to the cell surface to infect a new cell. The
envelopment/de-envelopment/re-envelopment model is the most widely
accepted to explain how Herpesviruses acquire their final envelope (Figure
1.9). According to this model, a first, temporary, envelope is acquired by
budding of the viral capsid at the inner nuclear membrane (INM), leading
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to enveloped virions in the perinuclear space. This primary envelope is
then lost by fusion with the outer nuclear membrane (ONM) and naked
capsids are released into the cytoplasm, where the final envelope is then
acquired [382].

Figure 1.9: Model of Alphaherpesviruses envelopment and egress. Capsid assem-
bly and genome encapsidation occur inside the nucleus. The capsid then acquires
a first envelope by budding through the inner nuclear membrane. Primary en-
veloped viruses are thus found in the perinuclear space. This primary envelope is
lost upon fusion with the outer nuclear membrane and naked capsids are released
in the cytoplasm. There, the capsids acquire the tegument and their final envelope
by budding through vesicles derived from the TGN or endosomes. The result from
this second budding step is that enveloped virions are inserted in transport vesicles
that will fuse with the plasma membrane to release the enveloped virions from the

cell. Figure adapted from [309].

The process of nuclear envelopment and egress consists of four main steps:
formation of a nuclear egress complex (NEC) at the INM, phosphorylation-
induced reorganization of the nuclear lamina, docking of capsids at the
NEC, and budding through the nuclear membrane (Figure 1.10) [397].

Herpesviruses nuclear egress is mainly orchestrated by a heterodimer of
pUL31 and pUL34 forming the NEC, which is conserved throughout the
whole Herpesvirus family [350]. The formation of this complex is re-
quired for the correct localization of both proteins at the inner nuclear
membrane [350, 122, 341, 342, 210, 222]. The NEC has been shown to be
incorporated into perinuclear virions [342] and in vitro experiments with
the HSV-1 or PRV NEC have shown that the NEC alone is sufficient for
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membrane budding and vesicles formation [33, 213]. Furthermore, both
pUL31 and pUL34 have been shown to be required for nuclear lamina
disruption [373].

The nuclear lamina is a filamentous network mainly constituted of lamins,
strongly associated with the inner nuclear membrane and maintaining
the structural integrity of the nucleus. Lamins are classified as type V
intermediate filaments. Four lamin isoforms compose the nuclear lamina
in mammalian cells: two A-type lamins (A and C) and two B-type lamins
(B1 and B2) [230]. This nuclear lamina represents a steric barrier which
Herpesviruses nucleocapsids must cross to gain access to the INM for
primary envelopment, even if the gaps naturally occurring in the lamin
mesh should allow some capsids to reach the INM [350, 370]. Moreover, the
rigidity of the nuclear lamina and its tight interaction with the INM likely
prevent the curvature of the INM, which is needed during the budding of
the capsids [350]. Herpesviruses have developed mechanisms to overcome
these obstacles and allow access and budding at the INM.

Apart from the NEC, different virus- or cellular-encoded kinases play a
role in nuclear lamina disruption. All Herpesviruses encode a conserved
serine/threonine kinase mimicking the function and substrate specificity of
the cellular cdc2 kinase [195, 127, 179]. This function similarity is particu-
larly present in Beta- and Gammaherpesviruses, whereas it is less obvious
in Alphaherpesviruses [179]. In HCMV, HSV-2 and EBV, this kinase has
been shown to phosphorylate lamins [49, 228, 252]. In HSV-1, this homolog,
called pUL13, has not been shown to phosphorylate the nuclear lamina,
but instead, it phosphorylates pUS3, another viral kinase, which in turn is
implicated in lamins phosphorylation [193]. The pUS3 kinase is found in
all Alphaherpesviruses and, while it is not essential for viral replication, its
deletion impairs viral production [77, 364, 333, 268, 357]. In HSV-1-infected
cells, pUS3 phosphorylates lamin A/C. However, pUS3 seems to negatively
regulate disruption of the nuclear lamina. Indeed, mutation of pUS3 leads
to the formation of large holes in the lamina instead of failure to reorganize
it [34]. Thus, one role of pUS3 has been suggested to be a negative regu-
lator of lamina disruption, perhaps to conserve nuclear function during
infection [350].

Besides the two viral kinases, different isoforms of cellular PKC have been
shown to be recruited to the nuclear rim during HSV-1 infection. Nonethe-
less, the role of these different isoforms is unclear. Indeed, specific inhibition
of these isoforms has limited impact on HSV replication or nuclear egress.
On the contrary, inhibition of PKC with a broad-spectrum inhibitor blocks
viral replication as well as nuclear egress [350, 313, 226]. In addition, the
cellular protein p32 has been reported to participate in the nuclear lamina
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Figure 1.10: Schematic representation of HSV-1 primary envelopment. The
nuclear lamina is disassembled upon phosphorylation by the viral kinase pUS3 in
combination with pUL13 and the cellular PKC. The NEC is associated to the inner
nuclear membrane (INM) and its interaction with CVSC components allows capsid

docking at the INM. Figure from [186].

disruption after its recruitment to the NEC. In HSV-1-infected cells, p32 has
been suggested to participate in the recruitment of cellular PKC to the NEC
for lamina phosphorylation and disruption [435].

After assembly of the NEC and disruption of the nuclear lamina, the next
step is docking of the capsid at the inner nuclear membrane (Figure 1.10). In
both HSV-1 and PRV, pUL25 from the CVSC has been found to be required
for nuclear egress of newly formed capsids [291, 212]. Furthermore, in
HSV-1-infected cells, the CVSC has been shown to interact with pUL31,
one subunit of the NEC [442]. These results suggest that capsid docking at
the NEC is mediated by the CVSC. As previously mentioned, the CVSC is
found in increasing amount from procapsids, to B-, A-, and then C-capsids,
which probably represents a way of selection of capsids having packed a
copy of the genome for nuclear egress [412, 281, 442].

Once the capsid has docked to the INM, it must bud through it to acquire
its primary envelope. In vitro studies showed that expression of both com-
ponents of HSV-1, PRV, or KSHV NEC is sufficient to induce membrane
budding [33, 213, 78]. Studies on both HSV-1 and PRV NEC have shown
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that it forms a honeycomb-like hexagonal lattice at the inner surface of the
luminal vesicles (Figure 1.11) [350, 33, 148]. The crystal structures of HSV-1,
PRV, or HCMV NEC are quite similar [32, 421, 449]. Each hexagonally
symmetric unit is composed of six copies of the NEC (Figure 1.11) [350, 32,
421]. The crystal structure of HSV-1 NEC also showed extensive interactions
intra- and inter-hexamers. Within each hexamer, pUL34 interacts with both
pUL34 and pUL31, while pUL31-pUL31 interactions link neighboring hex-
amers [350, 32]. Bigalke et al. demonstrated that mutations disrupting the
hexagonal lattice of the NEC reduced budding in vitro, which demonstrates
that assembly of the NEC scaffold is required for budding. Nevertheless,
some distortions of the flat hexagonal lattice found in NEC crystals must
occur to obtain the spherical honeycomb coat found in infected cells. A
closed spherical lattice is usually achieved through a regular inclusion of
pentagons, which generates a polyhedral particle [32]. Interestingly, recent
in vitro studies using HSV-1 proteins have shown that binding of pUL25
promotes the formation of NEC pentagons rather than hexagons. This ob-
servation raised the hypothesis that during budding at the INM, pUL25
located at the pentagonal capsid vertices binds to the NEC, thus promoting
the formation of NEC pentagons that would anchor the NEC coat to the
capsid (Figure 1.12). This incorporation of NEC pentagons at the point of
contact with the capsid vertices would also promote assembly of the curved
hexagonal NEC coat around the capsid, leading to primary envelopment of
the capsids [89].

The last step of the nuclear egress is a poorly understood process during
which the primary envelope is lost after fusion with the outer nuclear mem-
brane, releasing naked capsids in the cytoplasm. Once more, the pUS3
kinase seems to play a role in the process. In HSV-1, MDV, and PRV, pUS3
has been shown to be required for efficient de-envelopment at the ONM [364,
357, 206]. In HSV-1, pUS3 is incorporated into perinuclear virions and phos-
phorylates pUL31 [342]. Serine to alanine mutations in the N-terminal part
of pUL31 caused an accumulation of viral particles in the perinuclear space.
On the contrary, serine to glutamic acid mutations prevented budding at the
INM [273]. These data suggest that the regulation of the phosphorylation
status of pUL31 by pUS3 modulates both the primary envelopment and
de-envelopment of HSV capsids [273]. In the de-envelopment process, the
phosphorylation of pUL31 by pUS3 could lead to the disassembly of the
NEC lattice or its detachment from the capsid [350].
As for viral entry, the fusion of the primary envelope with the ONM may
involve viral glycoproteins. In HSV, deletion of both gB and gH prevents
de-envelopment and enveloped virions accumulate in the perinuclear space.
By contrast, deletion of gB or gH alone has minor to no defect in nuclear
egress [108]. These two proteins thus seem to be involved, probably in a
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Figure 1.11: Structure of the hexagonal lattice of PRV NEC derived from cryo-
EM study. The NEC forms a honeycomb-like hexagonal lattice. Each hexagon is
composed of six NEC heterodimers (colored individually in the central hexagons).

Figure from [82].

redundant manner, in de-envelopment. Furthermore, phosphorylation of
the cytoplasmic domain of gB by pUS3 seems important for its function
in nuclear egress [430]. In HSV-infected cells, gD and gM localize to the
INM and at least gM is incorporated into virions during nuclear envel-
opment [428, 26]. Also, overexpression of gK impedes de-envelopment
of perinuclear virions [173]. In PRV, gB, gD, gH and gL are dispensable
for nuclear egress and have not been detected at the INM nor in primary
virions [209].

Although the most common way out of the nucleus is via budding through
the nuclear membrane, two other minor mechanisms have been suggested
(Figure 1.13). In cell cultures, during both HSV-1 or BoHV-1 infections, en-
largement of the nuclear pores compatible with the passage of viral capsids
have been observed, and capsids have indeed been seen passing through
these enlarged nuclear pores (Figure 1.13A) [235, 427]. However, other stud-
ies on HSV-1 showed that the nuclear permeability barrier remained intact
throughout infection and no evidence for major perturbation of the nuclear
pores was observed [167]. Another mechanism for nuclear egress has been
identified using pUL34- or pUL31-deficient PRV in cell culture. After several
passages, reversion occurred, and titers of the mutants were comparable to
the Wild-type. These reversions induced nuclear envelope breakdown and
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Figure 1.12: Model of NEC-mediated budding in HSV-1-infected cells. Binding
of pUL25 from CVSC to the NEC induces the formation of pentagonal insertions
(purple pentamers) within the NEC lattice. Insertion of NEC pentamers in the
coat allows the curvature of the lattice around the capsid. INM: inner nuclear
membrane, ONM: outer nuclear membrane, CATC: capsid-associated tegument

complex. Figure adapted from [89].

capsids were released in the cytosol (Figure 1.13C) [207]. When pUL34 was
reintroduced in the pUL34-deficient virus, capsids were shown to exit the
nucleus by the nuclear egress pathway and simultaneously after induction
of nuclear envelope breakdown [363]. The precise biochemical mechanisms
involved in both these minor pathways are unknown. It is also not known
whether or not they exist in vivo.

1.3.7 Secondary envelopment and egress

Shortly after its arrival in the cytoplasm, the capsid associates with tegu-
ment proteins [4]. The tegument is composed of viral and host proteins,
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Figure 1.13: Models of Herpesvirus exit from the nucleus. A) Capsids exit through
dilated nuclear pores. B) Envelopment/de-envelopment/re-envelopment model.
C) Capsids exit after nuclear envelope breakdown. Figure modified from [264].

which serve different purposes such as motor recruitment and microtubule-
directed transport of capsids, attachment of capsids to envelopment or-
ganelles, and cytoplasmic envelopment to form the mature virion [4]. Eleven
viral proteins have been implicated in the secondary envelopment of HSV-1
and PRV among which seven (pUL7, pUL11, pUL16, pUL21, pUL36, pUL37
and pUL51) are conserved in all Herpesvirus subfamilies. Four of those
proteins (pUL46, pUL47, pUL48 and pUL49, the homologue of VZV ORF9p)
are present only in Alphaherpesviruses [309].

The pUL36 protein is the largest protein encoded by the Herpesviridae, with
a mass of approximately 330 kDa in HSV-1 [4]. It is a key protein during
secondary envelopment and in its absence, secondary envelopment and
egress of both HSV-1 and PRV are blocked, resulting in the accumulation
of naked capsids in the cytoplasm [120, 80]. pUL36 is a component of the
CVSC where it is present as a dimer (Figure 1.14) [104, 70]. In PRV, two
different forms of pUL36 were detected: a N-terminal-truncated form is
associated with nuclear capsids and, after capsid arrival in the cytoplasm,
it is replaced by the full-length pUL36, which is required for secondary
envelopment [229]. Still in PRV, it was shown that pUL25 is required for
association of pUL36 with capsids and these two proteins have been shown
to co-immunoprecipitate when transiently expressed both in HSV-1 and
PRV [64]. In PRV as well as in HSV-1, pUL36 interacts via its N-terminal
region with another conserved tegument protein, pUL37, and this interac-
tion is essential for secondary envelopment in HSV-1 [211, 419, 197]. The
structure of the N-terminal domain of pUL37 is similar to cellular multi-
subunit tethering complexes (MTCs), which control vesicular trafficking by
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docking transport vesicles to their destination membranes [326]. Further-
more, in HSV-1, Wild-type capsids have been shown to accumulate at the
trans-Golgi network, whereas upon deletion of pUL37, capsids were dis-
tributed throughout the cytoplasm [317]. These data suggest that pUL37 is
implicated in the targeting of capsids to the site of secondary envelopment.

Figure 1.14: Structure of HSV-1 CVSC. CVSC is an essential complex for capsid
tegumentation and secondary envelopment. Two of its components, pUL36 and
pUL37, have been shown to be required to direct the capsid to the envelopment

site. Figure modified from [309].

Once the inner tegument is attached to the capsid, both pUL36 and pUL37 di-
rect the nascent virion to the site of secondary envelopment by microtubule-
directed anterograde transport [4, 335]. Indeed, in vitro studies using pu-
rified non-enveloped HSV-1 capsids showed that kinesin-1 and kinesin-2
could bind capsids only if pUL36 and pUL37 were present and not masked
by the outer tegument [335]. In HSV-1, pUL36 possesses two tryptophan-
acidic motifs, 1766WD1767 and 1862WE1863, that are conserved in all HSV-1
and HSV-2 isolates. Mutation of these motifs severely impairs secondary
envelopment even if pUL36 and pUL37 are still incorporated onto cap-
sids [177]. These tryptophan-acidic motifs are similar to the motifs that
cargo proteins use to bind the kinesin light chains [4, 322]. Thus, pUL36
could mediate microtubule-directed anterograde transport by recruiting
kinesin motors. On the other hand, HSV-1 pUL37 has been shown to inter-
act with dystonin/BPAG1 in a yeast two-hybrid assay [315]. Dystonin is a
protein with numerous isoforms. The three major isoforms are the neuronal
isoform (dystonin-a), the muscle isoform (dystonin-b), and the epithelial
isoform (BPAG1) [112]. Dystonins are cytoskeletal cross-linking proteins
that interact with a great variety of proteins [112]. They have been shown
to interact with the actin cytoskeleton and with clathrin, and to play a role



1.3. Alphaherpesviruses replication cycle 29

in regulating organelles structure and microtubules stability [4, 112, 356].
Thus, pUL36 and pUL37 may direct capsids towards the site of secondary
envelopment by their interaction with kinesins and dystonins.

While it is widely accepted that Alphaherpesviruses secondary envelopment
occurs at post-Golgi membranes, the precise identity of these membranes is
yet to be unraveled. Currently available data point to two compartments,
the TGN and the endosomes. The most universally accepted site of sec-
ondary envelopment is the TGN (Figure 1.15). Indeed, HSV-1, PRV, and
VZV have been observed to undergo secondary envelopment at membranes
resembling the TGN and stained with TGN markers [137, 161, 150]. In
addition, analysis of the phospholipid composition of extracellular HSV
particles revealed that viral membranes have high concentrations of sphin-
gomyelin and phosphatidylserine. These lipids are typically enriched in the
Golgi apparatus [416]. Moreover, pUL37, which is necessary for secondary
envelopment, has been shown to be localized in the Golgi complex during
infection [79]. Finally, blocking TGN export by incubating infected cells at
20◦C showed that, under these conditions, HSV-1 capsids colocalize with
TGN markers, and viral glycoproteins were often found adjacent to the cap-
sids. These studies, however, also showed limited colocalization between
capsids and EEA1, an early endosome marker, suggesting that endosomes
could serve as a secondary envelopment site [413]. The latter hypothesis is
further supported by ultrastructural studies of HSV-1-infected cells. In these
studies, horseradish peroxidase (HRP) was used as a fluid phase marker
and capsids were shown to envelope in endocytic tubules labelled with HRP
as early as two minutes after HRP addition. The capsids did not colocalize
with TGN or late endosomal markers, but colocalized with the transferrin
receptor, which is known to be recycled to the cell surface after endocytosis.
Furthermore, depletion of both Rab5 and Rab11, respectively markers of
early and recycling endosomes, almost completely blocked virions envel-
opment, resulting in aberrant localization of capsids. The authors thus
concluded that endocytic tubules originating from the plasma membrane
were the main source of HSV-1 envelope (Figure 1.16) [168]. More recent
studies conducted by the same team on BoHV-1 showed that capsids were
also wrapped in endocytic tubules [354]. In addition, it was shown that
inhibitors of dynamin or clathrin, which prevent endocytosis, decreased the
transport of viral glycoproteins to assembly sites, and deletion of dynamin
or the clathrin adaptor AP180 significantly decreased virus yield, highlight-
ing the importance of the endocytic pathway in HSV-1 assembly [7].
Importantly, the endocytic and secretory pathways are highly dynamic and
interconnected networks and the TGN has been shown to be an important
compartment for both pathways [246, 124]. Moreover, HSV-1 is well known
to induce cytoskeleton reorganization and remodeling of the endocytic and
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secretory pathways upon infection [17, 45]. The two models presented
above are thus not necessarily contradictory but further investigations are
needed to unravel the specific involvement of each of these pathways in
Alphaherpesviruses secondary envelopment.

Figure 1.15: Common model of Alphaherpesviruses envelopment. Capsids ac-
quire a primary envelope while budding at the INM. This envelope is then lost by
fusion with the ONM and the capsids are released in the cytoplasm. In parallel,
viral glycoproteins are synthesized in the endoplasmic reticulum and maturate in
the Golgi apparatus. The mature glycoproteins are then packed in Golgi-derived
vesicles. Tegument proteins accumulate on the surface of these vesicles by inter-
acting with the cytoplasmic tails of glycoproteins. The secondary envelopment
takes place when the capsids covered with the inner tegument interact with the

membrane-associated outer tegument. Figure from [262].

Whatever the precise cellular compartment where the secondary envelop-
ment takes place, all the viral glycoproteins need to be delivered there.
HSV-1 encodes 16 membrane proteins that are thought to be incorporated
into virions [309]. Some of these proteins possess trafficking motifs in their
cytoplasmic domains, which mediate their subcellular localization upon
interaction with the cellular protein sorting machinery [309]. In particular,
gB and gE from HSV-1 as well as PRV have been shown to possess tyrosine-
based motifs in their intracellular domain [288, 417, 10, 29]. These motifs
allow interaction with clathrin adaptors and are important for endocytosis
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and intracellular trafficking [410]. These motifs will be described in detail
further in this manuscript. Some essential HSV-1 glycoproteins such as gD
and gH/gL lack such sorting motifs and thus rely on other viral proteins
for their correct localization [4, 309]. gM, although considered non-essential,
has been shown to mediate the internalization of gD and gH/gL from the
plasma membrane in both HSV-1 and PRV [68, 340]. Furthermore, gM as
well as gK/pUL20, have been shown to be needed for the incorporation
of gD and gH/gL into HSV-1 virions [340, 225]. The exact details regard-
ing how the different viral membrane proteins reach the site of secondary
envelopment are still unclear. Hopefully, studies to decipher the protein-
protein interactions networks linking viral glycoproteins with each other
and with the tegument will shed light on how the different viral proteins
are concentrated at the site of envelopment and how membrane acquisition
occurs.

Figure 1.16: Alternative model with endocytic membranes as source of final en-
velope. The capsids escape the nucleus the same way as in the first model. In
the cytoplasm: 1) the glycoproteins are synthesized in the endoplasmic reticu-
lum (ER) and processed in the Golgi/TGN. 2) The glycoproteins are endocytosed
from the plasma membrane (PM) and transported to the early endosomes (EE).
3) Glycoproteins-containing endocytic tubules wrap cytoplasmic capsids form-
ing virions with a double membrane. The virions-containing vesicles are then
transported to the cell surface where they fuse with the cell membrane to release

single-enveloped virions. Figure adapted from [168].
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Once the viral membrane proteins have been concentrated into the envel-
opment site, the capsid must dock at the surface of this cellular compart-
ment. This step is possibly mediated by pUL37 via its interaction with
the gK/pUL20 complex [181]. This interaction relies on tyrosine residues
in pUL37 that are conserved in all Alphaherpesviruses and hence, might
highlight a crucial interaction for assembly of virions from this subfam-
ily [57]. Another viral complex formed by pUL11, pUL16, and pUL21 could
help tether the viral capsid to the soon-to-be envelope. Myristylation and
palmitoylation of pUL11 serve to anchor this complex to the TGN mem-
brane [244]. In HSV-1, pUL16 has been shown to transiently associate with
cytoplasmic capsids under mildly acidic conditions like the ones found
in the TGN [260]. This capsid association of pUL16 is independent of the
presence of pUL36, pUL37 or gE [261]. Studies on PRV revealed that pUL21
is associated with capsids but little is known about this protein [429]. The
pUL11/pUL16/pUL21 heterotrimer has been shown to interact with gE
(Figure 1.17). This interaction is important for the incorporation of both
gE and the heterotrimer in viral particles as well as for the correct pro-
cessing, transport, and biological activity of gE [151]. It is thus possible
that two different complexes (pUL36/pUL37 and pUL11/pUL16/pUL21)
act together to attach the viral capsids to the glycoproteins at the site of
secondary envelopment.

Once the capsid has docked at the envelopment membrane, several protein-
protein interaction networks are established (Figure 1.18). The four most
abundant proteins found in HSV-1 tegument, pUL46, pUL47, pUL48, and
pUL49 (homologue of VZV ORF9p) are required for this set up [309, 245].
Among these four proteins, only pUL48 is thought to be essential for HSV-1
replication in culture [452, 98, 272, 426, 451, 329]. On the contrary, simultane-
ous deletion of all four proteins in PRV does not prevent virion assembly in
culture albeit viral replication is strongly impacted [119]. In HSV-1, pUL48
acts as a key stone for secondary envelopment. Indeed, pUL48 has been
shown to interact with the inner tegument protein pUL36 [419, 395, 214],
with the outer tegument proteins pUL41, pUL46, and pUL49 [419, 101, 194,
375] as well as with glycoproteins such as gH and possibly gB and gD
(Figure 1.18) [458, 192, 144].
pUL49 has long been thought to be a non-essential HSV-1 protein. Al-
though it is not strictly required for viral assembly [98, 329], its deletion
has been shown to cause mutations in pUL41, a tegument protein with
RNAse activity regulating cellular and viral protein production [366, 257,
95]. The pUL49 protein forms extensive interactions with glycoproteins
as well as with other tegument proteins and so, it plays an important role
during secondary envelopment [4, 309]. In HSV-1, pUL49 has been shown
to bridge a complex between gE and gM (Figure 1.18) [251, 389]. The
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Figure 1.17: A pUL11/pUL16/pUL21 complex as a link between capsids and
envelope. pUL11, with its myristylated and palmitoylated residues, anchors the
complex to the envelopment membrane. pUL16 has been shown to transiently
associate with capsids under conditions resembling the ones found in the TGN.
pUL21 has also been shown to associate with capsids. The complex also interacts
with gE and this interaction allows incorporation of gE and the complex in viral

particles. Figure from [309].

gE/pUL49 complex is important for the correct localization of pUL49 at
the TGN and for its incorporation into viral particles [389]. pUL49 has
also been shown to interact with pUL48 and ICP0 and its deletion leads to
reduced amounts of ICP0, ICP4 and gE in extracellular virions [98, 251, 389,
90]. Finally, co-transfection studies revealed an interaction between pUL49
and pUL16, which plays an important role in the incorporation of pUL49
into virions [383]. Altogether, these data point at pUL49 as an important
player during secondary envelopment by its capacity to interact with a great
number of glycoproteins and tegument proteins.
Yeast two-hybrid assays have identified numerous potential interactions be-
tween pUL47 and tegument proteins as well as between pUL46 and capsid,
tegument, or membrane proteins, suggesting that pUL46 could be impor-
tant to bridge the capsid to its envelope [419, 228, 117]. However, only a few
of these interactions have been validated by other techniques [309]. Further
studies are therefore needed to decipher the exact role of both proteins in
secondary envelopment.

Beside the pUL11/pUL16/pUL21, another membrane bound complex
formed by pUL51 and pUL7 is involved in cytoplasmic envelopment. Palmi-
toylation of pUL51 provides an anchor that, in transfected cells, ensures
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Figure 1.18: Conserved protein-protein interactions network found in Alphaher-
pesviruses. Tegument proteins (blue) link capsid proteins (yellow) to the viral
glycoproteins and envelope proteins (green). Solid lines indicate interactions
found in HSV and dashed lines show interactions found in PRV. Figure modified

from [309].

its localization to the TGN [290]. In both HSV-1 and PRV, mutations in
pUL51 lead to the accumulation of non-enveloped capsids in the cytoplasm
associated with a reduction in viral titer [208, 289]. pUL51 has been shown
to interact with gE and pUL7 [349, 351]. Deletion of pUL7 in HSV-1 also
leads to an envelopment defect [400]. This complex has recently been shown
to localize at focal adhesions at the plasma membrane, both in the absence
of other viral proteins or in infected cells. There, it stabilizes focal adhesions
to maintain the morphology of infected cells [6]. Interestingly, deletion of
pUL7 or mutation in the C-terminal domain of pUL51 results in a defect in
cell-to-cell spread of the virus. This defect is associated with a failure of gE
to accumulate at cell junctions [113].
The recent finding of the crystal structure of the pUL51/ pUL7 complex
reveals that the conformation of pUL51 resembles CHMP4B, a compo-
nent of the cellular endosomal complex required for transport (ESCRT)-III
complex [42]. Moreover, pUL51 can self-assemble to form ESCRT-III-like
filaments in vitro. Interaction of pUL7 with pUL51 inhibits this self-assembly
of pUL51. Altogether, these data suggest a direct role for pUL51 in pro-
moting membrane scission during viral assembly that may be regulated by
pUL7 [42].
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After envelopment, viral particles are accumulated into large vesicles that
need to be transported toward the cell surface for viral release. Whatever
the cell type, the gE/gI complex seems to mediate HSV-1 particles sort-
ing [4]. In cultured polarized epithelial cells, gE/gI direct HSV-1 virions
towards cell-cell junctions on the lateral surfaces to promote cell-to-cell
spread [4, 187, 83]. HSV-1 lacking gE or just its cytoplasmic domain is not
transported to cell junctions, but rather to apical surfaces where it is released
into the medium [187]. In PRV-infected cells, the µ1B subunit of the AP-1
clathrin adaptor complex has been shown to be involved in targeting of viral
particles to the lateral surfaces [187]. Interactions with the AP-1 complex
are mediated by tyrosine-based or dileucine motifs [314]. Such motifs are
found in the cytoplasmic domain of gE in HSV-1, PRV and VZV [187]. It is
thus possible that gE/gI serve to concentrate viral particles in subdomains
of the TGN specialized for sorting towards lateral surfaces [4, 187]. The
presence of gE/gI at the cell junctions possibly serves to facilitate transfer
of viral particles from an infected cell to its neighboring non-infected cell
by promoting movement across the junction or localized fusion between
the cells by interaction with extracellular ligands [4]. This hypothesis is
supported by studies on human HaCaT keratinocytes where mutations in
the extracellular domain of gE led to reduction in HSV-1 spread comparable
to what is observed with a gE-null mutant [4, 187, 327].
In neurons, gE/gI work in cooperation with pUS9, a small non-glycosylated
membrane protein, to modulate virions trafficking [4]. While simultaneous
deletion of pUS9 and gE/gI almost completely blocks delivery of virions
to the axon, deletion of pUS9 alone only reduces it by 50% [91, 170, 376].
This indicates that in neurons, gE/gI and pUS9 function in a redundant
manner [4].

Finally, HSV-1, PRV, and BoHV-1 have been shown to induce the formation
of tunneling nanotubes (TNTs) that facilitate viral transmission to surround-
ing cells [85, 231, 111, 182, 311, 218, 183]. TNTs are long membranous
tubes interconnecting cells and serve in intercellular communication [16,
355]. Two different types of TNTs have been described depending on their
diameter, length, and cytoskeletal composition: while all TNTs backbone
contains F-actin filaments, thick TNTs (diameter >0.7 µm) often contain
microtubules as well [182, 16, 308]. In addition, both types of TNTs may
contain nonconventional actin-based myosin motors such as myosin Va
and/or myosin X and thick TNTs may also contain kinesin-1 and dynein
motors [182, 355, 147]. The conserved Alphaherpesvirus serine/threonine
kinase pUS3 is necessary and sufficient to induce the formation of TNTs [4,
111, 182, 114, 41, 220]. While most TNTs are stable for a relatively short time,
TNTs induced by pUS3 are very stable and can exist for up to 24h [111, 182,
183]. This increased stability is probably due to pUS3-induced microtubules
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acetylation and the marked enrichment in adherens junction components
such as beta-catenin and E-cadherin at the contact sites between TNTs and
adjacent cells [182, 183, 276].
Studies on PRV suggest that viral transmission by TNTs occurs via the
release of enveloped virions into the extracellular space followed by fusion
of the viral envelope with the membrane of the uninfected cell, rather than
by direct transfer through TNTs and direct cytoplasmic connection [4, 183].
Indeed, PRV particles transported through TNTs are enveloped and trans-
ported in vesicles. Furthermore, virions are released from the entire length
of the TNT and not only from the contact areas [183].
The use of TNTs for viral spread may be useful because the increased con-
tacts between cells allow viral transmission without being exposed to the
immune system. TNTs may also be required for invasion of tissues from
the epithelium through the basal membrane: in PRV infection of ex vivo
porcine mucosa explants, the TNT-inducing pUS3 is important for mucosal
invasion through the basal membrane [182, 224].

1.4 VZV glycoproteins involved in cell fusion

VZV encodes ten glycoproteins: gB, gC, gE, gH, gI, gK, gL, gM, gN, and
ORFS/L. Three of these glycoproteins, namely gB, gH, and gL, form the
core fusion machinery used by the virus during cell entry. These three
glycoproteins are also necessary and sufficient to induce cell-cell fusion in
in vitro transfection experiments, provided that the cytoplasmic tail of gH
is truncated [390, 305]. This is in contrast with HSV, which requires the
addition of a fourth glycoprotein, gD, to induce fusion [15, 414].

1.4.1 gB

VZV gB is a 931 amino acids glycoprotein and is the most conserved Her-
pesvirus glycoprotein [305, 96, 425]. Herpesviruses gBs are class III fusion
proteins that trimerize to form the active fusogen (Figure 1.19) [21, 159, 305].
In VZV, each gB protomer is composed of 13 α-helices and 31 β-strands,
which form five distinct domains (DI to DV) stabilized by five disulfide
bonds [305]. The fusion loops are located in domain I, and long linker
regions near domains I and II possibly allow a large-scale rotation necessary
to trigger fusion [65].

Mutagenesis studies on the cytoplasmic tail of VZV gB (gBcyt) revealed that
it is important to regulate fusion. First, Heineman and Hall constructed a
VZV gB mutant with a truncation of the last 36 amino acids of gBcyt. Cells
infected with this mutant formed extensive syncytia, but very little viral
particles were present on the surface of the cells compared to cells infected
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Figure 1.19: Crystal structure of VZV gB ectodomain. Ribbon diagram of the gB
trimer (A) and monomer (B). The ectodomain of gB contains five domains (DI to

DV). The fusion loops are located in DI. Figure adapted form [304].

with a Wild-type virus, which formed smaller syncytia and had numerous
virions on their surface [156].
The cytoplasmic tail of gB contains two tyrosine-based motifs, 881YMTL884

and 920YSRV923, that are important for its internalization from the plasma
membrane and intracellular trafficking [158, 157]. Substitution of the ty-
rosine by aspartic or glutamic acid, or of the leucine by a glycine in the
YMTL motif disrupted the trafficking of gB, and significantly reduced its
expression on the cell surface, hence preventing cell fusion in a cell fusion
assay [302]. Interestingly, mutation of the tyrosine residue by tryptophan or
phenylalanine led to exaggerated cell fusion both in a cell fusion assay and
in infection, without significant impact on the trafficking or internalization
of gB, suggesting that the hydroxyl group of the tyrosine residue is crucial
for the regulation of cell fusion [302]. The same study revealed that the
YMTL motif is part of a canonical immunoreceptor tyrosine-based inhibition
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motif (ITIM; consensus sequence [ILV]xYxx[LV]), 879IKYMTL884 [302]. ITIM
must be tyrosine phosphorylated to be functional. They usually function in
cells of the immune system to inhibit intracellular signaling cascades, but
may also play a role in signaling cascades affecting cell motility [305, 302].
The residue Y881 was indeed shown to be phosphorylated during infection.
These data clearly demonstrate that the ITIM in gBcyt is important for the
regulation of cell fusion [302]. Replacement of the tyrosine in the second
tyrosine-based motif (YSRV) by phenylalanine had no significant impact on
the surface expression or endocytosis of gB, but led to a decrease in cell-cell
fusion in a cell fusion assay compared to the Wild-type [302].
Mutation of both YMTL and YSRV motifs (Y881/920F mutant) had no im-
pact on the surface expression or endocytosis of gB, but cell-cell fusion was
significantly enhanced both in a cell fusion assay and in infection. Interest-
ingly, accentuated cell fusion with the Y881F and Y881/920F mutants was
associated with lower viral titers and reduced plaque size [302].

In addition to the two tyrosine-based motifs, a conserved lysine cluster
(K894, K897, K898, and K900) downstream of the ITIM has been shown
to be important for fusion regulation [441]. Substitution of the four lysine
residues of the cluster by arginine residues (to preserve the positive charge
of the motif) had no impact on fusion in a cell fusion assay despite lower
levels of gB at the surface. However, when the mutation was inserted into
the VZV genome, the gB[4R] mutant was hyper-fusogenic and plaque size
was slightly increased [441]. Lysine to alanine substitution on the gB lysine
cluster (gB[4A] mutant) led to a 440% increase in fusion in the cell fusion
assay despite a 16% decrease in gB surface expression. A VZV gB[4A]
mutant exhibited extensively exaggerated syncytia and markedly reduced
plaque size [441].

As already mentioned above, gB is the most conserved Herpesvirus gly-
coprotein. It is thus not a surprise that the two tyrosine-based motifs and
the lysine cluster found in VZV gBcyt are also found in the other alphaher-
pesviruses (Figure 1.20). Although syncytia formation is unusual during
HSV infections, studies on HSV-1 and HSV-2 gB showed that the tyrosine-
based motifs also serve to regulate syncytia formation in these viruses. First,
valine to alanine substitution in HSV-2 gB (YMALV -> YMALA) just after
the ITIM enhanced cell-cell fusion in a cell fusion assay [353]. Then, sub-
stitution of the tyrosine residue by an alanine in the HSV-1 gB 889YTQV892

(corresponding to VZV 920YSRV923 motif) was shown to prevent gB inter-
nalization and to abolish syncytia formation [29]. Finally, the same study
showed that an unconventional dileucine motif (871LL872 present in HSV-1
gB was important for its targeting to the Golgi after endocytosis. Substitu-
tion of the two leucine residues by alanines promoted gB recycling to the
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cell surface and enhanced cell-cell fusion [29].

Figure 1.20: Protein sequence alignment of the gBcyt region including the two
tyrosine-based motifs. The two tyrosine-based motifs and the lysine cluster im-
portant for VZV gBcyt-mediated cell fusion regulation are conserved among Al-
phaherpesviruses (solid box). The unconventional dileucine motif important for
HSV-1 gB trafficking is also conserved (dashed box). Identical amino acids are
highlighted in yellow, conserved amino acids are in blue and similar amino acids

in grey.

1.4.2 gH/gL

The gH/gL complex is another part of the core fusion machinery. VZV gH
is an 841 amino acids protein that forms a dimer with the 160 amino acids
gL. The latter acts as a chaperone for the correct processing and trafficking
of gH [93, 92]. The structure of the gH/gL complex is similar in Herpesvirus
orthologs (Figure 1.21): gH is composed of three distinct domains (DI to
DIII). The N-terminus of gH forms DI, which is composed of β-sheets that
cofold with gL, the central domain (DII) contains 16 α-helices, and the C-
terminal domain (DIII) forms a highly conserved β-sandwich [301, 420, 255,
22, 59].

VZV gH has a short cytoplasmic domain consisting of only 18 amino acids.
Despite being extremely short, it is crucial for fusion regulation. Indeed, in
a cell fusion assay, expressing gB, gH[WT], and gL induced fusion similar
to the vector alone. However, shortening of the cytoplasmic domain of
gH by introducing a stop codon at E834 (gH[TL] mutant) or by deletion
of the seven last residues (gH[834-841] mutant) induced extensive fusion
(Figure 1.22) [440]. Substitution of the 834-841 residues by V5, cMyc, and
hydrophobic or hydrophilic sequences had no impact on fusion compared
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Figure 1.21: Structure of the VZV gH/gL complex. The ectodomain of gH forms
three distinct domains (H1 to H3). Domain I of gH (in blue) is composed of β-sheets
that cofold with the chaperone gL (in red). Domain II (in magenta) is formed by 16
α-helices, and domain III (in cyan) forms a highly conserved β-sandwich. Figure

adapted from [437].

to gH[WT], suggesting that the length of gHcyt rather than specific motifs
or biochemical properties is important for fusion regulation (Figure 1.22).
This was further supported by stepwise deletions of amino acids 834-841
causing incremental increases in cell fusion [440]. Introduction of the gH[TL]
or gH[934-841] mutations in VZV genome led to exaggerated syncytia
formation and lower viral titer [440].

Importantly, expression of gB[Y881F], gH[TL], and gL in the cell fusion
assay led to increased fusion compared to the expression of gB[WT], gH[TL],
and gL, whereas gB[Y881F] did not induce fusion when expressed with
gH[WT] and gL. These results suggest that the function of gHcyt in fusion
regulation is independent of the ITIM domain of gB [440]. Introduction of
both gB[Y881F] and gH[834-841] in VZV genome was lethal for the virus as
no infectious virions were produced and no capsid assembly was observed
in the nucleus [440].
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Figure 1.22: Construction of VZV gHcyt mutants and their fusion phenotype in
a cell fusion assay. The solid black line represents the length of the WT gHcyt
(824-841) while the dotted line represents extension of the gHcyt in the V5 and
cMyc constructs. The V5 sequence is boxed in red and the cMyc sequence is boxed
in white. The predicted endocytic Yxxφ motif is boxed in green. Mutations made
in gHcyt are in red and stop codons are represented by asterisks. TM indicates the

transmembrane domain. Figure adapted from [440].

The fact that mutations of both gB and/or gH enhancing cell-cell fusion
are associated with reduced plaque size and with a lack of infectious viral
particles production is contrasting with the long-thought idea that cell-cell
fusion helps VZV spread and suggests that syncytia formation must be
tightly regulated to ensure optimal VZV spread [305].

A model has been proposed to explain how the cytoplasmic domains of
VZV gB and gH/gL may regulate cell fusion: The cytoplasmic domain
of VZV gB is predicted to contain three α-helices, one harboring the ITIM
domain. This α-helix is positively charged (pI 9.4) and is suspected to bind
to the cell membrane. Phosphorylation of serine residues near the ITIM
is thought to destabilize membrane association and to allow exposure of
Y881 [302]. The gHcyt is proposed to act as a gate keeper using its physical
length to regulate the phosphorylation of gB Y881 by controlling kinase or
phosphatase access to the ITIM [440].

Although gB and gH/gL are described as necessary and sufficient to induce
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fusion in VZV, the fact that the cell fusion assay requires a truncated form
of gH (gH[TL]) suggests that other viral proteins may be required to initiate
the fusion reaction in vivo.

1.4.3 Other glycoproteins implicated in cell fusion

VZV gE is the most abundant glycoprotein in infected cells and is known to
form heterodimers with gI [12]. These two proteins have homologs in all
Alphaherpesviruses, but VZV gE has a unique N-terminal domain of 188
amino acids that is not present in its homologs. Furthermore, VZV gE is
essential for replication while its homologs are not [12]. Neither gE, gI nor
the gE/gI heterodimer are required for fusion in the cell fusion assay [305].
Nonetheless, two VZV strains harboring a D150N mutation in gE have
been isolated in 1998 and 2002 in North America. These two mutants were
respectively called VZV-MSP and VZV-BC [359, 405]. Both mutants exhibit
an enhanced cell-to-cell spread [360, 143]. VZV-MSP was also shown to
induce extensive syncytia formation in human epidermal cells compared
to VZV-WT, but it did not enhance fusion in human fibroblasts compared
to WT [63]. Furthermore, coexpression of gB and gE alone has been shown
to induce syncytia formation in vitro [249]. This result and the existence of
VZV-MSP suggest that VZV gE plays a role in virus-induced cell-cell fusion
and that this fusion is regulated in a cell-type dependent manner.

In HSV-1 or PRV, other glycoproteins have been shown to modulate cell
fusion. In HSV-1, the gK/pUL20 complex has been shown to interact with
gB and gH and mutation of either gK or pUL20 caused extensive syncytia
formation [58]. Furthermore, expression of gK in addition to gB, gH, gL and
gD in the cell fusion assay inhibited cell-cell fusion [19]. Co-expression of
gK and pUL20 in the cell fusion assay drastically reduced fusion and this
anti-fusion activity was correlated with a downregulation of the surface
expression of gB, gH, gL, and gD [18].
PRV gM has been shown to inhibit membrane fusion when cotransfected
with gB, gH, gL, and gD [210]. It was also shown to inhibit fusion mediated
by HSV-1 gB, gH, gL, and gD in a cell fusion assay, and HSV-1 gM/pUL49A
(homolog of VZV gN) complex also prevented HSV-1-mediated fusion. In
both cases, fusion inhibition was correlated with a relocalization of HSV gly-
coproteins from the plasma membrane to a juxtanuclear compartment [68].
Thus, even if non-essential for fusion in vitro, other VZV glycoproteins
may be required to regulate syncytia formation possibly by altering the
trafficking of the core fusion glycoproteins.
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1.5 The Alphaherpesvirus tegument protein VP22

VP22 is the homologue of VZV ORF9p and is conserved in all Alphaher-
pesviruses [434]. The sections below will refer mostly to HSV-1 VP22 as it is
the model Alphaherpesvirus. Some differences exist between HSV-1 VP22
and VZV ORF9p and will be detailed in a later section dedicated to VZV
ORF9p.

1.5.1 General features

VP22 is one of the most expressed proteins of HSV-1 and is estimated to be
present in more than 2 000 copies in the tegument of viral particles [434, 155,
245]. It is conserved only in Alphaherpesviruses where it is most frequently
encoded by the ul49 gene [434, 196].
Surprisingly, deletion of the ul49 gene has two different outcomes depend-
ing on the virus considered: in MDV and EHV-1, deletion of VP22 is lethal
for the virus in cultured cells [298, 87], while in HSV, PRV and BoHV-1,
VP22 is dispensable in cell culture [90, 343, 240]. However, deletion of VP22
impedes the fitness of both BoHV-1 and HSV in their natural hosts or animal
models by altering the composition of the newly formed virions as well as
viral replication [329, 98].

The length of the ul49 gene differs among the Alphaherpesviruses, rang-
ing from about 600 bp to about 1 000 bp [434]. Sequence comparison and
secondary structure predictions have demonstrated that VP22 possesses a
conserved core domain in its C-terminal region, while its N-terminal region
is not conserved [292]. The core domain comprises approximately 80 amino
acids and is differentially located in VP22 homologs [409]. In VZV ORF9p
and VP22 of PRV, MDV and the avian infectious laryngotracheitis virus
(ILTV), it forms three alpha helices and one beta strand [434, 409]. HSV-1
VP22 has been shown to oligomerize by association of the beta strands
to form a beta sheet (Figure 1.23) [165]. Interestingly, the core domain of
VP22 shares structural homology with the tegument protein ORF52 from
Murid herpesvirus 68 (Gammaherpesvirus) despite any obvious sequence
similarity. This suggests a functional conservation between the two subfam-
ilies [165].

VP22 is a phosphoprotein that, in HSV-1, is phosphorylated by the cellular
CKII and the viral protein kinase pUL13 [100, 14]. Moreover, in BoHV-1,
the second viral kinase, pUS3, has been shown to phosphorylate VP22 [219].
Studies on HSV-1 showed that VP22 exists in both phosphorylated and
non-phosphorylated forms in infected cells, and the phosphorylation state
of VP22 correlates with its subcellular distribution: at early stages of viral
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Figure 1.23: Crystal structure of HSV-1 VP22 core domain. Each monomer (in red
and blue) is formed by three alpha helices (α1-3) and one beta strand (β1). VP22
can oligomerize by interaction of the beta strands to form a beta sheet. Figure

from [165].

infection, VP22 is mainly present in the cytoplasm, but at later stages, it mi-
grates to the nucleus where highly phosphorylated VP22 accumulates [328,
394]. Finally, only hypo-phosphorylated VP22 is incorporated into newly
formed HSV-1 virions [125].

HSV-1 and BoHV-1 VP22 have been shown to be able to reach the nucleus
of infected cells independently from other viral proteins [152]. However,
amino acid sequence analysis of VP22 in BoHV-1 did not predict the pres-
ence of classical or non-classical nuclear localization signal (NLS) [454]. It
was postulated that VP22 could interact with cellular proteins to mediate
its nuclear targeting [409]. The C-terminal domain of BoHV-1 VP22 and the
N-terminal domain of MDV VP22 both have been demonstrated to be essen-
tial for the nuclear localization of the protein. Interestingly, these domains
are also important for histone association, which could be responsible for
the nuclear localization of VP22 [409, 454, 338, 456].

Surprisingly, in HSV-1, VP22 has been demonstrated to have intercellular
transport properties. This phenomenon is so efficient that following ex-
pression in a cell population, VP22 spreads to every cell in the monolayer.
This intercellular transport capacity was observed both in transfection and
infection studies [97]. Furthermore, VP22 has been shown to bind RNA and
to transport it in an adjacent uninfected cell where it is expressed. It was
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thus postulated that VP22 transports RNA in uninfected cells to create an
environment facilitating effective initiation of infection [365]. This interest-
ing transport capacity of VP22 has been under many investigations for its
potential application in gene therapy [447, 265, 438, 334, 140].

1.5.2 Effects on gene transcription and protein synthesis

Several studies have shown that HSV-1 VP22 plays a role in viral gene
transcription, mainly by affecting the action of the virion host shutoff (VHS)
protein, a viral endoribonuclease that degrades mRNA during early stages
of infection [434]. Initially, Taddeo et al. showed that VP22 could bind VHS,
but only in the presence of pUL48, to form a VP22/pUL48/VHS complex
that promotes viral mRNA translation. Furthermore, expression of both
pUL48 and VP22 was required for the translation of VHS in transfected cells.
The authors proposed a model in which VHS functions by sequestrating
mRNAs in compartments inaccessible to the cellular translation machinery
and that pUL48 and VP22 rescue the mRNAs by interacting with VHS [396].
More recent studies have demonstrated that translation of VHS only re-
quires the expression of VP22 and not the pUL48/VP22 complex [99]. Other
studies by the same group showed that in a Wild-type infection, immediate-
early and early transcripts were retained in the nucleus in a VHS-dependent
manner while late transcripts were cytoplasmic. On the contrary, deletion of
VP22 leads to nuclear retention of late transcripts as well. The rescue of this
VHS-induced nuclear retention was enhanced when VP22 interacted with
pUL48, but this interaction is not fundamental [325]. These data suggest that
VHS affects both cellular and viral transcription by nuclear retention rather
than degradation of the mRNAs, and VP22 acts as a co-factor to mediate
the spatiotemporal regulation of the infected cell transcriptome [325].

Besides its activity on VHS, VP22 has been shown to coprecipitate with
TATA box binding protein associated factor (TAF-I) protein [232]. TAF-
I plays a role in chromatin remodeling and promotes the deposition of
histones on naked DNA [232, 300, 267]. The interaction of VP22 with
TAF-I has two effects in vitro: first, it inhibits TAF-I-mediated nucleosome
deposition on DNA, and it abolishes the non-specific binding of VP22 with
DNA. It was proposed that the TAF-I/VP22 interaction may be important
to prevent association of the incoming viral genome with nucleosomes early
after viral entry, which would prevent IE genes transcription. In this model,
VP22 could inhibit nucleosome deposition in two possible mechanisms: the
VP22/TAF-I interaction would directly block TAF-I-mediated nucleosome
deposition, or VP22 binding to viral DNA blocks nucleosome deposition.
TAF-I would interact with VP22 to remove it from viral DNA and to allow
nucleosomes to access DNA [232]. Thus, VP22 may be important early in
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infection to regulate viral DNA organization through its interaction with
TAF-I. Consistent with this, overexpression of TAF-I in infected cells affects
the progression of HSV-1 infection [232].

1.5.3 Effects on immune evasion

In HSV-1, VP22 has been shown to act as an antagonist of interferon (IFN)
signaling by interacting with and inhibiting the enzymatic activity of cyclic
GMP-AMP synthase (cGAS) (Figure 1.24). cGAS normally senses intracel-
lular DNA and initiates the innate immune response by activating type I
interferon production. Huang et al. showed that ectopic expression of VP22
decreased cGAS/STING-mediated activation of IFN-beta promoter and
production of IFN-beta. Deletion of VP22 from HSV-1 genome prevented
the inhibition of the IFN signaling pathway and stable knock-down of cGAS
improved the replication of a VP22-deleted virus but had no effect on the
Wild-type virus [434, 171].

VP22 also mediates immune evasion by affecting the AIM2 inflammasome
(Figure 1.24). This inflammasome is usually activated by cytoplasmic DNA,
leading to caspase-1 activation and release of interleukin (IL) 1-beta and IL-
18, inflammatory cytokines mediating the innate immune response against
pathogens. Maruzuru et al. have recently shown that VP22 can bind to AIM2
and prevent its oligomerization, which is normally required for activation
of the inflammasome. Furthermore, replication of a VP22-deleted virus is
restored in AIM2-deficient mice [434, 254].

1.5.4 Effects on viral assembly

In addition to its role in DNA transcription, protein synthesis, and immune
evasion, VP22 plays a role in viral assembly. First, VP22 or its homologs
have been shown to interact with various tegument proteins (Figure 1.25). In
HSV-1, it has been demonstrated to interact with pUL48 and ICP0 [101, 446],
this latter interaction being important for the incorporation of ICP0 into
virions [98]. Moreover, HSV-1 VP22 is required for the correct subcellular
localization of pUL48, pUL35, ICP0, ICP4, and pUL54, and mutations in
VP22 affecting the subcellular localization of these proteins also decreased
viral replication and neurovirulence in an experimental murine model [399].

VP22 not only interacts with tegument proteins, but also with viral mem-
brane proteins (Figure 1.25). In HSV-1, it has been shown to interact with
at least pUS9, pUL56, gE and gM [292, 107, 117, 228]. Conflicting evidence
have been found concerning the interaction between VP22 and gD in HSV.
Two studies found an interaction between VP22 and the C-terminal domain
of gD [108, 56], while another study could not confirm this interaction [251].
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Figure 1.24: VP22 mediates immune evasion via two pathways. 1) AIM2 recog-
nizes specific patterns in dsDNA and then binds to the linker protein ASC and
pro-caspase-1 to form the AIM2 inflammasome. The latter activates caspase-1,
which can cleave pro-IL-1β and pro-IL-18. Once cleaved and activated, these in-
flammatory factors are secreted to fight the infection. 2) cGAS is usually activated
upon binding of dsDNA. cGAS uses GTP and ATP to generate cGAMP which
activates STING. Phosphorylated STING recruits TBK1 to activate IRF3 which
enters the nucleus after phosphorylation. In the nucleus, phosphoIRF3 activates
the interferon-stimulated response element (ISRE), producing type I interferon to

fight pathogens. Figure modified from [434].

Studies using a HSV VP22-null virus further proved the importance of
VP22 in viral assembly. Indeed, the composition of the virion is affected
by the absence of VP22, with ICP0, gE and gD being less incorporated in
viral particles in the VP22-null virus compared to WT or VP22-repaired
virus [90].
In PRV, the interaction between VP22 and the cytoplasmic domains of gE
and gM is conserved, and deletion of both glycoproteins prevents the incor-
poration of VP22 into virions [121]. It has recently been shown that BoHV-1
VP22 may interact with gN without the need for gM [312]. Altogether,
these data suggest that VP22 is important for viral assembly by forming
interconnected protein-protein interaction networks between the capsid,
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tegument, and envelope proteins.

Figure 1.25: Network of protein-protein interaction around the tegument protein
VP22. VP22 of several alphaherpesviruses has been shown to interact with a great
number of viral glycoproteins and tegument proteins, suggesting its importance in

viral assembly. Figure from [434].

1.5.5 Effects on cell-to-cell spread

Several studies on MDV and BoHV-1 have identified VP22 as important for
cell-to-cell spread of these viruses [409, 312, 35, 191]. One of the stud-
ies showed that the core region of MDV VP22, associated with the N-
terminal part of the protein, is necessary for cell-to-cell spread, whereas the
C-terminal part is dispensable, but favors cell-to-cell spread [409]. Further-
more, this study showed that PRV VP22 could complement MDV spread
at 32%, while the protein from VZV or ILTV could not [409]. In BoHV-1,
deletion of VP22 leads to smaller plaques. This size reduction is even more
important if gE or gN are deleted in combination with VP22 [312, 191]. Stud-
ies on HSV-1 using a VP22-deleted virus showed that the VP22-null virus
produced smaller plaques in cultured cells, but these analyses revealed that
this defect is primarily due to decreased viral release rather than a decrease
in viral assembly or cell-to-cell spread [90].

1.6 VZV ORF9p

In VZV, the homologue of VP22 is ORF9p, a 302 amino acids tegument
protein with a molecular weight of 32 846 Daltons. The orf9 is the most
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transcribed gene during the VZV lytic cycle [200, 62] and is essential for VZV
replication in cultured cells [52]. ORF9p is also extremely well conserved
between the different VZV strains identified worldwide, with 99.7% identity
between the different protein sequences. Indeed, only strains derived from
the pOka strain identified in Japan (and strain VZV-8 identified in Canada)
differ from all other by one threonine to alanine substitution at the end of
the protein (Figure1.26).

Figure 1.26: Partial protein sequence alignment of VZV ORF9p in the different
strains identified. ORF9p is extremely well conserved between the different
VZV strains, with 99.7% identity. Only strains derived from the Japanese pOka
strain and strain VZV-8 present one point mutation at the end of the protein.
Sequence alignment was performed using the VectorNTi program (Invitrogen)
with sequenced coming from VZV strains identified in [324] and obtained from
NCBI. Identical amino acids are highlighted in yellow, conserved amino acids in

blue.

Although homologues, sequence alignment between HSV-1 VP22 and VZV
ORF9p revealed a poor sequence conservation between the two proteins.
Indeed, there are only 25% identity and 34% similarity between the two
sequences. These percentages increase to 43% identity and 56% similarity
when considering only the core domain of both proteins. Thus, HSV-1 VP22
and VZV ORF9p could share some similar functions without acting exactly
the same [60].

In silico analysis of VZV ORF9p revealed the possible presence of two
nuclear localization signals (NLS) and two nuclear export signals (NES).
The N-terminal bipartite NLS mapped to amino acids 16-32 and the NES
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found at amino acids 103-117 were shown to be active in transiently trans-
fected COS-7 cells (Figure 1.27) [44]. Immunolabelling in combination with
transmission electron microscopy studies confirmed the presence of small
amounts of ORF9p in the nucleus and showed that it is also located in the
trans-Golgi network [52].

Figure 1.27: Schematic representation of ORF9p. The Alphaherpesvirus core
domain is located in the second half of the protein (Core, light blue). ORF9p has
been shown to have a functional bipartite Nuclear Localization Signal (NLS, green)
as well as a functional Nuclear Export Signal (NES, dark blue). An acidic region
(AC, red) overlapping ORF47p consensus site (SEDD, red underline) is also present

in ORF9p.

Like VP22, ORF9p has recently been shown to bind to cGAS to reduce type
I IFN response [164]. ORF9p could also be the key stone of a large protein-
protein interaction network. Yeast-two-hybrid studies have identified the
glycoproteins gI, and gN, the envelope proteins ORF15p, the tegument pro-
tein ORF38p, and the small capsid protein ORF23p as potential ORF9p inter-
acting partners [384, 415]. Furthermore, co-immunoprecipitation analyses
revealed an interaction with microtubules, gE, the major viral transactivator
IE62, and the RNA binding protein ORF11p [60, 52, 53].

Previous studies from our laboratory showed that during infection, the viral
kinase ORF47p, homologue to HSV-1 pUL13, interacts with, and heavily
phosphorylates ORF9p [345]. Interestingly, a point mutation in ORF9p abol-
ishing its phosphorylation by ORF47p (E85R mutation) without impacting
their association leads to accumulation of unenveloped capsids near the
Golgi apparatus, suggesting that the phosphorylation of ORF9p by ORF47p
is important for viral assembly [345]. Other studies from our laboratory
also showed the presence of an acidic cluster in ORF9p overlapping the
consensus ORF47p phosphorylation site (Figure 1.27). Deletion of this acidic
cluster abolished the interaction with ORF47p and resulted in a nuclear ac-
cumulation of both proteins as well as accumulation of primary enveloped
capsids in the perinuclear space, directly suggesting a role for ORF9p in
nuclear egress of VZV capsids [344].
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1.7 Adaptor Protein complexes

Cargo proteins trafficking in the endocytic and secretory pathways are
packed into vesicles to be delivered to their target sites. Vesicle formation
and targeting to the correct organelle is mediated by adaptor protein (AP)
complexes. AP complexes bind to sorting signals present in the cytoplasmic
tail of the cargo proteins, recruit clathrin and/or other accessory proteins,
and concentrate cargo proteins into vesicles, which then travel to their target
organelle [314].

To date, five AP complexes have been identified. AP-1, AP-2, and AP-3
all have clathrin-binding motifs, but it is not clear if AP-3 uses a clathrin
scaffold to form vesicles. On the contrary, both AP-4 and AP-5 do not bind
clathrin [314]. Each complex performs its function at distinct intracellular
organelles (Figure 1.28). AP-1 is localized on the TGN and endosomes,
where it regulates the bidirectional transport between these two organelles.
It is also implicated in the basolateral sorting of proteins in polarized cells.
AP-2 is found on the cytosolic face of the plasma membrane where it reg-
ulates clathrin-mediated endocytosis. AP-3 is mostly found on tubular
endosomes and mediates cargo transport towards late endosomes. It is also
involved in the biogenesis of lysosome-related organelles (LRO). AP-4 is
preferentially found on the TGN where it regulates the transport from the
TGN to endosomes in a clathrin-independent manner. AP-4 has also been
shown to mediate polarized sorting in epithelial cells and neurons. Finally,
AP-5 is found on late endosomes and multivesicular bodies (MVB), but its
precise function is still unknown [314].

1.7.1 Structure

AP complexes are heterotetramers composed of two large (one each of
γ/α/δ/ε/ζ and β 1-5, respectively), one medium (µ 1-5), and one small
subunit (σ 1-5) (Figure 1.29). Some of these subunits have multiple isoforms
encoded by different genes: AP-1 has two γ (1 and 2), two µ (1A and 1B)
and three σ (1A, 1B, and 1C) isoforms; AP-2 has two α isoforms (A and C);
and AP-3 has two β (3A and 3B), two µ (3A and 3B), and two σ (3A and 3B)
isoforms [314]. The N-terminal part of the two large subunits and the full-
length µ and σ subunits form the core domain of the AP complex (Figure
1.29). The core recognizes sorting signals and meditates membrane associa-
tion of the complex. The C-terminal domains of the two large subunits form
the ears domains, which interact with accessory/regulatory proteins. The
ears domains are linked to the core domain by two mostly unstructured
hinge domains (Figure 1.29). In AP-1, AP-2, and AP-3, the hinge domains
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Figure 1.28: Cellular localization of the AP complexes. AP-1 is located on the
TGN and recycling endosomes and regulates the bidirectional transport between
these organelles. AP-2 mediates clathrin-dependent endocytosis from the plasma
membrane. AP-3 is located on endosomes and participates in LRO biogenesis.
AP-4 mediates transport from the TGN to endosomes or the basolateral plasma
membrane. AP-5 is localized to late endosomes, but its function is unknown.

Figure from [314].

contain the clathrin-binding sites, which allows the interaction with the
clathrin heavy chain to form the clathrin-coated vesicle [314].
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Figure 1.29: Structure of the five AP complexes. AP complexes are heterotetramers
composed of two large, one medium and one small subunits. The AP complexes
are composed of three domains: the core is responsible for association with the
membrane and recognition of the sorting signals, the ears interact with accesso-
ry/regulatory proteins, and the hinges are mostly unstructured domains linking

the ears to the core. Figure adapted from [314].

1.7.2 Interaction motifs

Different types of motifs are recognized by the adaptor protein complexes.
The best characterized motifs are tyrosine-based motifs, dileucine motifs,
and acidic clusters [39]. More recently, a basic motif in the cytoplasmic
tail of L-selectin has been shown to allow interaction with AP-1 [81]. The
importance of these motifs in protein sorting will be discussed hereafter.

1.7.2.1 Tyrosine-based motifs

Tyrosine-based motifs are found in various types of proteins and are impor-
tant for endocytosis, intracellular sorting, and lysosome targeting among
others [39].

This type of motif has a Yxxφ consensus sequence, where the tyrosine
residue is essential for function and cannot be substituted by other aromatic
residues such as phenylalanine, suggesting that the hydroxyl group is essen-
tial. The φ position can accommodate residues with a bulky hydrophobic
side chain [39]. The identity of this residue can modify the specificity of the
signal for the different AP complexes [39, 352, 296]. The identity of the x
residues is variable but tends to be hydrophilic. The residues at position Y
-1 as well as the identity of the x residues have a strong impact on lysosomal
targeting. Most proteins directed to lysosomes have a glycine residue imme-
diately prior to the tyrosine. Furthermore, acidic residues at the x positions
tend to be present in lysosomal-sorting Yxxφ motifs [153, 39, 352].

The amino acid sequence of the motif is not the only important prerequisite
for protein sorting; the position of the motif in the cytosolic domain also
has an influence. Tyrosine-based motifs involved in endocytosis are mostly
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found at 10-40 residues from the transmembrane domains, but not at the
C-termini of proteins. On the contrary, tyrosine-based motifs responsible
for lysosomal targeting are mostly found either near the transmembrane
domain (at 6-9 residues) or at the C-terminus of the cargo protein [39, 295].

Yxxφ motifs on the cargo proteins are recognized by the µ subunit of the
AP complexes [294]. The first crystal structure of an AP µ subunit was
obtained with the AP-2 complex, but significant sequence homology exists
between the µ subunits of the different complexes. Their structure and
mechanism of binding are thus thought to be similar to what is observed
with AP-2 [38]. The C-terminal domain of µ2 has an elongated, banana-
shaped structure composed of a 16-strands β-sheet that is organized into
two β-sandwich subdomains (A and B) (Figure 1.30). The Yxxφ signal
peptide binds to strands β1 and β16 of the A subdomain and forms a β-
strand paired with β16 of µ2. Both the tyrosine and the φ residue bind
into two hydrophobic pockets on the surface of µ2. The aromatic group of
the tyrosine residue forms hydrophobic interactions with tryptophan and
phenylalanine residues on the inside of the pocket and the hydroxyl group
forms hydrogen bonds with aspartic acid, lysine, and arginine residues.
The latter properties might explain why tyrosine to phenylalanine mutation
only gives a poor binding of the motif with the µ subunit. The hydrophobic
residue binding site is a pocket lined with aliphatic amino acids giving
flexibility to the pocket to accommodate the residues at this position [39,
310].

Several Alphaherpesviruses glycoproteins have been shown to be endocy-
tosed via tyrosine-based motifs in their cytoplasmic tails [109]. In VZV, gE,
gB, and gH have been shown to have functional tyrosine-based motifs [109,
156, 158, 9, 307, 318]. The same has been found for HSV-1 and PRV gE [109,
10, 406], as well as for HSV-1, HSV-2 and PRV gB [109, 110, 105, 29].

1.7.2.2 Dileucine motifs

As it is the case for tyrosine-based motifs, dileucine motifs are found in
a great variety of transmembrane proteins and play different functions,
among which internalization as well as targeting to the endo-lysosomal
compartments [39]. The consensus sequence of these motifs is [DE]xxxL[LI].
The first leucine is invariant, but the second can be replaced by an isoleucine
or methionine [39, 358, 234]. The presence of an aspartic acid or glutamic
acid residue at position -4 from the first leucine seems important for target-
ing to the late endosomes or lysosomes but is not required for internalization
of the protein [39, 358, 331]. Interestingly, some dileucine motifs have argi-
nine residues instead of acidic residues as it is the case for GLUT4 (RTPSLL
sequence). It is thus possible that distinct motifs interact with different AP
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Figure 1.30: Structure of the µ subunit from AP-2. A and B, orthogonal views of
µ2. The C-terminal domain of µ2 is composed of a 16-strands β-sheet forming two
subdomains (subdomain A in gold, and subdomain B in blue). The bound peptide

is shown in magenta. Figure from [310].

complexes at different sites [39, 358]. As for tyrosine-based motifs, the posi-
tion of the dileucine motifs is important. Indeed, these motifs must be close
to the transmembrane domain or near the carboxy terminus of a protein to
be recognized for targeting towards late endosomes or lysosomes [39].

GST-pull down assays with hemi-complexes of AP-1 and AP-2 showed that
dileucine motifs interact with the γ/σ1 hemi-complex of AP-1 and with
the α/σ2 hemi-complex of AP-2 (Figure 1.31). Interestingly, the presence
of an aspartate residue at position -4 from the first leucine in the motif
compromised binding with the AP-1 hemi-complex while it had minimal
impact in AP-2 hemi-complex binding. This confirms that distinct motifs can
interact with different AP complexes [88]. Mutational and binding analyses
showed that the dileucine recognition sites of AP-1, AP-2, and AP-3 were
similar [256]. The resolution of the crystal structure of the AP-2 complex
revealed how the binding with dileucine motifs occurs: the side chains of
the two leucine residues bind in hydrophobic pockets on the surface of
the σ2 subunit, whereas the acidic residues of the motif interact with basic
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amino acids in the N-terminal regions of the σ2 and α subunits [48, 198].

Figure 1.31: Structure of the core domain of AP-2 in complex with the dileucine
peptide from CD4. The dileucine motif binding site is located in the α/σ2 hemi-
complex of AP-2. The dileucine motif peptide is shown as spheres with carbons

colored gold. Figure adapted from [198].

1.7.2.3 Acidic cluster motifs

Another common sorting motif consists of a cluster of acidic amino acids
containing CKII phosphorylation sites. These motifs are usually found in
proteins cycling between the TGN and endosomes [39]. The acidic cluster
and the phosphorylation of the CKII sites are important for retrieval of the
proteins from endosomes to the TGN [39, 189]. Initial studies indicated that
a connector protein, PACS-1 (phosphofurin acidic cluster sorting protein
1), was required for protein sorting by interacting with the phosphorylated
acidic cluster of the cargo protein, and connecting it to the AP-1 or AP-3
complex [39, 422, 69]. However, more recent studies identified the µ subunit
of both AP-1 and AP-2 as contributing directly to the binding of phosphoser-
ine acidic cluster. This binding is mediated by basic patches on the surface
of the µ subunit of the AP complexes [374, 278].
It is possible that direct binding to the µ subunit of the AP complex or
interaction with the connector PACS-1 play different roles in protein traf-
ficking. It is also possible that binding to the µ subunit serves to strengthen
the interaction with another trafficking motif (tyrosine-based or dileucine
motif). Nonetheless, in both cases, the AP complex is required to insure the
correct trafficking of the cargo protein.
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1.7.2.4 Non-canonical motifs

Recently, a non-canonical motif was found in the cytoplasmic tail of L-
selectin. It is formed by a triplet of di-basic amino acids (RRxKKxKK). This
motif has been shown to allow interaction with the µ subunit of AP-1 by
interaction with aspartate and glutamate residues on the surface of µ1, and
formation of hydrogen bonds with asparagine and glutamine residues in
µ1 [81].

1.7.3 AP-1 complex

1.7.3.1 Functions in post-Golgi and basolateral sorting

The two best characterized AP-1 isoforms are µ1A and µ1B, forming two
distinct AP-1 complexes (AP-1A and AP-1B). In contrast with AP-1A, which
is expressed ubiquitously, AP-1B is expressed in a subset of polarized
cells [293, 146, 398]. Fölsch et al. showed in the early 2000s that AP-1A
is localized at the TGN while AP-1B is localized at the recycling endosomes
and so, they hypothesized that AP-1A functions in biosynthetic sorting
at the TGN whereas AP-1B regulates the recycling of basolateral proteins
from the endosomes [398, 116, 115]. However, more recent high-resolution
microscopy studies revealed that both µ1A and µ1B colocalize to similar
extent with TGN and recycling endosomes in polarized epithelial cells [146].
Moreover, knockdown studies revealed that single knockdown of AP-1A
or AP-1B did not dramatically reduce the delivery of newly synthesized
proteins from the TGN to the basolateral membrane, but double knockdown
did, suggesting that AP-1A and AP-1B can compensate for each other to reg-
ulate the traffic of cargo proteins from the TGN [398, 139]. However, AP-1A
knockdown increased the traffic of the transferrin receptor and LDLR from
the TGN to the recycling endosomes, and knockdown of AP-1B significantly
decreased the steady-state basolateral polarity of the transferrin receptor
and LDLR. This suggests that AP-1A regulates the biosynthetic traffick-
ing to the plasma membrane independently of the recycling endosomes,
and AP-1B mediates the maintenance of basolateral polarity in epithelial
cells [398, 139]. Interestingly, yeast two-hybrid studies revealed that some
cargos interacted preferentially with µ1A or µ1B. Indeed, LDLR was shown
to interact preferentially with AP-1B, and this interaction was mediated by
a non-canonical tyrosine-based motif and an acidic cluster [146]. Thus, AP-
1A and AP-1B have complementary but non-overlapping roles in protein
sorting and maintaining basolateral polarity [398].

Apart from its role in epithelial polarized cells, AP-1 has also been shown
to be important to regulate somatodendritic sorting and polarity in neu-
rons [398, 145, 106, 94, 250, 236]. The importance of the AP-1 complex in
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neurons is further supported by the existence of genetic disorders caused by
mutations of the AP-1 σ subunit. The first mutation was identified in four
families displaying a unique syndrome characterized by mental retardation,
enteropathy, deafness, peripheral neuropathy, ichthyosis, and keratodermia
(MEDNIK syndrome). This syndrome is due to a splice mutation in the
ap1s1 gene, coding the σ1A subunit, leading to a premature stop codon [270].
In addition, sequencing of the X chromosome of patients presenting mental
retardation identified a mutation in the ap1s2 gene, coding the σ1B subunit
of AP-1. This syndrome is known as the Fried/Pettigrew syndrome [145,
401, 43]. These two syndromes probably result from a mislocalization of neu-
ronal cargos that require the σ1A or σ1B subunit of AP-1 for their trafficking.
It is yet unknown if the specific requirement for one or the other subunit
results from a different signal-recognition specificity or the expression of
the σ1 subunits in different neuronal populations [145].

1.7.3.2 Activation

AP-1 exists in two conformations: a closed conformation, representing a sol-
uble, cytosolic form preventing premature association with the cargo protein
and with clathrin, and an open conformation representing the membrane-
associated AP-1 capable of cargo binding and clathrin association [27]. Acti-
vation of AP-1 is mediated by the small GTPase ADP ribosylation factor 1
(Arf1) (Figure 1.32) [339]. Recruitment of AP-1 to the TGN or endosome
membrane is thought to be mediated by both Arf1 and phosphatidylinositol
4-phosphate (PI4P), which is enriched in TGN membranes [398]. Structural
studies showed that AP-1 has three Arf1 binding sites: two of these sites are
located in the N-terminus of each large subunit of AP-1 and are necessary
for membrane association, while the third site is located in the back of the γ
subunit [398]. The current model for the activation of AP-1 proposes that
AP-1, in the closed conformation, is initially recruited to the TGN by two
copies of Arf1. Once on the membrane, the presence of the cargo is thought
to shift AP-1 to the opened state (Figure 1.32A). The high local concentration
of AP-1 complexes then promotes dimerization via the formation of an Arf1
back-side contact, stabilizing the open form (Figure 1.32B) [339].

1.7.3.3 AP-1 complex and viruses

The AP-1 complex has been shown to be important for several viruses: in
HIV, Vpu and Nef were shown to interact with AP-1 [185, 184, 431]. Nef
has been shown to form a complex with MHC-I and AP-1 to disrupt MHC-
I trafficking [431], while Vpu downregulates BST2/tetherin, an antiviral
restriction factor inhibiting the release of enveloped viruses from the cell
surface, to promote viral release [185]. AP-1 is also crucial for hepatitis C
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Figure 1.32: Activation of AP-1 by Arf1. A) A model of AP-1 recruited by two
Arf1 molecules in cooperation with PI(4)P on a membrane. Cargo binding further
stabilizes AP-1. B) Two AP-1 complexes dimerize via an Arf1 back-side contact

stabilizing the open state. Figure adapted from [339].

virus (HCV) infections [30, 239, 436]. HCV nonstructural 2 (NS2) protein can
interact with AP-1 via two dileucine motifs and this interaction mediates
viral release [436]. Furthermore, the structural E2 protein of HCV also
interacts with AP-1 and this interaction is required to protect E2 from
proteasomal degradation [239]. In addition, AP-1 plays a role in African
swine fever virus (ASFV) infections where the viral CD2v protein, involved
in virulence enhancement, viral hemadsorption, and pathogenesis, has
been shown to interact with AP-1. Unfortunately, the exact role of this
interactions in ASFV infection is not known [321]. AP-1 has also been shown
to be important for Dengue virus replication: siRNA knock-down of AP-1A
reduced significantly viral RNA level and virion production compared with
control siRNA. The authors of this study hypothesized that AP-1A may
partly control DENV-induced membrane rearrangement required for viral
replication [444]. Finally, in HHV-7-infected cells, both AP-1 and AP-3 have
been shown to be required by the HHV-7 immunoevasin U21 to induce
MHC Class I lysosomal degradation [202].
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Part II

ORF9p and AP-1
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2 Aim of the work
As described in section 1.6, ORF9p has been shown to interact with several
other viral proteins and to play a role in viral envelopment and egress. To
know if ORF9p may interact with cellular proteins that could be involved
in viral envelopment, a yeast-two hybrid screen was performed by our
laboratory before the start of this thesis. Thirty one cellular proteins were
found as potential ORF9p interacting partners, among which the AP1M1
protein forming the µ subunit of the AP-1 complex.

The aim of this first part of the thesis was to confirm the ORF9p/AP-1
interaction and to identify the domain of ORF9p required for this interac-
tion. First, we performed co-immunoprecipitation experiments in three
different cell types to confirm the interaction in an infection context and
to know whether or not it was cell type dependent. Then, we identified
and mutated different potential interaction motifs within the sequence of
ORF9p to identify which one was responsible for the ORF9p/AP-1 inter-
action. We also investigated if this interaction could be conserved within
the Alphaherpesviridae via GST-pulldown comparing ORF9p to HSV-2 and
MDV VP22. Finally, the impact of the loss of ORF9p/AP-1 interaction on
viral replication was assessed in vitro as well as in a 3D skin model.
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3 Results
3.1 ORF9p interacts with AP-1 in infected cells

A yeast-two hybrid screen previously performed in our laboratory found
the cellular AP-1 complex as a potential interaction partner for ORF9p.
This interaction was confirmed by GST-pull down before the start of this
thesis. To confirm the interaction in an infectious context, we performed co-
immunoprecipitation experiments from infected cells extracts using three
cell lines frequently used for VZV production (MeWo, MRC-5, and ARPE-
19). AT 48 h.p.i., cells were lyzed and the γ subunit of AP-1 was immunor-
pecipitated. Western blotting on the immunoprecipitated complex revealed
the presence of both ORF9p and AP-1µ1 in the three cell lines (Figure 3.1).

Figure 3.1: ORF9p interacts with AP-1. Co-immunoprecipitation of the ORF9p/AP-
1 complex from VZV-ORF9-V5-infected MeWo, ARPE-19 and MRC-5 cells at 48
h.p.i. An antibody against AP-1γ was used for immunoprecipitation (IP), and
the presence of ORF9p-V5, AP-1γ, and AP-1µ was verified by Western blotting.

Normal mouse IgG was used as the IP control (irr).

3.2 ORF9p colocalizes with AP-1 in infected cells

Next, we studied the subcellular localization of ORF9p and AP-1 in MRC-5
and ARPE-19 cells. These cell lines were selected for immunofluorescence
studies because, contrarily to MeWo cells, MRC-5 cells do not form syncytia
and ARPE-19 cells fuse moderately upon VZV infection, thus facilitating
colocalization analysis. Cells were infected with VZV-ORF9-V5 and fixed at
48 h.p.i. As seen in figure 3.2, a large amount of ORF9p colocalized with the
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AP-1 complex in cytoplasmic structures close to the nucleus. This result is
consistent with the ORF9p binding to AP-1 observed above.

Figure 3.2: ORF9p colocalizes with AP-1. MRC-5 and ARPE-19 cells were infected
with VZV-ORF9-V5 for 48h before fixation. Cells were then permeabilized and
stained with mouse anti-V5 and rabbit anti-AP-1γ antibodies. Appropriate sec-
ondary antibodies were used, and nuclei were counterstained with TO-PRO-3.

Images were recorded with a 63x oil objective. Scale bar represents 50 µm.

3.3 ORF9p residue leucine 231 is required for AP-1
interaction

As described in section 1.7.2 of the introduction, three main types of motifs
are known to mediate the binding of cargo proteins to the AP-1 complex:
tyrosine-based motifs, dileucine motifs, or acidic clusters. Analysis of the
primary sequence of ORF9p revealed an acidic cluster (85EDDFEDIDE93),
two tyrosine-based motifs (61YADL64 and 268YAQV271), and two dileucine
motifs (211ELDRLL216 and 227EGLNLI231) (Figure 3.3A). We generated four
VZV mutants in which the tyrosine-based or dileucine motifs were indepen-
dently mutated. The VZV-ORF9p-∆AC-V5 mutant, in which the acidic clus-
ter is deleted, was already available [344]. We then tested the ORF9p/AP-1
interaction for each of these mutants. In the co-IP experiment, neither the
deletion of the acidic region, nor the Y61G, Y268A, or L215A substitutions
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had an impact on the ORF9p/AP-1 interaction (Figure 3.3B and C), while
the L231A mutation completely abolished this interaction (Figure 3.3D). In
addition, this L231A also abolished the colocalization between ORF9p and
AP-1 that was observed with the VZV-ORF9-V5 virus (compare Figure 3.3E
with Figure 3.2).

Figure 3.3: ORF9p leucine 231 is important for the interaction between ORF9p and
the AP-1 complex. A) The primary sequence of ORF9p harbors several potential

AP-1 interaction motifs: (continued on next page)
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Figure 3.3 (previous page): two tyrosine-based motifs (boxes with solid lines)
and two dileucine motifs (boxed with dashed lines), as well as an acidic domain
(underlined). B, C, D) The AP-1γ subunit was immunoprecipitated from total
extracts of MeWo cells infected for 48h with VZV-ORF9-V5 (WT) (B, C and D),
VZV-ORF9-∆AC-V5 (B), VZV-ORF9-Y61G-V5, -L231A-V5, and -Y268A-V5 (C), and
VZV-ORF9-L231A-V5 (D). A control immunoprecipitation with normal mouse
IgG was performed in parallel (irr). The presence of ORF9p, AP-1γ, and AP-1µ
in the immunoprecipitated complex was verified by Western blotting. AC, acidic
region. E) MRC-5 and ARPE-19 cells were infected with VZV-ORF9-L231A-V5 for
48h and immunostained with a mouse anti-V5 and a rabbit anti-AP-1γ antibody.
Appropriate secondary antibodies were used, and nuclei were counterstained with
To-PRO-3. Images were recorded with a 63x oil objective. Scale bar represents

50 µm.

3.4 The dileucine motif important for ORF9p inter-
action with AP-1 is conserved among alphaher-
pesviruses

We then wanted to know if the ORF9p/AP-1 interaction identified with
VZV could be conserved among Alphaherpesviruses. We first analyzed the
primary sequences of ORF9p homologues to know if they also contained
the interaction motifs found in ORF9p. Although the acidic domain of
ORF9p, overlapping the ORF47p-binding site, is not strictly conserved
among alphaherpesviruses, many VP22 homologs possess, in their N-
terminal part, an acidic cluster downstream of serine residues (not shown).
None of the above-described tyrosine-based motifs are conserved among
alphaherpesviruses, even though HSV-1 harbors a motif that resembles
the VZV 61YADL64 motif, and a real tyrosine-based motif in an upstream
region (18YEDL22) (not shown). However, both the 211ELDRLL216 and
227EGLNLI232 dileucine motifs were highly conserved among the 27 alpha-
herpesvirus genomes that we analyzed (Figure 3.4A). In particular, the glu-
tamic acid as well as the first and second (iso)leucines of the 227EGLNLI232

motif were conserved in almost all viruses (93%, 96%, and 78%, respectively)
(Figure 3.4A). To verify whether the interaction with AP-1 is shared by other
alphaherpesviruses, HSV-2 and MDV VP22 were cloned into pGEX 5.1. It is
worth noting that while HSV-2 VP22 harbors a well-conserved dileucine mo-
tif (250EGKNLL255), the MDV VP22 motif (264EGPNLM269) is not perfectly
conserved, with the second leucine being replaced by a methionine. The
fusion proteins were purified on gluthathione agarose beads in parallel with
GST alone as a control, and used in a GST pulldown assay in the presence
of total cell extracts from uninfected MeWo cells. In both cases, the µ and γ
subunits of AP-1 were detected, reflecting that ORF9p homologs can also
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interact with this adaptor protein complex (Figure 3.4B).

Figure 3.4: The ORF9p (VP22) interaction with the AP-1 complex is conserved
among alphaherpesviruses. A) The primary sequences of 27 homologous VP22
proteins were aligned with the VectorNTi program (Invitrogen). Only the region
containing the two dileucine motifs is shown. Dark gray, identical residues; light
gray, similar residues. The first dileucine motif is relatively well conserved (present
in 11 homologs); the second is highly conserved (present in 20 homologs). HSV-1,
herpes simplex virus 1; CeHV-16, cercopithecine herpesvirus 16; PRV, pseudorabies
virus; EHV1, equine herpesvirus 1; BHV1, bovine herpesvirus 1; FeHV-1, feline
herpesvirus 1; PSHV1, psittacine herpesvirus 1; ILTV, infectious laryngotracheitis

virus; MDV, Marek’s disease herpesvirus 1; MeHV-1, meleagrid herpesvirus 1.
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3.5 ORF9p leucine 231 is important for viral infectivity
in culture

The infectivity of all mutants was determined in both MeWo (Figure 3.5A)
and MRC-5 (Figure 3.5C) cells. The size of the infection foci in MeWo cells
was assessed at 48 h.p.i. and showed that all mutants, except VZV-ORF9-
Y268A-V5, present a slight to moderate defect in viral spread compared
to the WT. However, the mutation of leucine 231 had the greatest impact
on viral spread (Figure 3.5A). In MRC-5 cells, minor to moderate differ-
ences in the replication properties of VZV-ORF9-Y61G-V5, -L231A-V5, and
-Y268A-V5 were observed, while the infectivity of VZV-ORF9-L231A-V5
was severely impaired, with the number of plaque forming units (PFU)
at 72 h.p.i. being more than five times lower than the number of PFU ob-
tained with the VZV-ORF9-V5 (Figure 3.5C). To confirm that the replication
defect of the L231A mutant was solely due to the leucine mutation, a rever-
tant virus (VZV-ORF9-L231A-rev-V5) was generated by reintroducing the
Wild-type orf9 instead of the mutant copy into VZV-ORF9-L231A-V5. The
infectivity of the revertant in MeWo and MRC-5 cells was then compared
to that of VZV-ORF9-V5. No major differences could be observed between
the two viral strains, demonstrating that the replication defect of the VZV-
ORF9-L231A-V5 is attributable only to the leucine 231 mutation (Figure
3.5B and D). In addition, the revertant virus restored the colocalization of
ORF9p and AP-1 in both MRC-5 and ARPE-19 cells (not shown).
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Figure 3.5: The L231A mutation strongly impacts infectivity in MeWo and MRC-5
cells. VZV-ORF9-V5 (WT) and mutant strain infectivity was assessed in MeWo (A
and B) or MRC-5 (C and D) cells. A and B) Infection foci measurement at 48 h.p.i.
MeWo cells were infected for 48h and size of the infection foci was determined
using CellProfiler software and expressed as the number of pixels present in each
infection focus. The box plot depicts the 1st and 3rd quantiles (the lower and
upper limits of the boxes, respectively) and the median (heavy black lines). Error
bars represent minimum and maximum values. A two-tailed t test was used to
compare, at each time point, each mutant to the WT. *, P<0.05; **, P<0.01. C and D)
Replication curves in MRC-5 cells. The graph shows the result of one representative
experiment out of four; error bars represent the standard error of the mean (SEM).

These results are part of an article published in Journal of Virology in 2018.
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ABSTRACT ORF9p (homologous to herpes simplex virus 1 [HSV-1] VP22) is a varicella-
zoster virus (VZV) tegument protein essential for viral replication. Even though its
precise functions are far from being fully described, a role in the secondary envelop-
ment of the virus has long been suggested. We performed a yeast two-hybrid
screen to identify cellular proteins interacting with ORF9p that might be important
for this function. We found 31 ORF9p interaction partners, among which was AP1M1,
the � subunit of the adaptor protein complex 1 (AP-1). AP-1 is a heterotetramer in-
volved in intracellular vesicle-mediated transport and regulates the shuttling of
cargo proteins between endosomes and the trans-Golgi network via clathrin-coated
vesicles. We confirmed that AP-1 interacts with ORF9p in infected cells and mapped
potential interaction motifs within ORF9p. We generated VZV mutants in which each
of these motifs was individually impaired and identified leucine 231 in ORF9p to be
critical for the interaction with AP-1. Disrupting ORF9p binding to AP-1 by mutating leu-
cine 231 to alanine in ORF9p strongly impaired viral growth, most likely by preventing
efficient secondary envelopment of the virus. Leucine 231 is part of a dileucine motif
conserved among alphaherpesviruses, and we showed that VP22 of Marek’s disease vi-
rus and HSV-2 also interacts with AP-1. This indicates that the function of this interaction
in secondary envelopment might be conserved as well.

IMPORTANCE Herpesviruses are responsible for infections that, especially in immu-
nocompromised patients, can lead to severe complications, including neurological
symptoms and strokes. The constant emergence of viral strains resistant to classical
antivirals (mainly acyclovir and its derivatives) pleads for the identification of new
targets for future antiviral treatments. Cellular adaptor protein (AP) complexes have
been implicated in the correct addressing of herpesvirus glycoproteins in infected
cells, and the discovery that a major constituent of the varicella-zoster virus tegu-
ment interacts with AP-1 reveals a previously unsuspected role of this tegument
protein. Unraveling the complex mechanisms leading to virion production will cer-
tainly be an important step in the discovery of future therapeutic targets.

KEYWORDS adaptin, ORF9p, VP22, adaptor proteins, dileucine, herpesviruses,
secondary envelopment, tegument, varicella-zoster virus, viral assembly

All viruses are cellular parasites and subvert the host machinery to replicate and/or
to interfere with cellular pathways. Herpesviruses, with their complex infectious

cycle, do not escape this rule and use subcellular trafficking pathways to assemble and
generate new virions.
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Varicella-zoster virus (VZV) is a human alphaherpesvirus responsible for two pathol-
ogies. Primary infection generally occurs during childhood and leads to varicella, whose
symptomatic phase is characterized by a generalized cutaneous rash during which the
virus establishes a latent infection in sensory ganglia. When the host immune response
is impaired or decreased, the virus may reactivate and reach back to the skin, where it
causes a localized cutaneous rash usually associated with pain, known as zoster.

Herpesvirus particles are made of a nucleocapsid containing the DNA genome,
surrounded by the tegument, a complex protein layer. The tegument is contained in a
lipid envelope, in which is inserted a series of viral glycoproteins mediating viral entry
into the host cell. Capsids are assembled in the nucleus, where they acquire a viral
genome copy before crossing the nuclear envelope to reach the cytoplasm, where a
secondary envelopment takes place. Therefore, the definitive envelope results from a
very complex process of acquisition of a primary envelope at the inner nuclear
membrane, deenvelopment at the outer nuclear membrane, and reenvelopment in
association with intracellular membranes (1). While trans-Golgi network (TGN)-derived
vesicles were long thought to be the site of the secondary envelopment, more recent
data have challenged this old dogma (2, 3). The labeling of endocytic tubules freshly
retrieved from the cell surface has shown many herpes simplex virus 1 (HSV-1) capsids
budding through these labeled vesicles and demonstrated that endocytosis from the
plasma membrane into endocytic tubules could actually provide the viral envelope (4).
This idea is further strengthened by some old but also new data demonstrating the
importance of endocytosis for the correct cellular targeting and virion incorporation of
some herpesvirus glycoproteins (5–8).

VZV ORF9p, homologous to HSV-1 VP22, is a major tegument phosphoprotein
conserved among the alphaherpesviruses. It is one of the most abundant tegument
proteins, with a high number of copies being embedded in each virion (9, 10). HSV
VP22 has been shown to shuttle between the nucleus and the cytoplasm and to play
various roles in infected cells. In particular, it is required for the cytoplasmic redistri-
bution of some proteins, among which are VP16, ICP4, ICP27, and ICP0 (11), and has
been shown to directly interact with VP16, ICP0, gE, gM, and gD (12). Thanks to its
interaction with gE, VP22 can be recruited to the Golgi apparatus/trans-Golgi network.
The deletion of the C-terminal part of VP22, which is responsible for its interaction with
gE, impairs its recruitment into the complexes described above and its packaging into
virions, leading to poor growth in epithelial cells. These observations suggest a role in
viral assembly (13). The deletion of UL49, coding for VP22 in pseudorabies virus (PRV),
has only a minor impact on viral growth (14, 15), whereas in HSV-1, the lack of VP22 is
rapidly compensated for by mutations in UL41 (16–18). However, HSV-1 null mutants
replicate less efficiently and do not accumulate at the cell surface, and the absence of
VP22 affects the virion composition and indirectly modulates viral fitness (19–21).

VZV ORF9p has been less characterized, but contrary to HSV-1 or PRV VP22, it has
been shown to be essential (22, 23). In transfected cells, it shuttles between the nucleus
and the cytoplasm, and in infected cells, it partially localizes to the endomembrane
network, including the TGN (22, 24). In infected cells, ORF9p interacts with the major
glycoprotein gE and the major transactivator IE62, and mutation of the ORF9p inter-
action motif in IE62 has a strong impact on viral growth (25–27). In yeast two-hybrid
(Y2H) experiments, ORF9p has been shown to interact with many other viral proteins,
including glycoproteins, tegument proteins, and capsid proteins (28, 29). Recently, we
have also shown that ORF9p interacts with and is phosphorylated by ORF47p, one of
the two VZV protein kinases, and that this phosphorylation is crucial for both nuclear
egress and secondary envelopment (30, 31). All these observations suggest that ORF9p,
like VP22, could be central in viral assembly and particularly in orchestrating the
secondary envelopment process.

Cellular adaptor protein (adaptin or AP) complexes are heterotetramers important
for the intracellular trafficking of membrane-bound proteins. Five AP complexes have
been described so far (32, 33). Both AP-1 and AP-2 bind to clathrin and are involved in
clathrin-dependent transport, whereas AP-3, even though it is able to interact with
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clathrin, together with AP-4 and AP-5, mediates clathrin-independent transport (34, 35).
The AP-1 complex is specifically implicated in the vesicular transport between endo-
somes and the TGN (36). Like all AP family members, it is composed of two large
subunits (� and �1), one medium subunit (�1), and one small subunit (�1). It is
recruited from the cytosol by its cargo and allows subsequent binding to clathrin,
followed by membrane curvature and vesicle formation (33, 37).

To dissect more precisely the role of ORF9p in the VZV infectious cycle, we searched
for new cellular partners through a Y2H screen and identified 31 distinct candidates,
among which was AP1M1, the � subunit of the adaptor protein complex 1 (AP-1�1),
known to play a role in protein trafficking. The interaction between AP-1�1 and VZV
ORF9p was confirmed in vitro by glutathione S-transferase (GST) pulldown as well as by
coimmunoprecipitation (co-IP) using infected cell extracts. We identified five potential
interaction motifs (one acidic region, two tyrosine-based motifs, and two dileucine
motifs) within the ORF9p primary sequence. Viruses were generated by mutation of
these potential interaction motifs within the orf9 coding sequence in the pOka genome.
The characterization of these mutants revealed that the mutation of leucine 231, which
is conserved among alphaherpesviruses, completely abolishes the interaction between
ORF9p and the AP-1 complex and strongly impairs the infectivity of the virus. In cells
infected with this mutant strain, only a limited number of viral particles were found at
the cell surface, transport vesicles containing complete virions or light particles were
very rare compared to their occurrence in wild-type (WT) VZV-infected cells, and
abnormal features were observed by electron microscopy. This suggests that, in the
absence of an ORF9p/AP-1 interaction, the viral components are not properly ad-
dressed within the cell and/or that virions could be somehow retargeted for degrada-
tion by either the lysosomal or the autophagy pathway, or by both pathways.

To our knowledge, this is the first time that an interaction between a herpesvirus
tegument protein and the AP-1 complex has been described, and altogether, our
results suggest that this interaction is important for the formation of infectious viral
particles and, thus, VZV pathogenicity.

RESULTS
ORF9p interacts with the adaptor protein complex 1. In order to identify cellular

partners for ORF9p, we performed a yeast two-hybrid (Y2H) screen against the human
ORFeome version 5.1 (hORFeome 5.1). Thirty-one distinct candidates were identified by
sequencing clones growing on the selection medium. These interactions were then
verified in a pairwise retest. For this experiment, not only the full-length ORF9p but also
N-terminal ORF9p deletion mutants (ORF9p amino acids [aa] 50 to 302, 100 to 302, and
150 to 302) and C-terminal deletion mutants (ORF9p aa 1 to 250, 1 to 200, and 1 to 150)
were used as baits. Based on the literature, four additional proteins interacting with
HSV-1 VP22, namely, SET, ANP32B, HIST1H4I, and HIST1H3E, were included as positive
controls. All 31 candidates and the four controls were found to be positive in the Y2H
pairwise retest. Fifteen were found to be positive in both orientations (Gal4-activation
domain ORF9p [AD-ORF9p] with the Gal4 DNA binding domain candidate [DB-
candidate] and DB-ORF9p with the AD-candidate) and are highlighted in bold in
Fig. 1A. All interactions were maintained when the 50 first amino acids (aa 50 to 302
construct) or the 50 last amino acids (aa 1 to 250 construct) of ORF9p were deleted but
lost with larger deletions (aa 100 to 302, 150 to 302, 1 to 200, and 1 to 150), suggesting
that the region of interaction is likely located between amino acids 50 and 250 of
ORF9p (data not shown).

We performed gene ontology enrichment analyses using both the DAVID (38) and
TOPPGENE (39) platforms to classify the Y2H-identified interaction partners based on
their cellular functions (Fig. 1A and B). Interestingly, 12 interaction partners were
involved in organelle organization, a process that is certainly required for the infectious
cycle and, more precisely, for viral assembly. Among them, we focused on AP1M1, the
� subunit of adaptor protein complex 1 (AP-1), which mediates the bidirectional
transport between TGN and endosomes (32). The interaction between ORF9p and AP-1
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was first confirmed by a GST pulldown assay in which an ORF9p-GST fusion protein or
GST alone was incubated with total cell extracts from uninfected or pOka VZV-infected
MeWo cells. Both AP-1 subunits were pulled down from uninfected and infected cell
extracts (Fig. 2A). To confirm the ORF9p/AP-1 interaction in an infectious context, we
performed coimmunoprecipitation (co-IP) experiments from infected cell extracts. Be-
cause there was no antibody against the � subunit suitable for immunoprecipitation
(IP), the AP-1 complex was immunoprecipitated via the � subunit from infected MeWo,
ARPE-19, and MRC-5 cells (at 48 h postinfection [hpi]), three cell lines frequently used
for VZV production. VZV-ORF9-V5 (pOka genomic background), expressing ORF9p
fused to a V5 epitope, was used as the wild-type (WT) strain. This virus has been
previously characterized and replicates with the same efficacy as the wild-type pOka
control (30). Western blotting on the immunoprecipitated complex revealed the pres-
ence of both ORF9p and AP-1�1 in the three cell lines (Fig. 2B). We next studied the
subcellular localization of ORF9p and AP-1 in MRC-5 and ARPE-19 cells. Contrary to
MeWo cells, MRC-5 cells do not form syncytia and ARPE-19 cells fuse moderately upon
VZV infection, facilitating immunofluorescence colocalization analyses. MRC-5 and
ARPE-19 cells were infected with VZV-ORF9-V5 and fixed at 48 hpi. Consistent with
ORF9p binding to AP-1, a substantial amount of ORF9p colocalized with the AP-1
complex in cytoplasmic structures close to the nucleus (Fig. 2C).

ORF9p leucine 231 is important for ORF9p interaction with the AP-1 complex.
Three types of motifs are known to mediate the binding of cargo proteins to the AP-1

FIG 1 ORF9p interacts with cellular proteins involved in various processes. A yeast two-hybrid screen against human ORFeome 5.1 was performed
and identified 31 potential cellular partners of ORF9p. The 31 candidates, along with 4 controls (SET, ANP32N, HIST1H4I, HIST1H3E) known to
interact with VP22, were then confirmed in a pairwise retest and classified based on a Gene Ontology analysis. (A) Interactions confirmed in both
directions in the retest are highlighted in bold. (B) Twelve out of the 35 interacting proteins are involved in the organelle organization category,
which can be subdivided into several subclasses.
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complex: acidic clusters, tyrosine-based motifs (NPXY or YXX�), and dileucine motifs
[(D/E)XXXL(L/I)] (40). ORF9p primary sequence analysis revealed an acidic cluster
(85EDDFEDIDE93), two tyrosine-based motifs (61YADL64 and 268YAQV271), and two dileu-
cine motifs (211ELDRLL216 and 227EGLNLI232) (Fig. 3A), all of which were found between
amino acids 50 and 250, a region that we showed to be required for binding to AP-1�1.
The VZV-ORF9p-ΔAC-V5 strain, in which the acidic region is deleted, was already
available (31). We generated four additional VZV mutants in which the tyrosine-based
or the dileucine motifs were independently mutated.

In the co-IP experiment, neither the deletion of the acidic region nor the mutation
of tyrosine 61 to glycine or tyrosine 268 and leucine 215 to alanine had an impact on
the interaction between ORF9p and the AP-1 complex (Fig. 3B and C), while the
mutation of leucine 231 to alanine completely abolished this interaction (Fig. 3D). In
addition, ORF9p did not colocalize with AP-1 in MRC-5 or ARPE-19 cells infected with
VZV-ORF9-L231A-V5 (compare Fig. 3E to Fig. 2C).

FIG 2 ORF9p interacts and colocalizes with the AP-1 complex. (A) The interaction of ORF9p and the AP-1 complex was verified by GST
pulldown using ORF9p-GST and total extracts of MeWo cells infected or not infected by pOka VZV. NI, noninfected. (B) Coimmuno-
precipitation of the ORF9p/AP-1 complex from VZV-ORF9-V5 (WT)-infected MeWo, ARPE-19, and MRC-5 cells (48 hpi). An antibody
against AP-1� was used for immunoprecipitation, and the presence of ORF9p-V5, AP-1�, and AP-1�1 was verified by Western blotting.
Normal mouse IgG was used as the IP control (irr). (C) MRC-5 and ARPE-19 cells were infected with VZV-ORF9-V5 for 48 h and
immunostained with a mouse anti-V5 and a rabbit anti-AP-1�. Appropriate secondary antibodies were used, and nuclei were
counterstained with TO-PRO-3. Images were recorded with a 63� oil objective.
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FIG 3 ORF9p leucine 231 is important for ORF9p interaction with the AP-1 complex. (A) The ORF9p primary sequence harbors several potential AP-1 interaction
motifs, two tyrosine-based motifs (boxes with solid lines) and two dileucine motifs (boxes with dashed lines), as well as an acidic domain (underlined). (B, C,
D) The AP-1� subunit was immunoprecipitated from total extracts of MeWo cells infected for 48 h by VZV-ORF9-V5 (WT) (B, C and D), VZV-ORF9-ΔAC-V5 (B),
VZV-ORF9-Y61G-V5, -L215A-V5, and-Y268A-V5 (C), and VZV-ORF9-L231A-V5 (D). A control immunoprecipitation with normal mouse IgG was performed in
parallel (irr). The presence of ORF9p, AP-1�, and AP-1�1 in the immunoprecipitated complex was verified by Western blotting. AC, acidic region. (E) MRC-5 and
ARPE-19 cells were infected with VZV-ORF9-L231A-V5 for 48 h and immunostained with a mouse anti-V5 and a rabbit anti-AP-1�. Appropriate secondary
antibodies were used, and nuclei were counterstained with TO-PRO-3. Images were recorded with a 63� oil objective.
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The dileucine motif important for ORF9p interaction with AP-1 is conserved
among alphaherpesviruses. Although the ORF9p acidic region, which overlaps the
ORF47p-binding site, is not strictly conserved among alphaherpesviruses, many VP22
homologs possess, in their N-terminal part, an acidic cluster downstream of serine
residues. None of the above-described tyrosine-based motifs are conserved among
alphaherpesviruses, even though HSV-1 harbors a motif that resembles the VZV
61YADL64 motif and a real tyrosine-based motif in an upstream region (18YEDL22).
However, both the 211ELDRLL216 and 227EGLNLI232 dileucine motifs were highly con-
served among the 27 alphaherpesvirus genomes that we analyzed (Fig. 4A). In partic-
ular, the glutamic acid as well as the first and second (iso)leucines of the 227EGLNLI232

motif were conserved in almost all viruses (93%, 96%, and 78%, respectively) (Fig. 4A).
To verify whether the interaction with AP-1 is shared by other alphaherpesviruses,

FIG 4 The ORF9p (VP22) interaction with the AP-1 complex is conserved among alphaherpesviruses. (A) The primary
sequences of 27 homologous VP22 proteins were aligned with the Vector NTi program (Invitrogen). Only the region containing
the two dileucine motifs is shown. Dark gray, identical residues; light gray, similar residues. The first dileucine motif is relatively
well conserved (present in 11 homologs); the second is highly conserved (present in 20 homologs). HSV-1, herpes simplex virus
1; CeHV-16, cercopithecine herpesvirus 16; PrV, pseudorabies virus; EHV1, equine herpesvirus 1; BHV1, bovine herpesvirus 1;
FeHV-1, feline herpesvirus 1; PSHV1, psittacine herpesvirus 1; ILTV, infectious laryngotracheitis virus; MDV1, Marek’s disease
herpesvirus 1; MeHV-1, meleagrid herpesvirus 1. (B) The VZV ORF9p homolog (HSV-2 or MDV VP22) interaction with the AP-1�
and �1 subunits was analyzed by GST pulldown using the GST-ORF9p or GST-VP22 fusion protein and MeWo cell total cell
extracts.
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HSV-2 and Marek’s disease herpesvirus (MDV) VP22 was cloned into pGEX 5.1. It is worth
noting that while HSV-2 VP22 harbors a well-conserved dileucine motif (250EGKNLL255),
the MDV VP22 motif (264EGPNLM269) is not perfectly conserved, with the second leucine
being replaced by a methionine. The fusion proteins were purified on glutathione
agarose beads in parallel with GST alone as a control and used in a GST pulldown assay
in the presence of total cell extracts from uninfected MeWo cells. In both cases, the �1
and � subunits of the AP-1 complex were detected, reflecting that ORF9p homologs
can also interact with this adaptor protein complex (Fig. 4B).

ORF9p leucine 231 is important for viral infectivity in both MeWo and MRC-5
cells. The infectivity of all mutants was determined in both MeWo cells (Fig. 5A and B)
and MRC-5 cells (Fig. 5C to E). The size of the infection foci in MeWo cells was assessed
at 48 hpi and showed that all mutants, except VZV-ORF9-Y268A-V5, present a slight to
moderate growth defect compared to the WT strain. However, the mutation of leucine
231 had the greatest impact on viral growth (Fig. 5A). In parallel, a known number of
individual infected cells was used to infect MeWo cells seeded in a 24-well plate, and
the number of infection foci was determined at 72 hpi. The number of infection foci
present in the well corresponds to the number of infectious cells present in the
inoculum. The mean ratio of infectious cells/infected cells was significantly reduced for
VZV-ORF9-L231A-V5 compared to the wild type or the other mutant strains (less than
10% compared to 30 to 40% in Fig. 5B). This suggests that the entry and maybe the
expression of viral genes are not affected by the L231A mutation, while the production
and/or egress of the progeny virion might be affected.

In MRC-5 cells, minor to moderate differences in the growth properties of VZV-
ORF9-Y61G-V5, -L215A-V5, and -Y286A-V5 were observed, while the infectivity of
VZV-ORF9-L231A-V5 was severely impaired, with the number of PFU at 72 hpi being
more than five times lower than the number of VZV-ORF9-V5 PFU (Fig. 5C). To get
additional information regarding the different steps of the infectious cycle that may be
impacted by the mutation, MRC-5 cell RNA and genomic DNA were extracted at each
time point to determine the expression level of the three classes of viral genes, i.e.,
immediate early (IE; orf4), early (E; orf47), and late (L; orf40) genes, and the amount of
viral genomic DNA. The amount of viral genomes was expressed per nanogram of total
DNA (Fig. 5D), and RNA levels were normalized to the 18S rRNA level and expressed as
a fold induction relative to that in the VZV-ORF9-V5-infected cells at 24 hpi (Fig. 5E).
Both analyses confirmed a global growth defect of the VZV-ORF9-L231A-V5 mutant,
although a slight decrease in IE, E, and L gene expression was also observed for
VZV-ORF9-Y61G-V5, -Y268A-V5, and -L215-V5 (Fig. 5E).

To confirm that the growth defect of the L231A mutant was solely due to the leucine
mutation, a revertant virus (VZV-ORF9-L231A-rev-V5) was generated by reintroducing
the wild-type orf9 instead of the mutant copy into VZV-ORF9-L231A-V5. The infectivity
of VZV-ORF9-L231A-rev-V5 in MeWo and MRC-5 cells was then compared to that of
VZV-ORF9-V5. No major differences could be observed between the two viral strains,
demonstrating that the growth defect of VZV-ORF9-L231A-V5 is attributable only to the
leucine 231 mutation (Fig. 6A to E). In addition, immunofluorescence on infected MRC-5
and ARPE-19 cells shows that the colocalization of ORF9p and AP-1 is restored when the
L231 mutation is repaired (Fig. 6F).

ORF9p leucine 231 is important for viral infectivity in a 3D skin model.
VZV-ORF9-L231A-V5 infectivity was then evaluated in a previously described human
three-dimensional (3D) skin model (41). Five thousand VZV-ORF9-V5-, -L231A-V5-, and
-L231A-rev-V5-infected MRC-5 cells were layered on skin rafts and maintained in culture
for 6 days. Immunohistochemistry with an anti-V5 antibody to detect ORF9p-V5 was
performed on five series of 6 sections (Fig. 7A). Large infection foci were present in all
series for VZV-ORF9-V5 and -L231A-rev-V5, whereas very small foci were observed only
in one set of VZV-ORF9-L231A-V5 sections. In addition, VZV-ORF9-L231A-V5 foci re-
mained limited to the upper layers of keratinocytes, in contrast to the spreading
throughout the thickness of the skin rafts observed with VZV-ORF9-V5 and -L231-rev-V5
(Fig. 7A). It is worth noting that a similar result was obtained by labeling the sections
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with an antibody against IE63, reflecting a global growth defect rather than a particular
issue with the expression or detection of L231A-V5 (data not shown). The massive
reduction of infectivity was also observed when the viral genome copy number and
viral gene expression were measured, respectively, by quantitative PCR (qPCR) or
quantitative reverse transcription-PCR (qRT-PCR) (Fig. 7B and C).

The L231A mutant exhibits assembly and egress defects. MeWo cells were
analyzed at the ultrastructural level using a transmission electron microscope (TEM) to

FIG 5 The L231A mutation strongly impacts infectivity in MeWo and MRC-5 cells. VZV-ORF9-V5 (WT) and mutant strain infectivity was assessed in MeWo cells
(A and B) or MRC-5 cells (C to E). (A) Infection focus measurement at 48 hpi. MeWo cells were infected for 48 h, and the size of the infection foci was determined
using CellProfiler software and expressed as the number of pixels present in each infection focus. The box plot depicts the 1st and 3rd quantiles (the lower
and upper limits of the boxes, respectively) and the median (heavy black lines). Error bars represent minimum and maximum values. (B) Infectivity of infected
cells. A known number of infected cells was used to infect MeWo cells seeded in a 24-well plate, and the number of infectious foci was determined in each
well 3 days later. The graph shows the mean ratio of infectious cells/infected cells; error bars represent the standard deviation (SD). (C) Growth curves in MRC-5
cells. The graph shows the results of one representative experiment out of four; error bars represent the standard error of the mean (SEM). (D) The amount
of the VZV genome over time was quantified by qPCR on DNA extracts. Primers in the human p21 promoter were used for normalization. Serial dilutions of
a BAC-VZV of a known concentration were used to build a standard curve. Results are expressed as the absolute number of VZV genomes per nanogram of
total DNA. Means from three independent experiments are depicted; error bars represent the SD. (E) In parallel, qRT-PCR was performed on RNA extracts to
quantify the expression of IE (orf4), E (orf47), and L (orf40) genes. The expression of 18S rRNA was used to calculate the change in the threshold cycle number,
and for each gene, relative expression levels were calculated, with the expression level for the WT at 24 hpi being used as a control. Means from three
independent experiments are depicted; error bars represent the SD. (A, B, D, and E) A two-tailed t test was used to compare, at each time point, each mutant
to the WT strain. *, P � 0.05; **, P � 0.01.

ORF9p/AP-1 Interaction Is Important for VZV Infectivity Journal of Virology

August 2018 Volume 92 Issue 15 e00295-18 jvi.asm.org 9



FIG 6 The replacement of ORF9-L231A-V5 by a WT ORF9-V5 copy restores the infectivity and the colocalization with AP-1. (A to E) VZV-ORF9-V5 (WT)
and VZV-ORF9-L231A-rev-V5 (L231A rev) infectivity was assessed in MeWo cells (A and B) or MRC-5 cells (C to E). (A) Infection focus measurement at

(Continued on next page)
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search for abnormal phenotypes. About 20 VZV-ORF9-V5-infected cells and 20 VZV-
ORF9-L231A-V5-infected cells were carefully analyzed. While many complete virions or
light particles were observed at the periphery of VZV-ORF9-V5-infected cells (Fig. 8A),
they were scarce in VZV-ORF9-L231A-V5-infected cells (Fig. 8B). Transport vesicles
containing enveloped virions and light particles were abundant and large in VZV-ORF9-
V5-infected cells (Fig. 8A, middle) but extremely rare in VZV-ORF9-L231A-V5-infected
cells, and when present, they were small and contained only a few viral particles (Fig.
8B). Interestingly, we noticed that while the particles of the ORF9-V5 virus (complete
virions and light particles) seemed to be tightly bound to the membrane of the
transport vesicles and to the cell membrane (Fig. 8A, right), this association appeared
to be much looser for the L231A-V5 strain (Fig. 8B, right). In addition, L231A-V5-infected
cells frequently showed dense material, likely the viral tegument, in association with
curved membranes (endoplasmic reticulum, Golgi cisternae, and/or endocytic tubules)
without being associated with viral particles or light particles (Fig. 8C). Surprisingly,
vesicles resembling lysosomes and autophagosomes, some of them in the close vicinity
of transport vesicles, were frequently observed in VZV-ORF9-L231A-V5-infected cells
(Fig. 9A). Such figures were only rarely observed in WT-infected cells, and when
observed, they were usually not in the vicinity of transport vesicles (Fig. 9B).

DISCUSSION

Although it is admitted that the tegument proteins, in general, and ORF9p or its
homologs, in particular, play a role in envelopment, the molecular mechanisms and the
interactions supporting these crucial steps are still poorly understood. The Y2H exper-
iment described in this paper is the first attempt to identify putative cellular partners
of ORF9p. The screening of hORFeome 5.1 with ORF9p, used as bait, together with a
pairwise retest identified 35 cellular proteins directly interacting with ORF9p. Interest-
ingly, the ORF9p region mapping to amino acids (aa) 50 to 250 containing the
homology region (HR; aa 136 to 250) conserved in all alphaherpesviruses is important
for these interactions. A gene ontology analysis to classify the partners based on their
cellular functions highlighted several cellular processes, among which were microtu-
bule cytoskeleton, chromatin organization, RNA metabolic processes, and transcription,
suggesting that ORF9p could play various roles in infected cells. This is in agreement
with the fact that both ORF9p and VP22 have been reported to interact with the
cytoskeleton (26, 42), while HSV VP22 is also known to bind to the chromatin in dividing
cells and to mRNA, enhancing thereby the accumulation of mRNA at early times of
infection and protein synthesis at late times of infection (42–44).

Remarkably, 12 candidates out of the 35 were related to organelle organization.
Among these proteins, four, namely, ANXA2, GOLGA2, CHMP5, and AP1M1, were
associated with both intracellular transport and vesicle-mediated transport. ANXA2
(annexin A2) is a calcium-dependent, anionic phospholipid-binding protein that has
pleiotropic functions, among which is the capacity to interact with endosomes
following organelle destabilization (45). GOLGA2 (golgin A2) is a cis-Golgi matrix

FIG 6 Legend (Continued)
48 hpi. MeWo cells were infected for 48 h, and the size of the infection foci was determined using CellProfiler software and expressed as the number
of pixels present in each infection focus. The box plot depicts the 1st and 3rd quantiles (the lower and upper limits of the boxes, respectively) and
the median (heavy black lines). Error bars represent minimum and maximum values. (B) Infectivity of infected cells. A known number of infected cells
was used to infect MeWo cells seeded in a 24-well plate, and the number of infectious foci was determined in each well 3 days later. The graph shows
the mean ratio of infectious cells/infected cells; error bars represent the standard deviation (SD). (C) Growth curves in MRC-5 cells. The graph shows
the results of one representative experiment out of four; error bars represent the standard error of the mean (SEM). (D) The amount of the VZV genome
over time was quantified by qPCR on DNA extracts. Primers in the human p21 promoter were used for normalization. Serial dilutions of a BAC-VZV
of a known concentration were used to build a standard curve. Results are expressed as the absolute number of VZV genomes per nanogram of total
DNA. Means from three independent experiments are depicted; error bars represent the SD. (E) In parallel, qRT-PCR was performed on RNA extracts
to quantify the expression of IE (orf4), E (orf47), and L (orf40) genes. The expression of 18S rRNA was used to calculate the change in the threshold
cycle number, and for each gene, relative expression levels were calculated, with the expression level for the WT at 24 hpi being used as a control.
Means from three independent experiments are depicted; error bars represent the SD. (A, B, D, and E) A two-tailed t test was used to compare, at each
time point, each mutant to the WT strain. *, P � 0.05. (F) MRC-5 and ARPE-19 cells were infected with VZV-ORF9-L231A-rev-V5 for 48 h and
immunostained with both a mouse anti-V5 and a rabbit anti-AP-1�. Appropriate secondary antibodies were used, and nuclei were counterstained with
TO-PRO-3. Images were recorded with a 63� oil objective.
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protein that plays a major role in the stacking of Golgi cisternae and maintenance of the
Golgi apparatus structure and participates in the glycosylation and transport of proteins
and lipids in the secretory pathway (46, 47). CHMP5 (charged multivesicular body
protein 5) is a component of ESCRT-III (endosomal sorting complex required for
transport III), a complex involved in both the degradation of surface receptor proteins
and the formation of endocytic multivesicular bodies (MVBs) (48). Knowing the poten-
tial implication of MVBs in the secondary envelopment process of herpesviruses, this
could be of a particular interest (49, 50). Finally, AP1M1 is the � subunit of the adaptor
protein complex 1 (AP-1), which mediates the bidirectional clathrin-dependent traffick-
ing of cargo proteins between the TGN and the endosomal network. The interaction
with the cargo protein is mediated by the � subunit or by the junction between the �

and � subunits, while the clathrin and accessory molecules interact with the � and �

subunits (34).
The interaction of the most abundant tegument protein with the AP-1 complex

appears to be highly relevant in the context of viral egress. Indeed, the site of secondary

FIG 7 ORF9p leucine 231 is important for viral infectivity in a 3D skin model. Human primary keratinocytes were allowed to divide and differentiate at the
air-liquid interface on top of a collagen matrix for 4 days. VZV-ORF9-V5 (WT)-, VZV-L213A-V5-, and VZV-L231A-rev-V5-infected MRC-5 cells were then layered
on the epithelial cells and skin rafts were processed 6 days later. Three skin rafts were prepared for each infection. (A) For each infection, one raft was embedded
in paraffin and a series of successive sections was prepared. (Left) Immunostaining against ORF9p (anti-V5 primary antibody). Nuclei were counterstained with
DAPI. (Right) Control hematoxylin-eosin (H/E) staining. (B) Total RNA was extracted from a second skin raft, and the expression of IE (orf4 and orf63), E (orf9,
orf47 and orf66), and L (orf67) genes was analyzed by qRT-PCR. The expression of 18S rRNA was used to calculate the change in the threshold cycle value, and
for each gene, relative expression levels were calculated, with the VZV-ORF9-V5-infected raft being used as a control. Means for internal replicates are shown,
and error bars represent the SD. (C) Genomic DNA was extracted from a third raft, and qPCR was performed to evaluate the number of VZV genome copies
per microgram of total DNA. Primers in the human p21 promoter were used for normalization. Serial dilutions of a BAC-VZV of a known concentration were
used to build a standard curve. Means for internal replicates are shown, and error bars represent the SD.
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FIG 8 The VZV-ORF9-L231A-V5 mutant exhibits assembly and egress defects. Transmission electron microscopy was used to compare VZV-ORF9-V5-infected
cells to VZV-ORF9-L231A-V5-infected cells. (A) VZV-ORF9-V5-infected MeWo cells are characterized by many particles at the cell surface as well as many

(Continued on next page)
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envelopment and the precise nature of the transport vesicles are still debated. The
importance of the TGN in the secondary envelopment process was widely recognized
not only because most tegument proteins and glycoproteins present in extracellular
particles accumulate in this cellular compartment before being incorporated into the
final particles but also because of the lipid composition of the viral envelope (2, 3).
Additionally, ultrastructural studies have identified capsids budding through vesicles
positively stained for TGN markers (51–54). More recent work on HSV-1 has brought the
idea that endocytic tubules instead might be the major site of secondary envelopment
(4). In addition, some glycoproteins are first transported to the plasma membrane and
secondarily endocytosed and transported to the TGN, supposedly the site of final
envelopment, suggesting that endocytosis might represent an essential step in viral
assembly (5, 55). We confirmed the interaction between ORF9p and AP-1 in a GST
pulldown assay and by coimmunoprecipitation from infected MeWo, MRC-5, or
ARPE-19 cell lysates. This was further supported by the colocalization of the ORF9p and
AP-1� proteins in the infectious context. The mutation of ORF9p leucine 231 led to a
complete loss of interaction between ORF9p and AP-1, which was confirmed by a lack
of colocalization, indicating that 227EGLNLI232 is crucial for this interaction. The infec-
tivity of the VZV-ORF9-L231A-V5 mutant was dramatically impaired in both MeWo and
MRC-5 cells as well as in a human 3D skin model. The interaction between AP members
and viral components has been shown to be important for the infectivity of various
viruses. For example, AP-1 interacts with HIV Nef (56) and with African swine fever virus
CD2v (57), while AP-2 interacts with the hepatitis B virus large envelope protein (58).

Interactions with AP-1 generally require cargo proteins to be inserted in the mem-
brane in the vicinity of AP-1, usually thanks to lipid modifications. A bioinformatic
analysis of ORF9p reveals that glycine 6 and cysteine 10 might be myristoylated or
palmitoylated, respectively. We are currently investigating this hypothesis. Neverthe-
less, some cytoplasmic proteins are known to bind adaptor protein complexes in order
to bring cargo to the sorting machinery. For example, PACS-1, a cytoplasmic protein, is
required to mediate the interaction between furin and AP-1 for the subsequent
addressing to the TGN (59). PACS-1 is also described to bind the mannose 6-phosphate
receptor (MPR) or VZV gE (59) and to mediate the interaction between HIV Nef, AP-1,
and the major histocompatibility complex (MHC) (60). It is thus possible that, even in
the absence of a lipid modification, ORF9p, like PACS-1, ensures the proper localization
of viral components necessary for assembly. Any mutation of ORF9p impairing its
interaction with AP-1 would then affect the localization of other viral components and,
consequently, viral assembly. Mass spectrometry analyses on the immunoprecipitated
AP-1 complex are ongoing and will allow characterization, more broadly, of this
complex in VZV-ORF9-V5- or VZV-ORF9-L231A-V5-infected cells.

Of note, the mutation of the conserved dileucine motifs in HSV-1 VP22 has dem-
onstrated their importance for the expression or proper redistribution of VP22 itself and
of ICP0, ICP4, ICP27, and VP26 and their importance for neurovirulence (11). In addition,
the mutation of either dileucine motif in HSV-1 VP22 impedes its interaction with VP16,
while the mutation of the first dileucine motif impairs its interaction with gE and,
consequently, the incorporation of VP22 into the virion (61). Immunostaining and
Western blotting experiments to detect possible modifications of the expression and/or
localization of several VZV proteins, among which were some of the homologs of the
HSV proteins described above, revealed only a minor nuclear retention of the kinase
ORF47p (data not shown). Besides, preliminary results suggest that ORF9p interaction
with gE, ORF10p (VP16 homolog), or IE62, the major VZV transactivator (which is an

FIG 8 Legend (Continued)
transport vesicles (arrows and middle). Enveloped virions or light particles were tightly associated with membranes (right, arrowheads). The boxed region
in the left panel is shown as an enlargement in the middle panel. (B) VZV-ORF9-L231A-V5-infected MeWo cells are characterized by very few particles at
the cell surface and very few transport vesicles (arrows). When present, viral particles are not tightly associated with the membranes (arrowheads). Specific
regions of the left panel are boxed and enlarged in the right panels. N, nucleus. (C) A dense material bound to cisternae from the Golgi apparatus or the
endoplasmic reticulum is frequently observed in VZV-ORF9-L231A-V5-infected MeWo cells.
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FIG 9 VZV-ORF9-L231A-V5-infected MeWo cells present peculiar features. (A) TEM micrographs of VZV-ORF9-L231A-V5-infected (48 hpi) MeWo cells showing
the presence of many lysosomes (black arrows) and autophagosomes (white arrows). VZV particles in transport vesicles are present in close vicinity (asterisks).
(B) TEM micrographs of VZV-ORF9-V5 infected MeWo cells (48 hpi) display few lysosomes (black arrows) and autophagosomes (white arrows). N, nucleus.
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HSV-1 ICP4 homolog but which shares some functional properties with VP16) (27), is
maintained despite the L231A mutation (data not shown). Additional experiments
would be required to verify whether some other viral proteins are mislocalized or
incorrectly expressed in VZV-ORF9-L231-V5-infected cells and whether the final com-
position of the released virions is affected. A very elegant flow virometry analysis of the
extracellular HSV-1 particles indicates that the particles sorted for their high VP22
content show a modest but reproducible increase in infectivity compared to the
particles containing smaller amounts of VP22, although the authors concluded that the
VP22 level acts only indirectly on viral fitness (20). Although technically difficult due to
the small amount of particles produced, a mass spectrometry analysis of VZV-ORF9-
L231A-V5 particles would certainly be informative. Alternatively, immunostaining on
ultrathin sections with antibodies against the main glycoproteins might give some clue
to provide an understanding of why the infectivity of this virus is so low.

Electron microscopy analyses clearly reflected the growth defect of VZV-ORF9-
L231A-V5: (i) VZV-ORF9-L231A-V5-infected cells showed very few enveloped virions or
light particles at the cell surface and sparse small transport vesicles containing only a
few particles, (ii) the particles seemed not to be tightly bound to the cell membrane or
transport vesicle membrane, contrary to what is observed with the wild-type strain, and
(iii) a dense material resembling the viral tegument associated with curved vesicles
most likely belonging to the Golgi apparatus, the endoplasmic reticulum, and/or the
endocytic tubule network was often observed. These observations suggest that ORF9p/
AP-1 interaction might be necessary to recruit and/or stabilize other viral components
at the appropriate localization to ensure the final assembly.

On the other hand, TEM analyses did not reveal any accumulation of capsids in
the cytoplasm of VZV-ORF9-L231-V5-infected cells, which would be expected with
a defect only at a secondary egress step. Moreover, in VZV-ORF9-L231A-V5-infected
MRC-5 cells sorted by flow cytometry according to their expression of green
fluorescent protein (GFP), TEM analyses revealed the presence of capsids only in a
low percentage of cells (data not shown). This might reflect either a nucleocapsid
assembly default or a targeting of newly produced virions for degradation. In the
cell culture systems used to produce and study VZV, the majority of particles
reaching the cell surface are actually noninfectious and aberrant at the ultrastruc-
tural level (62, 63). It was postulated that after secondary envelopment, VZV
particles are redirected to the late secretory pathway, where they are partially
degraded before reaching the cell surface (52). More recently, the transport vesicles
containing VZV virions were shown to be single walled and positive for both Rab11
(endocytic pathway) and LC3B (autophagic pathway), and exocytosis of VZV parti-
cles was shown to rely, at least partially, on a convergence between the autophagy
and endosomal pathways (64, 65). Interestingly, vesicles resembling lysosomes and
autophagosomes, some of them being in the close vicinity of transport vesicles,
were frequently observed in VZV-ORF9-L231A-V5-infected cells, while they were
rarer in WT-infected cells. Immunostaining on ultrathin sections is required to draw
conclusions on the precise nature of these vesicles. Nevertheless, it is tempting to
speculate that it might reflect that the diversion of the autophagic pathways to the
virus’s own benefit is impaired in the mutant virus, leading to virion degradation.
It is interesting to note that among the ORF9p interaction partners identified in the
Y2H experiment, we found MAP1LC3A, also known as LC3.

In conclusion, we have shown that ORF9p, the major tegument protein, interacts
with the AP-1 complex through the 227EGLNLI232 dileucine motif and that the
mutation of this motif dramatically impairs the infectious cycle. Like all viruses, VZV
exploits the cellular machinery to its own profit, including the mechanisms allowing
the transport of cargo to the appropriate localization. The fact that this interaction
is conserved in HSV-2 and MDV and that the dileucine motif is conserved in almost
all alphaherpesviruses suggests that the interaction with AP-1 is important for the
infectious cycle.

More broadly, it is possible that this interaction perturbs the cell physiology by
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interfering with the transport of cellular proteins, as it has been described for Nef of HIV,
which leads to a decrease of MHC class I or CD4 at the cell surface (66). This possibility
is under investigation.

MATERIALS AND METHODS
Cell culture. MeWo (a human melanoma cell line; ATCC HTB-65), MRC-5 (human primary embryonic

lung fibroblasts), and ARPE-19 (human retinal pigmented epithelium; ATCC CRL-2302) cells were cultured
in Eagle minimal essential medium (MeWo and MRC-5 cells) or Dulbecco’s modified Eagle’s medium–
Ham’s F-12 medium (ARPE-19 cells) supplemented with 1% nonessential amino acids, 1% L-glutamine,
1% antibiotic mix (penicillin-streptomycin), and 10% fetal bovine serum (Fisher Scientific, Gibco).

Recombinant virus production. To reconstitute recombinant viruses, MeWo cells were transfected
with bacterial artificial chromosomes (BACs) containing the entire WT or mutated pOka genome (3 �g
per well of 6-well plates) using 4.5 �l of the JetPEI transfection reagent (Polyplus transfection). All BACs
contained a gene coding for GFP under the control of the cytomegalovirus promoter, allowing the
detection of infected cells by confocal microscopy or flow cytometry. At 3 days after transfection, the
cells were transferred into a 25-cm2 flask and passaged every 2 to 3 days until typical infection foci
appeared. MRC-5 or ARPE-19 cells were infected by coculture with infected MeWo cells at a 24/1 ratio.

Antibodies. The following commercial antibodies were used: mouse anti-V5 (catalog number
R960-25; Life Technologies), mouse anti-�-adaptin (catalog number A4200; Sigma), and rabbit anti-�-
adaptin (catalog number ab220251; Abcam). Antibody against AP-1�1 was a kind gift of L. Traub (67).
VZV anti-IE63 (9D12) was previously described (68). Alexa Fluor 405- and Alexa Fluor 568-conjugated
secondary antibodies were obtained from Invitrogen.

High-throughput yeast two-hybrid assay. orf9 was amplified by PCR with the 9WT_gateFw and
9WT_gateRv primers (Table 1) and cloned by Gateway cloning (Invitrogen) in pAD-dest-CYH and
pDB-dest, which were transformed, respectively, into MATa Y8800 and MAT� Y8930 Saccharomyces
cerevisiae strains (as previously described [69, 70]). The AD-ORF9p Y8800 was mated to each of the 15,483
DB ORFs Y8930 of the human ORFeome 5.1 (CCSB; Dana-Farber Cancer Institute; described in reference
71), the 165 pools of 94 AD ORFs of the hORFeome 5.1 were mated to DB ORF9 Y8930, and interactions
were identified strictly as described in reference 72. Colonies positive for the GAL1::HIS3 and GAL1::ADE2
selective markers but negative for autoactivation were selected for PCR amplification (with Zymolyase
20T [Seikagaku Biobusiness] and Platinum Taq DNA polymerase [Invitrogen]). Interacting proteins were
identified by sequencing of the respective AD and DB ORFs. The interaction of partners of interest with
WT and six orf9 truncated constructs (expressing aa 50 to 302, 100 to 302, 150 to 302, 1 to 250, 1 to 200,
and 1 to 150) was validated/tested similarly using isolated AD and DB clones.

GST pulldown. pGex-ORF9 has been described previously (30). The MDV and HSV-2 UL49 genes were
amplified by PCR, using pcDNA3-UL49 (a kind gift from C. Denesvre [73]) or genomic DNA purified from
HSV-2-infected cells as the template and the primers described in Table 1. Amplified sequences were
inserted into pGEX-5X-1, which had previously been digested with SmaI. pOka VZV-infected and
noninfected MeWo cells were lysed with GST buffer (50 mM Tris-HCl [pH 8], 5 mM EDTA, 150 mM NaCl,
10 mM MgCl2, 1% Triton X-100, cOmplete protease inhibitor cocktail [1:50; Roche]) and centrifuged for
3 min at maximum speed. Cleared lysates were incubated for 2 h at 4°C with GST-, GST-ORF9p-, or
GST-VP22-coated agarose beads (GE Healthcare). After three washes, the pulled-down proteins were
eluted and subjected to Western blotting.

Immunofluorescence. MRC-5 or ARPE-19 cells were seeded on glass coverslips and infected by
coculture with infected MeWo cells. At 48 h postinfection (hpi), cells were washed with phosphate-
buffered saline (PBS), fixed for 10 min in 4% paraformaldehyde–PBS, permeabilized for 10 min in 0.3%
Triton X-100 –PBS, and blocked with 10% bovine serum albumin (BSA)–PBS for 45 min. The coverslips
were then incubated overnight at 4°C with the primary antibodies diluted in 5% BSA–PBS (anti-V5, 1/250;
anti-AP-1�, 1/250). After 3 washes in 5% BSA–PBS, the coverslips were incubated for 1 h with the
appropriate Alexa Fluor 405- or Alexa Fluor 568-conjugated secondary antibody (1/400 in 5% BSA–PBS
at room temperature). Nuclei were stained with TO-PRO-3 (1/2,000), and images were recorded with an
Olympus FV1000 confocal microscope using a 63� oil objective.

Site-directed mutagenesis. pcDNA-3.1-ORF9p-Y61G, -ORF9p-L215A, -ORF9p-L231A, and -ORF9p-
Y268A were generated by directional mutagenesis using TurboPFU polymerase (Stratagene), the appro-
priate primers (Table 1), and pcDNA-3.1-ORF9-V5 as a template (30).

Construction of BAC-VZV carrying the ORF9p mutation. All constructs were created by modifi-
cation of the BAC-VZV-pOka WT (a kind gift from H. Zhu [74]) using the GalK positive/negative selection
technique described by Warming et al. (75) and materials (pGalK plasmid and SW102 bacterial strain)
obtained from the Biology Research Branch (BRB) at NCI, Bethesda, MD.

BAC-VZV-ORF9-V5 and VZV-ORF9-ΔAC-V5 (ΔAC-V5) were already described (30, 31). BAC-VZV-ORF9-
Y61G-V5, -L215A-V5, -L231A-V5, and -Y268A-V5 were generated by replacing the orf9 coding sequence
by the galK-expressing cassette, which was subsequently replaced by the mutated copy of orf9. The
primers listed in Table 1 and the four mutated pcDNA-3.1 vectors were used to obtain the recombination
cassettes. To create the L231A revertant BAC, the ΔORF9 GalK cassette was reintroduced into BAC-VZV-
ORF9-L231A-V5 and subsequently replaced by a WT ORF9-V5 copy.

Coimmunoprecipitation. Infected MeWo cells (48 hpi) were lysed, and the immunoprecipitation
step was performed as described by Iijima et al. (66), except that protein A/G magnetic beads (Pierce)
were used and a phosphatase inhibitor cocktail (25 mM �-glycine, 1 mM Na3VO4, 1.5 mM NaF) was added
in the lysis buffer. After four washes of the beads (1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl [pH
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7.0], 1 mM CaCl2, 1 mM MgCl2), proteins were eluted with 2% SDS at 37°C for 10 min, followed by the
addition of an equal volume of SDS loading buffer and another incubation at 37°C for 10 min.

Viral growth curve. To assess the growth properties of the ORF9p mutant in MeWo cells, infected
cells were first filtered through a cell strainer to remove syncytia and obtain a single-cell suspension. The
proportion of GFP-positive cells in the suspension, corresponding to infected cells, was assessed using
a FACSCanto II flow cytometer, and a known number of infected cells was then used to infect MeWo cells.
At 48 hpi, pictures of the infection foci were recorded (range, 16 to 92) using an inverted fluorescence
microscope (Olympus FSX-100). To determine the size of the infection foci, the pictures were processed
with CellProfiler software (www.cellprofiler.org) (76). In parallel, at 48 and 72 hpi, the number of infection
foci was determined in each well (n � 8) and divided by the number of infected cells used to infect the
cells at day 0, to obtain the ratio of infectious cells/infected cells.

For the growth curve in MRC-5 cells, infected MeWo cells were trypsinized on day 1 and the
proportion of GFP-positive cells, corresponding to infected cells, was assessed using a FACSCanto II flow

TABLE 1 Primers used in this study

Primer purpose and primer Sequence

Gateway cloning
9WT_gateFw 5=-GGGGACAACTTTGTACAAAAAAGTTGGCATGGCATCTTCCGACGGTGACAGA-3=
50-302_gateFw 5=-GGGGACAACTTTGTACAAAAAAGTTGGC ATGACCACAGTTGGGGCCGATTCTC-3=
100-302_gateFw 5=-GGGGACAACTTTGTACAAAAAAGTTGGCATGGAGGCCCGTTTGAGACATGAAC-3=
150-302_gate Fw 5=-GGGGACAACTTTGTACAAAAAAGTTGGCATTGCCAGCGGGAGACCAATTTCC-3=
9WT_gateRv 5=-GGGGACAACTTTGTACAAGAAAGTTGATTATTTTCGCGCATCAGTTCTTGATG-3=
1-250_gateRv 5=-GGGGACAACTTTGTACAAGAAAGTTGATCCACGTTTGGATACCGATGCTCC-3=
1-200_gateRv 5=-GGGACAACTTTGTACAAGAAAGTTGAAGCCGCTTCGGCAGCCTTTTGTGC-3=
1-150_gateRv 5=-GGGGACAACTTTGTACAAGAAAGTTGAAATTGCGCCTGCTCCCGGGGGAGC-3=

Site-directed mutagenesis
ORF9_Y61G_Fw 5=-CCGATTCTCCTTCTCCAGTGGGCGCGGATCTTTAT-3=
ORF9_Y61G_Rv 5=-GTTCAAAATAAAGATCCGCGCCCACTGGAGAAGGA-3=
ORF9L215A_Fw 5=-ATTAGACCGTGCGTTAACCGGAGCCGTTATTCGTA-3=
ORF9L215A_Rv 5=-CTCCGGTTAACGCACGGTCTAATTCGGCGTTATTC-3=
ORF9L231A_Fw 5=-GGGTTTAAATGCAATACAAGCCGCTAATGAAGCAG-3=
ORF9L231A_Rv 5=-CGGCTTGTATTGCATTTAAACCCTCATGCACCGTA-3=
ORF9Y268A_Fw 5=-TGAACCTATGGCCGCACAAGTTCGTAAGCCAAAAA-3=
ORF9Y268A_Rv 5=-TTTTTGGCTTACGAACTTGTGCGGCCATAGGTTCA-3=

BAC recombineering
ORF9galKN_Fw 5=-CGCGGTCTGCCGTGTTTGGATATTTCACGACCCTATCGTTTATTTACGTACCTGTTGACAATTAATCATCGGCA-3=
ORF9GalKC_Rv 5=-TTATTTATTATACATAATACCGGGTAAACCGTTACTGCGTAATTATATCCTCAGCACTGTCCTGCTCCTT-3=
WT9_Fw 5=-CGCGGTCTGCCGTGTTTGGATATTTCACGACCCTATCGTTTATTTACGTAATGGCATCTTCCGACGGTGACAGA-3=
WT9_Rv 5=-TTATTTATTATACATAATACCGGGTAAACCGTTACTGCGTAATTATATCCTCAATGGTGATGGTGATGATGACCG-3=

GST constructs
VP22-HSV2-Fw 5=-ATGACCTCTCGCCGCTCCGTCAAGTCGTGTCCGC-3=
VP22-HSV2-Rv 5=-CTCGAGGGGGCGGCGGGGACGGGAAGCCGAGCGG-3=
VP22-MDV-Fw 5=-ATGGGGGATTCTGAAAGGCGGAAATCGGAACGGC-3=
VP22-MDV-Rv 5=-TTCGCTATCACTGCTACGATATCCGCGGGCGGATG-3=

qRT-PCR and genomic PCR
18S_FW 5=-AACTTTCGATGGTAGTCGCCG-3=
18S_Rv 5=-CCTTGGATGTGGTAGCCGTTT-3=
qRT_IE4_Fw 5=-CTTCAATTCCAACCGACCCAG-3=
qRT_IE4_Rv 5=-ATCGGTGACTTCCAATGCAAAG-3=
qRT_IE63_Fw 5=-TACAGCTTCAACCCACCCAGAC-3=
qRT_IE63_Rv 5=-ATTCGGCGCCTCAATGAAC-3=
qRT_ORF9_Fw 5=-AAAAATGCGGCGGTTAAACC-3=
qRT_ORF9_Rv 5=-GCAGTGCTGAAGGAAATTGGTC-3=
qRT_ORF47_Fw 5=-CCCGTATTTCCCGGAATTCTT-3=
qRT_ORF47_Rv 5=-TAATGAGGCCGGAATGCGT-3=
qRT_ORF66_Fw 5=-GTTTTGCGTTTGCGTGTATGG-3=
qRT_ORF66_Rv 5=-AACGCTCTTAACACGGTTGCC-3=
qRT_ORF40_Fw 5=-CGATGAAACCATTGCAACG-3=
qRT_ORF40_Rv 5=-CCGCCTAGCATTTGTCATTC-3=
qRT_ORF67_Fw 5=-GGCTCGCATCACAACATTCA-3=
qRT_ORF67_Rv 5=-GTCGCGGGTAAATCACACAA-3=
ORF10prom_Fw 5=-GACAGTCGTGGTTTGTGTTTATT-3=
ORF10prom_Rv 5=-AATGGGGTTTGTTTGGTAGC-3=
P21prom_Fw 5=-GTGGCTCTGATTGGCTTTCTG-3=
P21prom_Rv 5=-CTGAAAACAGGCAGCCCAAG-3=
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cytometer. The cells in four 25-cm2 flasks of MRC-5 cells for each viral strain were then infected with 500
infected MeWo cells. On days 1 to 4, a 25-cm2 flask for each virus was trypsinized and an aliquot was
serially diluted (range, 1/62.5 to 1/2,000) and used to infect MRC-5 cells in 24-well plates. Each 24-well
plate was analyzed twice (48 hpi and 72 hpi) with an inverted fluorescence microscope to determine the
number of infection foci. The cells that were not used for the serial dilution were divided into three tubes,
two of which were frozen for subsequent DNA and RNA extraction, while the third was centrifuged; the
cells were fixed in 4% platelet-activating factor for 20 min; and the proportion of infected cells was
determined by fluorescence-activated cell sorting (FACS).

qPCR and qRT-PCR. RNA was extracted from infected cells with the TriPure reagent (Roche) and
treated with RNase-free DNase for an hour at 37°C. One microgram of RNA was used to produce cDNA
with a RevertAid H Minus First Strand cDNA synthesis kit (Thermo Scientific). Twenty nanograms of cDNA
was used for the subsequent PCR, except for 18S rRNA primers, for which 20 pg was used. The expression
of 18S rRNA was used for normalization.

For genomic DNA extraction, cells were resuspended in Tris-SDS buffer (10 mM Tris, pH 7.4, 10 mM
EDTA, 150 mM NaCl, 0.4% SDS) containing 0.2 mg/ml of proteinase K and incubated for 3 h at 50°C.
Genomic DNA was subsequently isolated via a classical phenol-chloroform extraction. For viral genome
quantification, 10 ng of DNA was used for the subsequent PCR. Primers in the VZV orf10 promoter were
used for viral genome detection, and normalization was performed with primers against the human p21
promoter. In order to obtain the absolute number of VZV genomes present in the samples, a standard
curve was built in parallel via serial dilution of a BAC-VZV WT DNA preparation of a known concentration.

Quantitative PCR or RT-PCR were performed with a Roche LightCycler 480 apparatus in 384-well
plates, in which triplicates of 2 �l of genomic DNA or cDNA were mixed with 8 �l of a mix containing
FastStart Universal Sybr green master mix (Roche) and specific primers (Table 1).

3D skin model. For the preparation of epidermal equivalents, a collagen matrix solution was made
with collagen mixed on ice with 10-fold-concentrated Ham’s F-12 medium, 10-fold reconstitution buffer,
and Swiss 3T3 J2 fibroblasts. One milliliter of the collagen matrix solution was poured into 24-well plates.
After gel equilibration with 1 ml of growth medium overnight at 37°C, 2.5 � 105 PHK cells were seeded
on top of the gels and maintained submerged for 24 to 48 h. The collagen rafts were raised and placed
onto stainless steel grids at the interface between the air and the liquid culture medium. The growth
medium was a mixture of Ham’s F-12 medium and Dulbecco’s modified Eagle’s medium (1:2) supple-
mented with 0.5 �g/ml hydrocortisone, 10 ng/ml epidermal growth factor, 10% fetal calf serum, 2 mM
L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 10�10 mM cholera toxin, 5 �g/ml insulin, 5 �g/ml
transferrin, and 15 � 10�4 mg/ml 3,3=,5=-triiodo-L-thyronine. Epithelial cells were allowed to stratify for
4 days, with the medium being replaced every other day. Five thousand infected MRC-5 cells were then
placed on top of the epithelium, which was maintained in culture for 6 additional days. The cultures were
then harvested and either fixed in 10% buffered formalin and embedded in paraffin for subsequent
immunohistohemistry or frozen for further RNA or DNA extraction.

Immunohistochemistry. Skin raft sections (5 �m) were incubated for an hour with the primary
antibodies (anti-V5 [1/500] and anti-IE63 [1/250] in a Dako Real detection system), washed three times
with PBS, and incubated for 30 min with the secondary antibody (Alexa Fluor 568-conjugated anti-mouse
immunoglobulin [1/500] in a Dako Real detection system). A DAPI (4=,6-diamidino-2-phenylindole)-
containing mounting medium (catalog number S3023; Dako) was used for nuclear staining and sample
fixation.

Alternatively, sections were washed, incubated in hematoxylin-eosin, washed again, and mounted
with Leica CV Mount mounting medium. Observations were made with a Zeiss LSM880 Airy scan confocal
microscope with a 40� oil objective or with an Olympus FSX-100 microscope with a 40� dry objective.

Transmission electron microscopy. MeWo cells infected with VZV-ORF9-V5 or VZV-L231A-V5 were
sorted by FACS, fixed for 90 min at 4°C with 2.5% glutaraldehyde in Sörensen 0.1 M phosphate buffer (pH
7.4), and postfixed for 30 min 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.

ACKNOWLEDGMENTS
This work was supported by the University of Liege, Fonds National pour la

Recherche Scientifique (F.R.S.-FNRS, Belgium), and by the Fonds Leon Fredericq. J.L.
and L.R. were supported by the Fonds pour la Recherche dans l’Industrie et
l’Agriculture (FRIA, Brussels, Belgium). C.B. was supported by the FP7-People-
COFUND 2013-2019 program.

We are grateful to L. Traub for the generous gift of anti-AP-1�1 antibodies and
S. Jonjic for anti-ORF10p antibodies. We also thank H. Zhu for the BAC-VZV-pOka
WT, C. Denesvre for pcDNA3-UL49, and the Biology Research Branch (BRB) at NCI,
Bethesda, MD, for the GalK plasmid and for the SW102 bacterial strain. Finally, we
thank C. Lassence for technical assistance; P. Piscicelli for TEM preparation; S.
Ormenese, J. J. Goval, and S. Freeman for technical support with confocal micros-
copy (Imaging Technological Platform, GIGA-R); T. DiSalvo, A. Marquet, and C.

ORF9p/AP-1 Interaction Is Important for VZV Infectivity Journal of Virology

August 2018 Volume 92 Issue 15 e00295-18 jvi.asm.org 19



Humblet for immunohistochemistry; R. Stephan for cell sorting; and E. De Waegen-
aere for organotypic assays.

REFERENCES
1. Mettenleiter TC, Klupp BG, Granzow H. 2009. Herpesvirus assembly: an

update. Virus Res 143:222–234. https://doi.org/10.1016/j.virusres.2009
.03.018.

2. Hambleton S, Gershon MD, Gershon AA. 2004. The role of the trans-Golgi
network in varicella zoster virus biology. Cell Mol Life Sci 61:3047–3056.
https://doi.org/10.1007/s00018-004-4269-7.

3. Johnson DC, Baines JD. 2011. Herpesviruses remodel host membranes
for virus egress. Nat Rev Microbiol 9:382–394. https://doi.org/10.1038/
nrmicro2559.

4. Hollinshead M, Johns HL, Sayers CL, Gonzalez-Lopez C, Smith GL, Elliott
G. 2012. Endocytic tubules regulated by Rab GTPases 5 and 11 are used
for envelopment of herpes simplex virus. EMBO J 31:4204 – 4220. https://
doi.org/10.1038/emboj.2012.262.

5. Maresova L, Pasieka TJ, Homan E, Gerday E, Grose C. 2005. Incorporation
of three endocytosed varicella-zoster virus glycoproteins, gE, gH, and gB,
into the virion envelope. J Virol 79:997–1007. https://doi.org/10.1128/
JVI.79.2.997-1007.2005.

6. Beitia Ortiz de Zarate I, Cantero-Aguilar L, Longo M, Berlioz-Torrent C,
Rozenberg F. 2007. Contribution of endocytic motifs in the cytoplas-
mic tail of herpes simplex virus type 1 glycoprotein B to virus
replication and cell-cell fusion. J Virol 81:13889 –13903. https://doi
.org/10.1128/JVI.01231-07.

7. Albecka A, Laine RF, Janssen AFJ, Kaminski CF, Crump CM. 2016.
HSV-1 glycoproteins are delivered to virus assembly sites through
dynamin-dependent endocytosis. Traffic 17:21–39. https://doi.org/10
.1111/tra.12340.

8. Nixdorf R, Mettenleiter TC, Klupp BG. 2001. Role of the cytoplasmic tails
of pseudorabies virus glycoproteins B, E and M in intracellular localiza-
tion and virion incorporation. J Gen Virol 82:215–226. https://doi.org/10
.1099/0022-1317-82-1-215.

9. Elliott GD, Meredith DM. 1992. The herpes simplex virus type 1 tegument
protein VP22 is encoded by gene UL49. J Gen Virol 73:723–726. https://
doi.org/10.1099/0022-1317-73-3-723.

10. Spengler M, Niesen N, Grose C, Ruyechan WT, Hay J. 2001. Interactions
among structural proteins of varicella zoster virus. Arch Virol Suppl
2001:71–79.

11. Tanaka M, Kato A, Satoh Y, Ide T, Sagou K, Kimura K, Hasegawa H,
Kawaguchi Y. 2012. Herpes simplex virus 1 VP22 regulates translocation
of multiple viral and cellular proteins and promotes neurovirulence. J
Virol 86:5264 –5277. https://doi.org/10.1128/JVI.06913-11.

12. Maringer K, Stylianou J, Elliott G. 2012. A network of protein interactions
around the herpes simplex virus tegument protein VP22. J Virol 86:
12971–12982. https://doi.org/10.1128/JVI.01913-12.

13. Stylianou J, Maringer K, Cook R, Bernard E, Elliott G. 2009. Virion incor-
poration of the herpes simplex virus type 1 tegument protein VP22
occurs via glycoprotein E-specific recruitment to the late secretory
pathway. J Virol 83:5204 –5218. https://doi.org/10.1128/JVI.00069-09.

14. del Rio T, Werner HC, Enquist LW. 2002. The pseudorabies virus VP22
homologue (UL49) is dispensable for virus growth in vitro and has no
effect on virulence and neuronal spread in rodents. J Virol 76:774 –782.
https://doi.org/10.1128/JVI.76.2.774-782.2002.

15. Fuchs W, Klupp BG, Granzow H, Hengartner C, Brack A, Mundt A, Enquist
LW, Mettenleiter TC. 2002. Physical interaction between envelope gly-
coproteins E and M of pseudorabies virus and the major tegument
protein UL49. J Virol 76:8208 – 8217. https://doi.org/10.1128/JVI.76.16
.8208-8217.2002.

16. Sciortino MT, Taddeo B, Giuffrè-Cuculletto M, Medici MA, Mastino A,
Roizman B. 2007. Replication-competent herpes simplex virus 1 isolates
selected from cells transfected with a bacterial artificial chromosome
DNA lacking only the UL49 gene vary with respect to the defect in the
UL41 gene encoding host shutoff RNase. J Virol 81:10924 –10932.
https://doi.org/10.1128/JVI.01239-07.

17. Ebert K, Depledge DP, Breuer J, Harman L, Elliott G. 2013. Mode of virus
rescue determines the acquisition of VHS mutations in VP22-negative
herpes simplex virus 1. J Virol 87:10389 –10393. https://doi.org/10.1128/
JVI.01654-13.

18. Mbong EF, Woodley L, Dunkerley E, Schrimpf JE, Morrison LA, Duffy C.

2012. Deletion of the herpes simplex virus 1 UL49 gene results in mRNA
and protein translation defects that are complemented by secondary
mutations in UL41. J Virol 86:12351–12361. https://doi.org/10.1128/JVI
.01975-12.

19. Duffy C, Lavail JH, Tauscher AN, Wills EG, Blaho JA, Baines JD. 2006.
Characterization of a UL49-null mutant: VP22 of herpes simplex virus
type 1 facilitates viral spread in cultured cells and the mouse cornea. J
Virol 80:8664 – 8675. https://doi.org/10.1128/JVI.00498-06.

20. El Bilali N, Duron J, Gingras D, Lippé R. 2017. Quantitative evaluation of
protein heterogeneity within herpes simplex virus 1 particles. J Virol
91:e00320-17. https://doi.org/10.1128/JVI.00320-17.

21. Elliott G, Hafezi W, Whiteley A, Bernard E. 2005. Deletion of the herpes
simplex virus VP22-encoding gene (UL49) alters the expression, local-
ization, and virion incorporation of ICP0. J Virol 79:9735–9745. https://
doi.org/10.1128/JVI.79.15.9735-9745.2005.

22. Che X, Reichelt M, Sommer MH, Rajamani J, Zerboni L, Arvin AM. 2008.
Functions of the ORF9-to-ORF12 gene cluster in varicella-zoster virus
replication and in the pathogenesis of skin infection. J Virol 82:
5825–5834. https://doi.org/10.1128/JVI.00303-08.

23. Tischer BK, Kaufer BB, Sommer M, Wussow F, Arvin AM, Osterrieder N.
2007. A self-excisable infectious bacterial artificial chromosome clone of
varicella-zoster virus allows analysis of the essential tegument protein
encoded by ORF9. J Virol 81:13200 –13208. https://doi.org/10.1128/JVI
.01148-07.

24. Cai M, Wang S, Xing J, Zheng C. 2011. Characterization of the nuclear
import and export signals, and subcellular transport mechanism of
varicella-zoster virus ORF9. J Gen Virol 92(Pt 3):621– 626. https://doi.org/
10.1099/vir.0.027029-0.

25. Che X, Oliver SL, Reichelt M, Sommer MH, Haas J, Rovis TL, Arvin AM.
2013. ORF11 protein interacts with the ORF9 essential tegument protein
in varicella-zoster virus infection. J Virol 87:5106 –5117. https://doi.org/
10.1128/JVI.00102-13.

26. Cilloniz C, Jackson W, Grose C, Czechowski D, Hay J, Ruyechan WT. 2007.
The varicella-zoster virus (VZV) ORF9 protein interacts with the IE62
major VZV transactivator. J Virol 81:761–774. https://doi.org/10.1128/JVI
.01274-06.

27. Sato B, Ito H, Hinchliffe S, Sommer MH, Zerboni L, Arvin AM. 2003.
Mutational analysis of open reading frames 62 and 71, encoding the
varicella-zoster virus immediate-early transactivating protein, IE62, and
effects on replication in vitro and in skin xenografts in the SCID-hu
mouse in vivo. J Virol 77:5607–5620. https://doi.org/10.1128/JVI.77.10
.5607-5620.2003.

28. Stellberger T, Hauser R, Baiker A, Pothineni VR, Haas J, Uetz P. 2010.
Improving the yeast two-hybrid system with permutated fusions
proteins: the varicella zoster virus interactome. Proteome Sci 8:8. https://
doi.org/10.1186/1477-5956-8-8.

29. Uetz P. 2006. Herpesviral protein networks and their interaction with the
human proteome. Science 311:239 –242. https://doi.org/10.1126/science
.1116804.

30. Riva L, Thiry M, Bontems S, Joris A, Piette J, Lebrun M, Sadzot-Delvaux C.
2013. ORF9p phosphorylation by ORF47p is crucial for the formation and
egress of varicella-zoster virus viral particles. J Virol 87:2868 –2881.
https://doi.org/10.1128/JVI.02757-12.

31. Riva L, Thiry M, Lebrun M, L’homme L, Piette J, Sadzot-Delvaux C. 2015.
Deletion of the ORF9p acidic cluster impairs the nuclear egress of
varicella-zoster virus capsids. J Virol 89:2436 –2441. https://doi.org/10
.1128/JVI.03215-14.

32. Hirst J, Barlow LD, Francisco GC, Sahlender DA, Seaman MN, Dacks JB,
Robinson MS. 2011. The fifth adaptor protein complex. PLoS Biol
9:e1001170. https://doi.org/10.1371/journal.pbio.1001170.

33. Robinson MS, Bonifacino JS. 2001. Adaptor-related proteins. Curr Opin
Cell Biol 13:444 – 453. https://doi.org/10.1016/S0955-0674(00)00235-0.

34. Traub LM. 2005. Common principles in clathrin-mediated sorting at the
Golgi and the plasma membrane. Biochim Biophys Acta 1744:415– 437.
https://doi.org/10.1016/j.bbamcr.2005.04.005.

35. Boehm M, Bonifacino JS. 2001. Adaptins: the final recount. Mol Biol Cell
12:2907–2920. https://doi.org/10.1091/mbc.12.10.2907.

Lebrun et al. Journal of Virology

August 2018 Volume 92 Issue 15 e00295-18 jvi.asm.org 20



36. Klumperman J, Hille A, Veenendaal T, Oorschot V, Stoorvogel W, von
Figura K, Geuze HJ. 1993. Differences in the endosomal distributions of
the two mannose 6-phosphate receptors. J Cell Biol 121:997–1010.
https://doi.org/10.1083/jcb.121.5.997.

37. Traub LM, Ostrom JA, Kornfeld S. 1993. Biochemical dissection of AP-1
recruitment onto Golgi membranes. J Cell Biol 123:561–573. https://doi
.org/10.1083/jcb.123.3.561.

38. Huang DW, Sherman BT, Lempicki RA. 2009. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc 4:44 –57. https://doi.org/10.1038/nprot.2008.211.

39. Chen J, Bardes EE, Aronow BJ, Jegga AG. 2009. ToppGene suite for gene
list enrichment analysis and candidate gene prioritization. Nucleic Acids
Res 37:W305–W311. https://doi.org/10.1093/nar/gkp427.

40. Park SY, Guo X. 2014. Adaptor protein complexes and intracellular
transport. Biosci Rep 34:e00123. https://doi.org/10.1042/BSR20140069.

41. Andrei G, van den Oord J, Fiten P, Opdenakker G, De Wolf-Peeters C,
De Clercq E, Snoeck R. 2005. Organotypic epithelial raft cultures as a
model for evaluating compounds against alphaherpesviruses. Anti-
microb Agents Chemother 49:4671– 4680. https://doi.org/10.1128/
AAC.49.11.4671-4680.2005.

42. Elliott G, O’Hare P. 2000. Cytoplasm-to-nucleus translocation of a her-
pesvirus tegument protein during cell division. J Virol 74:2131–2141.
https://doi.org/10.1128/JVI.74.5.2131-2141.2000.

43. Duffy C, Mbong EF, Baines JD. 2009. VP22 of herpes simplex virus 1
promotes protein synthesis at late times in infection and accumulation
of a subset of viral mRNAs at early times in infection. J Virol 83:
1009 –1017. https://doi.org/10.1128/JVI.02245-07.

44. Sciortino MT, Taddeo B, Poon AP, Mastino A, Roizman B. 2002. Of the
three tegument proteins that package mRNA in herpes simplex virions,
one (VP22) transports the mRNA to uninfected cells for expression prior
to viral infection. Proc Natl Acad Sci U S A 99:8318 – 8323. https://doi
.org/10.1073/pnas.122231699.

45. Scharf B, Clement CC, Wu X-X, Morozova K, Zanolini D, Follenzi A,
Larocca JN, Levon K, Sutterwala FS, Rand J, Cobelli N, Purdue E, Hajjar KA,
Santambrogio L. 2012. Annexin A2 binds to endosomes following or-
ganelle destabilization by particulate wear debris. Nat Commun 3:755.
https://doi.org/10.1038/ncomms1754.

46. Nakamura N, Rabouille C, Watson R, Nilsson T, Hui N, Slusarewicz P,
Kreis TE, Warren G. 1995. Characterization of a cis-Golgi matrix
protein, GM130. J Cell Biol 131:1715–1726. https://doi.org/10.1083/
jcb.131.6.1715.

47. Nakamura N. 2010. Emerging new roles of GM130, a cis-Golgi matrix
protein, in higher order cell functions. J Pharmacol Sci 112:255–264.
https://doi.org/10.1254/jphs.09R03CR.

48. Ward DM, Vaughn MB, Shiflett SL, White PL, Pollock AL, Hill J, Schnegel-
berger R, Sundquist WI, Kaplan J. 2005. The role of LIP5 and CHMP5 in
multivesicular body formation and HIV-1 budding in mammalian cells. J
Biol Chem 280:10548 –10555. https://doi.org/10.1074/jbc.M413734200.

49. Calistri A, Sette P, Salata C, Cancellotti E, Forghieri C, Comin A, Gottlinger
H, Campadelli-Fiume G, Palu G, Parolin C. 2007. Intracellular trafficking
and maturation of herpes simplex virus type 1 gB and virus egress
require functional biogenesis of multivesicular bodies. J Virol 81:
11468 –11478. https://doi.org/10.1128/JVI.01364-07.

50. Pawliczek T, Crump CM. 2009. Herpes simplex virus type 1 production
requires a functional ESCRT-III complex but is independent of TSG101
and ALIX expression. J Virol 83:11254 –11264. https://doi.org/10.1128/JVI
.00574-09.

51. Komuro M, Tajima M, Kato K. 1989. Transformation of Golgi membrane
into the envelope of herpes simplex virus in rat anterior pituitary cells.
Eur J Cell Biol 50:398 – 406.

52. Gershon AA, Sherman DL, Zhu Z, Gabel CA, Ambron RT, Gershon MD.
1994. Intracellular transport of newly synthesized varicella-zoster virus:
final envelopment in the trans-Golgi network. J Virol 68:6372– 6390.

53. Granzow H, Weiland F, Jöns A, Klupp BG, Karger A, Mettenleiter TC. 1997.
Ultrastructural analysis of the replication cycle of pseudorabies virus in
cell culture: a reassessment. J Virol 71:2072–2082.

54. Granzow H, Klupp BG, Fuchs W, Veits J, Osterrieder N, Mettenleiter TC.
2001. Egress of alphaherpesviruses: comparative ultrastructural study. J
Virol 75:3675–3684. https://doi.org/10.1128/JVI.75.8.3675-3684.2001.

55. Olson JK, Grose C. 1997. Endocytosis and recycling of varicella-zoster
virus Fc receptor glycoprotein gE: internalization mediated by a YXXL
motif in the cytoplasmic tail. J Virol 71:4042– 4054.

56. Bresnahan PA, Yonemoto W, Ferrell S, Williams-Herman D, Geleziunas R,
Greene WC. 1998. A dileucine motif in HIV-1 Nef acts as an internaliza-

tion signal for CD4 downregulation and binds the AP-1 clathrin adaptor.
Curr Biol 8:1235–1238. https://doi.org/10.1016/S0960-9822(07)00517-9.

57. Pérez-Núñez D, García-Urdiales E, Martínez-Bonet M, Nogal ML, Barroso
S, Revilla Y, Madrid R. 2015. CD2v interacts with adaptor protein AP-1
during African swine fever infection. PLoS One 10:e0123714. https://doi
.org/10.1371/journal.pone.0123714.

58. Hartmann-Stühler C, Prange R. 2001. Hepatitis B virus large envelope
protein interacts with gamma2-adaptin, a clathrin adaptor-related pro-
tein. J Virol 75:5343–5351. https://doi.org/10.1128/JVI.75.11.5343-5351
.2001.

59. Wan L, Molloy S, Thomas L, Liu G, Xiang Y, Rybak SL, Thomas G. 1998.
PACS-1 defines a novel gene family of cytosolic sorting proteins required
for trans-Golgi network localization. Cell 94:205–216. https://doi.org/10
.1016/S0092-8674(00)81420-8.

60. Piguet V, Wan L, Borel C, Mangasarian A, Demaurex N, Thomas G, Trono
D. 2000. HIV-1 Nef protein binds to the cellular protein PACS-1 to
downregulate class I major histocompatibility complexes. Nat Cell Biol
2:163–167. https://doi.org/10.1038/35004038.

61. O’Regan KJ, Murphy MA, Bucks MA, Wills JW, Courtney RJ. 2007. Incor-
poration of the herpes simplex virus type 1 tegument protein VP22 into
the virus particle is independent of interaction with VP16. Virology
369:263–280. https://doi.org/10.1016/j.virol.2007.07.020.

62. Padilla JA, Nii S, Grose C. 2003. Imaging of the varicella zoster virion in
the viral highways: comparison with herpes simplex viruses 1 and 2,
cytomegalovirus, pseudorabies virus, and human herpes viruses 6 and 7.
J Med Virol 70:S103–S110. https://doi.org/10.1002/jmv.10330.

63. Carpenter JE, Henderson EP, Grose C. 2009. Enumeration of an extremely
high particle-to-PFU ratio for varicella-zoster virus. J Virol 83:6917– 6921.
https://doi.org/10.1128/JVI.00081-09.

64. Buckingham EM, Jarosinski KW, Jackson W, Carpenter JE, Grose C. 2016.
Exocytosis of varicella-zoster virus virions involves a convergence of
endosomal and autophagy pathways. J Virol 90:8673– 8685. https://doi
.org/10.1128/JVI.00915-16.

65. Grose C, Buckingham E, Carpenter J, Kunkel J. 2016. Varicella-zoster
virus infectious cycle: ER stress, autophagic flux, and amphisome-
mediated trafficking. Pathogens 5:67. https://doi.org/10.3390/pathogens
5040067.

66. Iijima S, Lee Y-J, Ode H, Arold ST, Kimura N, Yokoyama M, Sato H, Tanaka
Y, Strebel K, Akari H. 2012. A noncanonical mu-1A-binding motif in the
N terminus of HIV-1 Nef determines its ability to downregulate major
histocompatibility complex class I in T lymphocytes. J Virol 86:
3944 –3951. https://doi.org/10.1128/JVI.06257-11.

67. Traub LM, Bannykh SI, Rodel JE, Aridor M, Balch WE, Kornfeld S. 1996.
AP-2-containing clathrin coats assemble on mature lysosomes. J Cell Biol
135:1801–1814. https://doi.org/10.1083/jcb.135.6.1801.

68. Debrus S, Sadzot-Delvaux C, Nikkels AF, Piette J, Rentier B. 1995.
Varicella-zoster virus gene 63 encodes an immediate-early protein that
is abundantly expressed during latency. J Virol 69:3240 –3245.

69. James P, Halladay J, Craig EA. 1996. Genomic libraries and a host strain
designed for highly efficient two-hybrid selection in yeast. Genetics
144:1425–1436.

70. Walhout AJ, Vidal M. 2001. High-throughput yeast two-hybrid assays for
large-scale protein interaction mapping. Methods 24:297–306. https://
doi.org/10.1006/meth.2001.1190.

71. Rolland T, Tasan M, Charloteaux B, Pevzner SJ, Zhong Q, Sahni N, Yi S,
Lemmens I, Fontanillo C, Mosca R, Kamburov A, Ghiassian SD, Yang X,
Ghamsari L, Balcha D, Begg BE, Braun P, Brehme M, Broly MP, Carvunis
AR, Convery-Zupan D, Corominas R, Coulombe-Huntington J, Dann E,
Dreze M, Dricot A, Fan C, Franzosa E, Gebreab F, Gutierrez BJ, Hardy MF,
Jin M, Kang S, Kiros R, Lin GN, Luck K, MacWilliams A, Menche J, Murray
RR, Palagi A, Poulin MM, Rambout X, Rasla J, Reichert P, Romero V,
Ruyssinck E, Sahalie JM, Scholz A, Shah AA, Sharma A, et al. 2014. A
proteome-scale map of the human interactome network. Cell 159:
1212–1226. https://doi.org/10.1016/j.cell.2014.10.050.

72. Rual JF, Venkatesan K, Hao T, Hirozane-Kishikawa T, Dricot A, Li N,
Berriz GF, Gibbons FD, Dreze M, Ayivi-Guedehoussou N, Klitgord N,
Simon C, Boxem M, Milstein S, Rosenberg J, Goldberg DS, Zhang LV,
Wong SL, Franklin G, Li S, Albala JS, Lim J, Fraughton C, Llamosas E,
Cevik S, Bex C, Lamesch P, Sikorski RS, Vandenhaute J, Zoghbi HY,
Smolyar A, Bosak S, Sequerra R, Doucette-Stamm L, Cusick ME, Hill
DE, Roth FP, Vidal M. 2005. Towards a proteome-scale map of the
human protein-protein interaction network. Nature 437:1173–1178.
https://doi.org/10.1038/nature04209.

73. Trapp-Fragnet L, Bencherit D, Chabanne-Vautherot D, Le Vern Y, Remy S,

ORF9p/AP-1 Interaction Is Important for VZV Infectivity Journal of Virology

August 2018 Volume 92 Issue 15 e00295-18 jvi.asm.org 21



Boutet-Robinet E, Mirey G, Vautherot JF, Denesvre C. 2014. Cell cycle
modulation by Marek’s disease virus: the tegument protein VP22 trig-
gers S-phase arrest and DNA damage in proliferating cells. PLoS One
9:e100004. https://doi.org/10.1371/journal.pone.0100004.

74. Zhang Z, Huang Y, Zhu H. 2008. A highly efficient protocol of generating
and analyzing VZV ORF deletion mutants based on a newly developed
luciferase VZV BAC system. J Virol Methods 148:197–204. https://doi.org/
10.1016/j.jviromet.2007.11.012.

75. Warming S, Costantino N, Court DL, Jenkins NA, Copeland NG. 2005.
Simple and highly efficient BAC recombineering using galK selection.
Nucleic Acids Res 33:e36. https://doi.org/10.1093/nar/gni035.

76. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang I, Friman O,
Guertin DA, Chang J, Lindquist RA, Moffat J, Golland P, Sabatini DM.
2006. CellProfiler: image analysis software for identifying and quantify-
ing cell phenotypes. Genome Biol 7:R100. https://doi.org/10.1186/gb
-2006-7-10-r100.

Lebrun et al. Journal of Virology

August 2018 Volume 92 Issue 15 e00295-18 jvi.asm.org 22





95

Part III

ORF9p and cell-cell fusion
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4 Aim of the work
As already described before, VZV is commonly known to form gigantic
syncytia upon infection of MeWo cells. Surprisingly, we noticed that the
ORF9p-L231A mutant did not induce syncytia formation in cell culture.
Even more surprising, the fusion phenotype is restored after 10 to 15 pas-
sages of the ORF9p-L231A mutant in cell culture.

The aim of the second part of this thesis was to decipher the role of ORF9p
in cell-cell fusion. First, we sequenced ten naturally occurring ORF9-L231A-
Revertants to know if additional mutations in the genome of VZV were
responsible for the reappearance of syncytia in infected MeWo cells. The im-
pact of the additional mutations on foci growth and syncytia formation was
then evaluated in vitro. Moreover, we investigated whether or not ORF9p
could increase cell fusion when expressed with the core fusion machinery in
a cell fusion assay. We also investigated the interaction between ORF9p and
some glycoproteins in an ORF9p-WT or ORF9p-L231A context. Finally, the
distribution of the glycoproteins at the surface of infected cells was assessed
in an ORF9p-WT or ORF9p-L231A context.
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5 Results
5.1 L231A substitution in ORF9p impedes cell-cell fu-

sion

As previously reported, L231A substitution in VZV ORF9p leads to an
important replication defect in vitro [227]. Interestingly, this replication
defect is associated with a lack of cell-cell fusion in MeWo cells (Figure
5.1). After 24h of infection, approximately one third of MeWo cells infected
with VZV-ORF9-V5 (hereafter called 9WT) showed evident signs of cell-cell
fusion (not shown). At 48 h.p.i, almost all foci formed extensive syncytia.
On the contrary, cells infected with VZV-ORF9-L231A-V5 (hereafter called
9L231A) showed no apparent cell-cell fusion, even after 72h post-infection.
More importantly, after ten to fifteen passages in culture, this phenotype is
reverted and syncytia are observed again (Figure 5.1). The foci formed by
the revertant were similar to those formed by the 9WT virus, with roughly
90% of the foci forming large syncytia at 48 h.p.i. These results suggest an
important role for VZV ORF9p in MeWo cell-cell fusion.

5.2 Compensatory mutations on gH and/or gE restore
9L231A fusion phenotype

To understand if the reversion of the fusion phenotype observed after sev-
eral passages of the 9L231A mutant was due to compensatory mutations in
the VZV genome, we sequenced the entire genome of ten different sponta-
neous 9L231A revertants that appeared after several successive passages of
the 9L231A mutant in cell culture (Figure 5.2). Eight of these spontaneous
revertants had mutations in the gH coding sequence and four in the gE
coding sequence (Figure 5.2A). Interestingly, 80% of the mutations in gH
led to the apparition of an early stop codon in its cytoplasmic tail, truncat-
ing the last eight or nine amino acids of gHcyt (Figure 5.2B). In addition,
two spontaneous revertants harbored a double mutation on gE (D436H
and D620Y), without additional mutations on gH (Rev-2 and Rev-6, Figure
5.2A). The first gE mutation (D436H) appears in its extracellular domain,
close to a N-glycosylation site and between two cysteine residues forming
a disulfide bond (Figure 5.2B). The second mutation (D620Y) touches the
intracellular domain of gE, close to the end of the protein. Bioinformatics
analysis using the eukaryotic linear motif (ELM) prediction tool showed
that these mutations are unlikely to impact the existence of functional motifs
within gE.
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Figure 5.1: ORF9-L231A mutation leads to a fusion defect that is reverted after
a few passages. MeWo cells were infected with VZV-9WT, VZV-9L231A or VZV-
9L231A-Reverted, fixed with 4% PFA, and nuclei were labelled with Hoechst.
Infected cells express GFP and are shown in green. Images were taken using an
Olympus FSX-100 microscope with 40X magnification. Scale bar represents 250 µm.

Figure shows representative foci at 48 h.p.i.

5.3 Spontaneous mutations in gH or gE partially re-
store VZV-9L231A spread in vitro

To evaluate the impact of the gH or gE mutations on VZV-9L231A spread,
gH-E834STOP (hereafter called gH∆cyt) or gE-D436H/D620Y (hereafter
called gE-Dble) mutations were introduced in a BAC containing the com-
plete VZV genome in an ORF9-L231A-V5 background. Transfection of
MeWo cells with these BACs rapidly gave rise to infections. The impact of
the different mutations on viral spread and cell-cell fusion was evaluated by
measuring foci or syncytia area and percentage of syncytia among the foci.
A total of 300 foci and 150 syncytia from three independent experiments
were analyzed for each virus (Figure 5.3).

The mutation of either gH or gE partially restored 9L231A spread compared
to 9WT (91% and 82% of 9WT foci size, respectively) (Figure 5.3A). To assess
the impact of gH or gE mutations on cell-cell fusion, we first calculated the
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Figure 5.2: Reversion of 9L231A fusion phenotype is associated with mutations
in VZV gH and/or gE. The complete genomes of 10 different spontaneous rever-
tants from 9L231A mutant were sequenced to assess if the reversion of the fusion
phenotype was associated with compensatory mutations. A) Percentages on the
table represent the number of reads in the DNA sample presenting the mutation.
B) Schematic representation of VZV gH and gE and their respective mutations.
Information regarding the modifications on gH and gE were obtained from Uniprot

and [23].

percentage of syncytia among the foci present in our samples (Figure 5.3B).
At 48 h.p.i. almost all VZV-9WT foci (96%) had formed syncytia. On the
contrary, only 4% of VZV-9L231A foci showed signs of cell-cell fusion. The
introduction of gH or gE mutations in VZV-9L231A completely restored the
percentage of infectious foci presenting syncytia in these samples (Figure
5.3B).
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To further analyze the impact of gH or gE mutations on cell-cell fusion, we
measured the ratio of the syncytia area compared to the foci area (Figure
5.3C). This allowed us to evaluate the fusion capacity of each virus without
taking into account the differences in syncytia or foci size between the
different viruses. As the number of syncytia formed by VZV-9L231A mutant
was too low to obtain sufficient measures, this mutant was removed from
the analysis. The mean ratios calculated from 150 infection foci show that
mutations on either gE or gH not only restore the fusion capacity, but
actually lead to an hyperfusion phenotype compared to the WT (Figure
5.3C).

Figure 5.3: Mutations on gH or gE partially restore VZV-9L231A spread and
restore cell-cell fusion. MeWo cells were seeded in 6-well plates and infected with
VZV-9WT or VZV-9L231A with or without additional mutations on gH (gH-WT
or gH∆cyt) or gE (gE-WT or gE-Dble). At 48 h.p.i. cells were fixed with 4% PFA
and Nuclei were stained using Nuclear-ID Red DNA stain. (continued on next page).
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Figure 5.3 (previous page): Picture of the whole well were taken with a 4X objective
using an Incucyte S3. For each virus, a total of 300 foci from three independent
experiments were randomly selected for analysis. Among those 300 foci, 150 were
randomly selected for syncytia analysis, except for 9L231A mutant which presented
too few syncytia. A) Foci area was measured manually using ImageJ. B) For each
mutant, the percentage of syncytia was calculated manually. C) The fusogenic
capacity of each mutant was calculated by dividing the syncytia area by the foci
area. D) Pictures of representative foci for each mutant. The yellow line shows
the foci limits, while the white dotted line shows the syncytia limits. Scale bar
represents 250 µm. A and C, a Kruskal-Wallis test was performed to compare the
variance of the samples, then a Dunn’s multiple comparison test was performed
to compare the represented pairs of viruses. The boxplot depicts the 1st and 3rd

quantiles, the horizontal bar shows the median and the cross shows the mean. The
upper error bar represents Q3 + 1.5 x IQR, while the lower error bar represents Q1
1.5 x IQR. B, a one-way ANOVA was performed to compare the variance of the

samples, then a Bonferoni’s multiple comparison test was performed to compare
the represented pairs of viruses. The graph shows the mean percentage of syncytia.

Error bars represent standard deviation. *, P<0.05. **, P<0.01. ***, P<0.001.

5.4 gE or gH mutations further increase fusion in a
9WT infection

In order to study the impact of gH or gE mutations on cell-cell fusion in a
9WT context, VZV mutants were constructed as described above and their
spread and fusion capacity was analyzed.

In a 9WT context, addition of the gH mutation decreased viral spread by
21% (Figure 5.4A). On the other hand, gE mutations had no impact on foci
size as compared to 9WT. Neither mutation on gH nor gE impacted the
percentage of syncytia at 48h.p.i. (Figure 5.4B), but both increased cell-cell
fusion compared to WT (Figure 5.4C).
Interestingly, no statistically significant difference was found when com-
paring the foci size or the syncytia/foci area ratio of 9WT-gH∆cyt and
9L231A-gH∆cyt or 9WT-gE-Dble and 9L231A-gE-Dble, suggesting that
mutations on gH or gE act independently of the ORF9p/AP-1 interaction
(Supplemental Figure 6.1).
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Figure 5.4: Mutations on gH or gE increase the fusogenicity of VZV-9WT. MeWo
cells were seeded in 6-well plates and infected with VZV-9WT with or without
additional mutations on gH (gH-WT or gH∆cyt) or gE (gE-WT or gE-Dble). At
48 h.p.i. cells were fixed with 4% PFA and Nuclei were stained using Nuclear-ID
Red DNA stain. Pictures of the whole well were taken with a 4X objective using an
Incucyte S3. For each virus, a total of 300 foci from three independent experiments
were randomly selected for analysis. Among those 300 foci, 150 were randomly
selected for syncytia analysis. A) Foci area was measured manually using ImageJ.
B) For each mutant, the percentage of syncytia was calculated manually. C) The
fusogenic capacity of each mutant was calculated by dividing the syncytia area
by the foci area. D) Pictures of representative foci for each mutant. The yellow
line shows the foci limits, while the white dotted line shows the syncytia limits.
Scale bar represents 250 µm. A and C, a Kruskal-Wallis test was performed to
compare the variance of the samples, then a Dunn’s multiple comparison test was
performed to compare each mutant to the WT. The boxplot depicts the 1st and 3rd

quantiles, the horizontal bar shows the median and the cross shows the mean. The
upper error bar represents Q3 + 1.5 x IQR, while the lower error bar represents Q1

1.5 x IQR. (continued on next page).
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Figure 5.4 (previous page): B, a one-way ANOVA was performed to compare the
variance of the samples, then a Dunnett’s multiple comparison test was performed
to compare each mutant to the WT. The graph shows the mean percentage of
syncytia. Error bars represent standard deviation. *, P<0.05. **, P<0.01. ***,

P<0.001.

5.5 ORF9p increases cell fusion when expressed with
the core fusion machinery in vitro

To know if ORF9p could impact cell fusion without other viral proteins
(except the core fusion machinery), we performed a cell fusion assay. This
assay was initially developed by Ishikawa et al. using a dual split protein
(DSP) reporter [176]. This assay was then adapted to VZV by Yang et al. [439].
Briefly, CHO cells expressing the DSP1 half of a GFP-luciferase construct
were transfected to express gB or gB/gH-gL with or without ORF9p or
ORF9p-L231A. These cells were then mixed with MeWo cells expressing the
DSP2 half of the GFP-luciferase. When cell fusion occurs, the two halves of
the GFP-luciferase construct can self-associate and luminescence signal can
be detected.

As expected, when only gB was present (with or without ORF9p or ORF9p-
L231A), no fusion occurred, but when gB was expressed with gH-gL, CHO
and MeWo cells started to fuse (Figure 5.5). Interestingly, expression of
ORF9p in combination with gB/gH-gL significantly enhanced cell fusion,
regardless of the presence of the ORF9p-L231A mutation, suggesting that
ORF9p may impact cell fusion without any other viral proteins but the
gB/gH-gL complex (Figure 5.5).

5.6 The 9L231A mutation diminishes the ORF9p/gH
as well as the ORF9p/gE interaction

To evaluate if ORF9p played a role in cell fusion directly by acting on the
glycoproteins interactions network, we performed co-immunoprecipita-
tions studies. We focused our attention on both gH and gE because gH
is known to be mandatory to induce cell fusion and because mutations
on both proteins increased the fusion capacity of the virus. Two separate
immunoprecipitations were done in parallel using the same pre-cleared cell
extracts and magnetic beads coupled with an anti-gE or anti-gH antibody.
After stringent washes of the beads, the bound proteins were eluted and
separated on a SDS-PAGE gel. After the transfer step, the membranes were
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Figure 5.5: Effect of ORF9p on VZV gB/gH-gL-mediated cell-cell fusion. CHO-
DSP1 cells were transfected to express gB or gB/gH-gL without (Φ) or with ORF9-
V5 or ORF9-L231A-V5 and were then mixed with MeWo-DSP2 cells. Fusion
efficiency was measured by Renilla luminescence at 48h post transfection and
is presented as raw Lum units. The experiment was repeated twice with two
clones/condition in each experiment. The graph represents the mean fusion and
error bars represent standard deviation. Statistical differences are compared to
gB/gH-gL without ORF9p by a one-way ANOVA test followed by a Dunnett’s
multiple comparison test. *, P<0.05. **, P<0.01. ***, P<0.001. Experiment performed

by Dr. Momei Zhou from Stanford university.

cut in two to perform Western blots against gE, gH and V5 (ORF9p) in
parallel.

As expected from previous results and from the literature, ORF9p interacts
with gE in a wild-type context (Figure 5.6A). The 9L231A mutation strongly
decreases this interaction (Figure 5.6A, compare lane 10 with lane 9). The
interaction is restored by the gE-Dble mutations but not by the gH∆cyt
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mutation. After the first Western blot, the membrane pieces were stripped
to remove the bound antibodies and subsequently incubated with an anti-
gB antibody. As shown in the input in Figure 5.6A, gB is present in infected
cells in a premature, uncleaved form of about 120 kD and in a mature,
cleaved form around 55 kD. Interestingly, the mature form of gB is also
found to precipitate with gE, but only when ORF9p also interacts with gE.
The membranes were then stripped a second time before incubation with
an anti-gI antibody which showed that the gE/gI interaction is present
regardless of the ORF9p/gE interaction.

On the other hand, ORF9p also interacts with gH in a wild-type context
(Figure 5.6B). This interaction is also strongly impacted by the 9L231A
mutation. Neither the gE-Dble mutations, nor the gH∆cyt mutation were
able to restore the ORF9p/gH interaction. The membrane pieces were
also stripped then incubated with an anti-gB antibody. The mature form
of gB is, again, co-immunoprecipitating with the anti-gH coupled beads
only when ORF9p is present in the complex. This seems to prove that the
immunoprecipitation of gH is indeed working even though no signal is seen
on the anti-gH Western blot (Figure 5.6B, upper panel). The membranes
were stripped a second time to perform the anti-gI Western blot, which gave
no signal, showing that the complexes immunoprecipitated with either the
anti-gE or the anti-gH are most likely different.

We struggled to understand why we could not detect gH by Western blot
in these co-immunoprecipitation experiments. Our hypothesis is that the
antibody was unable to detect the denaturated form of gH. To overcome
this problem and also to know whether we could recapitulate and study
the glycoprotein networks outside the infection context, we generated
transient transfection vectors for ORF9p (WT and L231A), gE (WT and
D436H/D620Y), gI, gB, gH (WT and ∆cyt), and gL. We cloned V5-tagged
versions of ORF9p and for gH, we inserted a FLAG tag right after the signal
peptide. These constructs were then transfected in HEK293 cells and the
immunoprecipitation experiments were repeated using the same conditions
as described above.
By cotransfection of ORF9p-V5, gE, and gI expressing vectors, we first con-
firmed that the 9L231A mutation reduces the ORF9p/gE interaction, but,
this time, the additional mutations on gE could not restore the interaction
with the 9L231A mutant (Figure 5.6C).
By cotransfection of ORF9p-V5, Flag-gH, gB, and gL, we then confirmed
that ORF9p interacts with gH in a 9WT context. This ineracton is reduced
when ORF9p is mutated, and the mutation on gH does not restore the
interaction (Figure 5.6D). In this experiment, gB is found to interact with
gH independently of the ORF9p/gH interaction. It is however important
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Figure 5.6: Effect of the L231A, gE and gH mutations on the ORF9p/gE and
ORF9p/gH interactions. MeWo cells were infected (A and B) or transfected (C
and D) for 48h before lysis. The samples were then precleared and separated
in two to have the gE or gH immunoprecipitations performed in parallel.A) gE
immunoprecipitation in infection. B) gH immunoprecipitation in infection. C) gE
immunoprecipitation in transfection. D) gH immunoprecipitation in transfection.
Immunoprecipitations in infection and transfection were repeated at least three

times, representative pictures are shown.

to note that this time, it is the premature form of gB that interacts with
gH. This is in accordance with results previously obtained by Oliver et
al. [301]. It is also noteworthy that, in transfection, the main ORF9p band
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observed (around 45 kD) is different than the one observed in infection
(around 55 kD). Thus, even if the transfection experiments are useful to
study the protein-protein interactions, it does not entirely recapitulate what
happens in the course of an infection.

5.7 The 9L231A mutation impacts the cell surface dis-
tribution of the glycoproteins

As described above, ORF9p-WT interacts with gE and gH (and gB) in
infected cells, but not the 9L231A mutant. To know if this lack of interaction
had an impact on glycoproteins expression and distribution at the cell
surface, we performed an immunofluorescence experiment (Figure 5.7).

First, we studied the expression of the glycoproteins in 9WT- or 9L231A-
infected permeabilized cells. No major difference was observed between
both infections, which showed glycoproteins heavily present in the per-
inuclear region. This suggests that the lack of fusion observed with the
9L231A mutant does not result from a lack of glycoprotein production (see
Supplemental Figure 6.2).

Then, we studied the expression and localization of the glycoproteins at
the surface of non-permeabilized cells. As shown on Figure 5.7A, gB, gH
and gE all are heavily present at the surface of the syncytia. Interestingly,
the glycoproteins are not evenly distributed at the cell surface, but seem
to cluster in restricted area of the surface. This is not only the case in
fused cells, but also in cells at an earlier stage of infection (Figure 5.7B). On
the contrary, in 9L231A-infected cells, whereas the glycoproteins are also
strongly expressed at the surface, they seem to be more evenly distributed.
In both 9WT- and 9L231A-infected cells, no obvious difference in gB/gE or
gB/gH colocalization was observed. Altogether, these results suggest that
the interaction between ORF9p and the glycoproteins is important for their
correct targeting towards specific regions of the cell surface.
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Figure 5.7: ORF9p L231A mutation impacts the glycoproteins distribution at the
surface of infected cells. (continued on next page).



5.7. The 9L231A mutation impacts the cell surface distribution of the
glycoproteins 111

Figure 5.7 (previous page): MeWo cells were seeded on coverslips and infected
for 48h. The coversilps were then washed with PBS and fixed with 4% PFA. Cells
were labeled with the different antibodies without permeabilization. Images were
taken with a Zeiss LSM 980 microscope with a 60x objective. A) 9WT-infected
cells. B) Magnification of the squared area in A. C) 9L231A-infected cells. gB is
shown in white, gH in red, gE in green, and infected cells are shown in blue. Scale
bar represents 50 µm. Experiments were repeated three times and representative

pictures are shown.
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6 Supplemental Figures

Figure 6.1: gH or gE mutations increase cell-cell fusion regardless of ORF9p.
MeWo cells were seeded in 6-well plates and infected with VZV-9WT or VZV-
9L231A with or without additional mutations on gH (gH-WT or gH∆cyt) or gE
(gE-WT or gE-Dble). At 48 h.p.i. cells were fixed with 4% PFA and Nuclei were
stained using Nuclear-ID Red DNA stain. Pictures of the whole well were taken
with a 4X objective using an Incucyte S3. For each virus, a total of 300 foci from three
independent experiments were randomly selected for analysis. Among those 300
foci, 150 were randomly selected for syncytia analysis, except for 9L231A mutant
which presented too few syncytia. A) Foci area was measured manually using
ImageJ. B) For each mutant, the percentage of syncytia was calculated manually.
C) The fusogenic capacity of each mutant was calculated by dividing the syncytia
area by the foci area. A and C, a Mann Whitney test was performed to compare
the represented pairs of viruses. The boxplot depicts the 1st and 3rd quantiles, the
horizontal bar shows the median and the cross shows the mean.(continued on next

page).
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Figure 6.1 (previous page): The upper error bar represents Q3 + 1.5 x IQR, while
the lower error bar represents Q1 1.5 x IQR. B, a two-tailed t test was performed to
compare the represented pairs of viruses. The graph shows the mean percentage
of syncytia. Error bars represent standard deviation. *, P<0.05. **, P<0.01. ***,

P<0.001.
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Figure 6.2: Glycoproteins expression in 9WT- and 9L231A-infected cells.
(continued on next page).
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Figure 6.2 (previous page): MeWo cells were seeded on coverslips and infected for
48h. The coverslips were then washed with PBS and fixed with 4% PFA. Cells were
permeabilized with 0.1% Triton-X100 then labeled with the different antibodies.
Images were taken using a Zeiss LSM 980 microscope with a 60X objective. A)
9WT-infected cells. B) 9L231A-infected cells. gB is shown in white, gH in red, gE in
green, and infected cells are shown in blue. Scale bar represents 50 µm. Experiment

was repeated thrice and representative pictures are shown.
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Part IV

Materials and methods
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7 Materials and methods
Cell Culture

MeWo (human melanoma cell line; ATCC HTB-65) cells were cultured in
Eagle minimal essential medium supplemented with 1% nonessential amino
acids, 1% L-glutamine, 1% antibiotic mix (penicillin-streptomycin), and 10%
fetal bovine serum (Fisher Scientific).

Recombinant virus production

To reconstitute recombinant viruses, MeWo cells were transfected with bac-
terial artificial chromosomes (BACs) containing the entire WT or mutated
pOka genome (3 µg per well of 6-well plates) using 4.5 µL of JetPEI transfec-
tion reagent. All BACs contained a gene coding for GFP under the control
of the Cytomegalovirus promoter, allowing the detection of infected cells by
confocal microscopy. At 3 days post transfection, the cells were transferred
into a 25 cm2 flask and passaged every 2 to 3 days until typical infection
foci appeared.

Antibodies

Monoclonal mouse anti-gH (HR-VZV-22) and anti-gB (HR-VZV-15) used in
immunoprecipitation or western-blot were purchase at CAPRI. Anti-gH and
anti-gB used in immunofluorescence were from Meridian Life Sciences and
were directly coupled to CF568 and CF633 respectively, using a coupling kit
from Sigma-Aldrich (Mix-n-stain, MX568S100 and MX633S100). Mouse anti-
gE was produced and characterized in our laboratory some years ago [287].
Mouse anti-V5 (R960-25) was purchased from Thermofisher.

Construction of BAC-VZV carrying the gH or gE muta-
tions

All constructs were generated by modification of the BAC-VZV-pOka WT
(a kind gift from H. Zhu [453]) using the "en passant" technique described
by Tischer et al. [407].

First, the recombination cassette was generated by PCR using the primers
listed in table 7.1 and the pEPkan-S plasmid as a template. Then, 100 ng of
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the purified PCR product where electroporated in electro-competent GS1783
bacteria containing the VZV BAC with the following settings: 17.5 kV/cm,
25 µF, and 200 Ω. The bacteria were then placed in a shaking incubator
for 1h at 32◦C in 1 mL of LB medium. The bacteria were diluted 8X in
LB + 12.5 µg/mL chloramphenicol + 25 µg/mL kanamycin and plated
on chloramphenicol + kanamycin plates and incubated at 32◦C for 24h.
Candidate colonies were checked by PCR before proceeding to the second
recombination.
For the second Red recombination, an overnight culture was grown in LB
with chloramphenicol and kanamycin at 32◦C. Five milliliters of warm
LB with chloramphenicol were inoculated with 250 µL of the overnight
culture and then placed in a shaking incubator at 32◦C until OD reached
0.4 (1h30-2h). Two milliliters of the culture were diluted with 2 mL of
warm LB containing chloramphenicol and 1% arabinose and put back in
the incubator for 50 min. The induction of the Red recombination system
was done by placing the culture in a shaking waterbath at 42◦C for exactly
15 min. The culture was then returned in the incubator for another 3h.
Finally, two dilutions (100 µL of 10-5 and 100 µL of 10-6) were plated on
agar plates containing chloramphenicol and 1% arabinose. The plates were
incubated at 32◦C for 48h and candidates colonies were checked by PCR
and sequencing.

The BAC-VZV-ORF9-V5 and BAC-VZV-ORF9-L231A-V5 were already de-
scribed before [345, 227].

Primers used for recombinant viruses creation and plas-
mid transfections

Table 7.1: List of primers used.

Primer name Primer sequence

BAC
recombineering

gHcyt_kana_FW
5’-TATTATCGGATGGATGTTATGTGGAAAT
TCCCGCCTTCGATAATATAATAAAATACCT
CTGAAGGATGACGACGATAAGTAGGG-3’

gHcyt_kana_RV
5’-ATTATACATGTTTTTTATGTCAGAGGTAT
TTTATTATATTATCGAAGGCGGGAATTTCC
ACCCAGTGTTACAACCAATTAACC-3’

gH_middle_FW 5’-CCGATCCATCGCAGCTTCATG-3’
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gH_RV 5’-TATAACGGCGCTGTGCGTCTA-3’

gED436HKanaF
5’-GCGTGTTGCAAGCACAGTGTATCAAAA
TTGTGAACATGCACATAACTACACCGCAT
ATTGAGGATGACGACGATAAGTAGGG-3’

gED436HKanaR
5’-TCCATATGAGATATTCCCAGACAATATG
CGGTGTAGTTATGTGCATGTTCACAATTTT
GAGCCAGTGTTACAACCAATTAACC-3’

gED620YKanaF
5’-TGGAGGGAGTCACGGGGGTTCGAGTT
ACACGGTGTATATATATAAGACCCGGTGA
TCACCAGGATGACGACGATAAGTAGGG-3’

gED620YKanaR
5’-CGCTCGACGTTGCCCCGGTTCGGTGAT
CACCGGGTCTTATATATACACCGTGTAAC
TCGCCAGTGTTACAACCAATTAACC-3’

gE_mid_FW 5’-TCCGATGGTACGTCTACCTACGCC-3’
gE_RV 5’-AACCCACGAGAGATCCTGACACC-3’

plasmid creation
for transfections

pCAGGS_ORF9_FW
5’-TCACTATAGGGCTCGAGATCGATATGGC
ATCTTCCGACGGTGACAGAC-3’

pCAGGS_ORF9_RV
5’-CATGCCATGTGTAATCCCAGCAGTCAAT
GGTGATGGTGATGATGACCG-3’

pCAGGS_gE_FW
5’-TCACTATAGGGCTCGAGATCGATATGGG
GACAGTTAATAAACCTGTGG-3’

pCAGGS_gE_RV
5’-CATGCCATGTGTAATCCCAGCAGTCAC
CGGGTCTTATCTATATACACC-3’

pCAGGS_gI_FW
5’-TCACTATAGGGCTCGAGATCGATATGTT
TTTAATCCAATGTTTGATATCGGCC-3’

pCAGGS_gI_RV
5’-CATGCCATGTGTAATCCCAGCAGCTATT
TAACAAACGGGTTTACAACGG-3’

pCAGGS_gH_FW
5’-TCACTATAGGGCTCGAGATCGATATGTT
TGCGCTAGTTTTAGCGGTGG-3’

pCAGGS_gH_RV
5’-CATGCCATGTGTAATCCCAGCAGTTATG
TCAGAGGTATTTTATTATATTCTCG-3’
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pCAGGS_gL_FW
5’-TCACTATAGGGCTCGAGATCGATATGGC
ATCACATAAATGGTTACTGC-3’

pCAGGS_gL_RV
5’-CATGCCATGTGTAATCCCAGCAGCATTG
GCATACGCGTTGGAACAAA-3’

pCAGGS_gB_FW
5’-TCACTATAGGGCTCGAGATCGATATGTC
CCCTTGTGGCTATTATTCAAAG-3’

pCAGGS_gB_RV
5’-CATGCCATGTGTAATCCCAGCAGTTACA
CCCCCGTTACATTCTCGGTG-3’

pCAGGS-gH-Flag-FW

5’-TCACTATAGGGCTCGAGATCGATATGTT
TGCGCTAGTTTTAGCGGTGGTAATTCTTCC
TCTTTGGACCACGGCTGATTACAAGGATG
ACGATGACAAAAATAAATCTTACGTAACA
CCAACCCCTGC-3’

Construction of the vectors used in transient transfec-
tions

WT or mutated versions of orf9, orf31 (gB), orf37 (gH), orf60 (gL), orf67 (gI),or
orf68 (gE) were amplified by PCR using the primers listed in table 7.1 and the
BAC-VZV WT or mutated on orf9, orf37, or orf68 as DNA template. The PCR
products were cloned in a pCAGGS vector (kind gift of DR. Delcroix), using
the NEBuilder HIFI DNA assembly kit from NEB (E2621L). The cloning
mix were transformed into homemade electrocompetent DH10B E. coli and
selected on ampicillin. All constructs were subsequently verified by Sanger
sequencing.

Foci and Syncytia area measurements

Non-infected MeWo cells were seeded 3 days before infection at 50% con-
fluency in 6-well plates. On the day of infection, MeWo cells infected with
either VZV-ORF9-V5, VZV-ORF9-L231A-V5, VZV-ORF9-L231A-V5/gE-
D436H-D620Y or VZV-ORF9-L231A-V5/gH∆cyt were trypsinised and the
inoculum was passed through a strainer to remove pre-existing syncytia
before infection of the 6-well plates. At 48 h.p.i., cells were washed with
PBS and fixed with 4% PFA for 30 minutes at room temperature. Nuclei
were stained with Nuclear-ID (Enzo Lifesciences) for 15 minutes at room
temperature (dilution 1/10 000 in PBS). Cells were then washed three times
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with PBS before taking pictures. Whole well pictures were taken using an
Incucyte S3 (Sartorius) at 4X magnification. Foci and syncytium areas were
measured using ImageJ in three independent experiments (100 foci and
50 syncytia were randomly selected and measured for each virus in each
experiment). For syncytia percentage calculation, every foci present in the
6-well plates were taken into account.

Co-immunoprecipitation

Infected cells were seeded on 75 cm2 dishes (one dish/IP) and incubated
for 48h at 37◦C. At 48 h.p.i., cells were washed with ice-cold PBS and then
collected in lysis buffer (50 mM Tris-HCl pH 7.00, 1 mM MgCl2, 1 mM CaCl2,
150 mM NaCl and 1% Triton X-100). Cells were kept in lysis buffer on ice
for 30 minutes then centrifuged at 3300 G for 1 minute. The supernatant
was kept and incubated during 2h at 4◦C with protein A-G magnetic beads
(Thermofisher Scientific) previously coupled with either gE or gH antibody.
After incubation, the beads were washed once with the lysis buffer and then
thrice with a washing buffer (50 mM Tris-HCl pH 7.00, 1 mM CaCl2, 300
mM NaCl and 1% Triton X-100). Finally, proteins were eluted with 30 µL of
elution buffer (mix 1/1 of 2% SDS and TR2X) for 15 minutes at 37◦C and
then separated on a SDS PAGE gel.

Complete genome sequencing

Viral particles concentration

For each virus to be sequenced, two 500 cm2 culture plates were seeded with
non-infected MeWo cells at 50% confluency and then kept in the incubator
for 72h with EMEM medium. At 72h, the cells were infected by co-culture
with infected cells then put back in the incubator for 48h. At 48 h.p.i.,
the cells were washed with ice-cold PBS (25 mL/plate). Cells were then
scrapped in 15 mL of stabilization solution (PBS + 5% sucrose). Cells were
lysed on ice by 20 passages in a Dounce homogenizer followed by sonication
(amplitude 70%, 10 cycles with 1 second on and 2 seconds off). The samples
were treated with 250 µL of DNAse (20 U/mL) and 20 mM MgCl2 for 1h at
10◦C. Cell debris were removed by centrifugation at 2 500 G at 4◦C for 10
minutes. The supernatant was collected and centrifugated at 100 000 G on a
30% sucrose (weight/volume) cushion (3 mL/tube) at 4◦C for 1h using a
pre-cooled rotor. After centrifugation, the supernatant was discarded and
the pellet was resuspended in 500 µL of MNT buffer (30 mM MES, 100 mM
NaCl, 20 mM Tris pH 7.5). The concentrated virus sample was separated
on a 60% (weight/volume) potassium tartrate in SET buffer (0.1 M NaCl,
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1 mM EDTA, 50 mM Tris pH 7.5) and 30% (volume/volume) glycerol in
SET buffer gradient during 16h at 115 000 G and 4◦C. After the gradient, the
infectious virus band was harvested with a needle and diluted in SET buffer
then concentrated by a subsequent centrifugation for 1h at 200 000 G at 4◦C.

VZV genome extraction

The concentrated particles were resuspended in 2.5 mL of nuclear extraction
buffer (10 mM Tris pH 7.5, 10% sucrose and 2 mM MgCl2). Leftover cellular
DNA was digested by incubating the extract with benzonase and RNAse
for 1h at 37◦C. Benzonase was then inactivated by adding 62.5 µL of 0.5 mM
EDTA then the capsid proteins were digested by adding 2.5 mL of pro-
teinase K digesting buffer (EDTA 40 mM, NaCl 200 mM, SDS 0.8%, 50 µL of
20 mg/mL proteinase K) and incubating the sample for 3h at 50◦C. The sam-
ple was then transferred to a 15 mL tube and 5 mL of phenol-chloro-isoamyl
alcool were added before gently shaking for 20 minutes. The sample was
centrifugated at 6 000 G for 10 minutes. The upper phase was transferred
to a new 15 mL tube and 5 mL of chloroform were added. The tube was
inverted 50 times before centrifugation for 10 minutes at 6 000 G. The upper
phase was again transferred to a new 15 mL tube and 450 µL of 3 M sodium
acetate were added together with 4.5 mL of isopropanol. The tube was
inverted several times then left overnight at room temperature. The next
day, the sample was centrifugated for 15 minutes at 6 000 G at 4◦C. The
supernatant was discarded and the pellet was dried for 20 minutes. The
DNA was finally resuspended in 50 µL of 10 mM Tris pH 8.0.

Sequencing

Whole genome library were carried out using Nextera XT Illumina kit
according to manufacturer’s guidelines. The quality control of DNA library
was performed using Kapa Quant kit (Illumina). The libraries were then
sequenced on a MiSeq System (Illumina) using the MiSeq v3 kit, 9.5 pM
were charged and 300 cycles performed.
The reads obtained from the GIGA sequencing platform were aligned on
the BAC-VZV-WT sequence using Burrows-Wheeler Aligner (BWA) MEM
algorithm. The alignments were then sorted and indexed with SAM tools
and further analyzed with IGV viewer.

Immunofluorescence

Uninfected and infected MeWo cells previously strained on 70 µm mesh
to remove all syncytia were mixed at a 90:1 ratio and plated on 24-wells



Chapter 7. Materials and methods 125

plates containing glass coverslides. At 24h or 48h post infection, cells were
washed with PBS and then fixed with 2% PFA-PBS for 30 minutes. Cells
were permeabilized or not with 0.1% triton-PBS and then blocked with 3%
BSA-PBS for 30 minutes. The coverslides were then incubated for 1h30 with
anti-gE mouse antibody diluted in 3% BSA-PBS. After two washes in 3%
BSA-PBS, cells were incubated with CF405 coupled anti-mouse antibody for
1h30, washed again twice, then incubated overnight with CF568-anti-gH
and CF633-anti-gB antibodies diluted in 3% BSA-PBS. After three washes in
PBS, coverslides were mounted on glass slides with Mowiol.

Cell fusion assay

Quantification of fusion events was performed using the quantitative Cre
reporter assay as previously described [439]. Briefly, CHO-DSP1 cells
were transfected with equimolar amounts of pcDNA3.1-gL, pME18s-gH,
pCAGGS-gB, and either pCAGGS-ORF9-V5 or pCAGSS-ORF9L231A-V5
using Lipofectamine 2000 (Invitrogen). Transfected cells were harvested at
6h posttransfection and cocultured with MeWo-DSP2 cells. The cocultures
were harvested after an additionnal 36h, and frequency of GFP-positive cells,
indicating fusion events, was quantified using a FACSCalibur controlled
by CellQuest Pro (BD Bioscience) and analyzed with FlowJo (TreeStar). A
negative control was performed with pME18s- and pcDNA-empty vectors
to establish background levels of GFP expression, which were then sub-
stracted from the fusion frequency data obtained with the test constructs.
Experiments were performed in duplicate with two clones used for each
construction.
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8 Discussion and perspectives
In the first part of this thesis, we have shown that ORF9p interacts with the
AP-1 complex and that mutation of the L231 residue of ORF9p abolishes this
interaction. Importantly, this mutation on ORF9p led to a strong replication
defect in vitro as well as an assembly defect of viral particles.

In the second part of the thesis, we have shown that the ORF9p-L231A
mutation was also associated with a complete lack of syncytia formation
in infected MeWo cells, known to usually form gigantic syncytia upon
VZV infection. Surprisingly, additional mutations on gH (E834STOP or
R833STOP) and/or gE (D436H and/or D620Y) reverted this phenotype,
and even enhanced cell-cell fusion as compared to a Wild-type infection.
While the gH mutation has already been described before [440], to our
knowledge, it is the first time that it naturally occurs. On the other hand,
two natural VZV mutants were already reported in the past to induce
extensive syncytia formation [359, 405]. However, both mutants had the
same D150N mutation in the extracellular part of gE, whereas the mutant
we describe here shows mutations on both the extracellular (D436H) and
intracellular (D620Y) domains. Single gE mutants (either D436H or D620Y)
were generated and are under investigation to understand the impact of
each mutation on VZV replication and syncytia formation. Interestingly, we
showed that ORF9p was able to increase cell fusion when expressed with gB
and gH-gL in vitro, without addition of any other viral protein, suggesting
that ORF9p directly acts on the core fusion machinery to promote cell fusion.
Additionally, we showed by co-immunoprecipitation that two glycoproteins
networks exist around ORF9p: one forming the gE-gI/ORF9p/gB cluster,
and the other one the gH-gL/ORF9p/gB cluster. It is however not clear
whether these two complexes are linked together to form a supercomplex, as
in our experiments no gH could be shown to coprecipitate with gE, nor gE
could be shown to coprecipitate with gH. Formation of these glycoproteins
clusters was prevented by the 9L231A mutation but formation of the gE-
gI/ORF9p/gB cluster was restored by additional mutations on gE, whereas
mutation on gH could no restore formation of the gH-gL/ORF9p/gB cluster,
suggesting that mutations on gE or gH act in two separate ways to restore
syncytia formation. Finally, our immunofluorescence experiments seem to
indicate that, during a wild-type infection, gB, gE and gH may be targeted
to specific regions of the plasma membrane where they form clusters. On
the contrary, upon infection with the 9L231A mutant, the glycoproteins
seem to be more homogeneously distributed at the cell surface. Further
studies are still needed to know the impact of the gE or gH mutations on
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the glycoproteins localization and distribution at the cell surface.
Altogether, these data allow us to propose a model explaining how VZV
ORF9p participates in cell-cell fusion and in viral assembly: during a wild-
type infection, upon interaction with AP-1, ORF9p is targeted towards the
TGN. Once there, ORF9p promotes the formation of an AP-1/ORF9p/gE-
gI/gB complex or a AP-1/ORF9p/gH-gL/gB complex by interacting with
gE and gB, or gH and gB, respectively (Figure 8.1). In this model, ORF9p
would serve to link glycoproteins together and the interaction between
ORF9p and AP-1 would serve to target these glycoproteins clusters to the
plasma membrane where they can mediate cell fusion.

Figure 8.1: Model of glycoproteins clusters around ORF9p/AP-1. We hypothesize
that ORF9p is targeted to the TGN via its interaction with AP-1. Once there, it
promotes the formation of two glycoproteins complexes by interacting either with

gE and gB, or gH and gB.

Interestingly, only infected cells seem to be able to fuse with one another
as only the center of the infection foci show signs of fusion. This suggests
that interaction of glycoproteins on two facing membranes may be required
to trigger cell-cell fusion. Additionally, VZV-induced cell-cell fusion leads
to different outcomes with regard to the infected cell type. Indeed, while
VZV is widely known to form huge syncytia upon infection of MeWo cells,
infection of MRC-5 cells leads to syncytia containing a limited number of
fused cells, typically less than a dozen (not shown). It thus seems that
cell-specific mechanisms regulate cell-cell fusion.
In HSV-1, gE has been shown to colocalize with the adherens junctions
protein β-catenin [84] and to be essential to target virions to the lateral
surfaces, which include extensive cell junctions [187]. Targeting of the
glycoproteins to the cell junction probably favors cell-cell fusion because the
membranes of the adjacent cells are already in close proximity, facilitating
the interaction between the glycoproteins on each of the facing membranes.
Interestingly, gE from HSV and PRV is required for efficient spread of
viruses between polarized cells with extensive cells junctions (e.g. epithelial
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cells and neurons), but is not needed for spread between highly transformed,
non-polarized cells, forming less junctions [187]. This may explain why
infection of MeWo cells leads to formation of huge syncytia while infection
of MRC-5 cells leads to limited fusion. The same study by Johnson et al.
showed that the µ1B subunit of the AP-1 complex enhanced cell-to cell
spread of PRV [187].

In our model, ORF9p serves to send the glycoproteins clusters to the cell
surface by interacting with AP-1 (Figure 8.2). When a polarized cell is in-
fected, the AP-1/ORF9p/gE-gI/gB complex would be targeted towards the
cell junctions via interaction of gE with AP-1B while the AP-1/ORF9p/gH-
gL/gB complex would be targeted more randomly to the cell surface via
interaction with AP-1A. Once on the surface, gB would interact with glyco-
proteins on the opposite membrane to trigger cell-cell fusion. On the other
hand, when a non-polarized cell is infected, AP-1B is not present to send the
AP-1/ORF9p/gE-gI/gB complex towards cell junctions. Both complexes
would then be randomly targeted towards the surface via interaction with
AP-1A. To be able to fuse, gB would need to be close to the opposing mem-
brane, which would also need to harbour glycoproteins. These conditions
being less likely to happen at the same time, this may explain why non-
polarized cells form limited syncytia in culture.
During an infection by the 9L231A mutant, ORF9p is unable to interact with
AP-1 and thus, unable to form glycoproteins clusters at the TGN. The glyco-
proteins would then be targeted to the cell surface independently from one
another and therefore, formation of the core fusion machinery is less likely
to happen, and all conditions for cell-cell fusion triggering are unlikely to
be met.

Our co-immunoprecipitation experiments show that the gE-D436H/D620Y
mutations restore the formation of an ORF9p/gE-gI/gB complex. We pro-
pose that this complex, via interaction between gE and AP-1B, can be
targeted towards the cell junctions to mediate cell fusion. At the cell junc-
tions, both gE and gB may be sufficient to trigger cell-cell fusion. Indeed,
the coexpression of both gE and gB has been shown to lead to abundant
syncytia formation in a cell fusion assay [249]. This further supports the
idea that gE-gI and gH-gL regulate syncytia formation via two indepen-
dent pathways. It is also possible that the gE-D436H mutation, occurring
near a N-glycosylation site and between two cysteines forming a disulfide
bond (see Figure 5.2), modifies the conformation of gE, increasing its ability
to promote cell fusion. This is supported by our observation that the gE
double mutants have a higher fusion capacity compared to gE-WT. Further
studies are however needed to consolidate this hypothesis. First, high-
resolution immunofluorescence studies are needed to see whether or not
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Figure 8.2: Model of ORF9p/AP-1 mediated glycoprotein transport. In polarized
cells, gE-gI/gB are targeted towards the cell junction via interaction of gE with AP-
1B, while gH-gL/gB are targeted randomly towards the surface via the ORF9p/AP-
1A interaction. In non-polarized cell lines, the glycoproteins are targeted towards

the surface randomly via AP-1A.

the ORF9p/gE-gI/gB complex is indeed targeted towards the cell junctions
in MeWo cells, and to see if gH is necessary to induce cell-cell fusion at the
cell junctions. It would also be interesting to see if the gE-D436H/D620Y
mutant is able to induce the formation of bigger syncytia in MRC-5 cells.
Finally, analysis of gE-D436H and gE-D620Y single mutants should help us
understand how each of these mutations affect cell-cell fusion.
Regarding the gH∆cyt mutation, Yang et al. hypothesized that the cytoplas-
mic tail of gH could act as a gate keeper, regulating phosphorylation of the
ITIM of gB by controlling either kinases or phosphates access to the Y881
residue. Therefore, in a mutant lacking this gate keeper, gB would be in a
dysregulated state and enhance fusion [440]. In 2017, Oliver et al. showed
that the exaggerated syncytia formation phenotype of the gB[Y881F] mu-
tant was caused by fusion of infected cells with many uninfected cells [303].
Thus, when gB is in a dysregulated phase, the presence of glycoproteins
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on the surface of both cells does not seem to be required to induce cell-cell
fusion. However, the precise mechanisms used by the gH∆cyt mutant to
induce an enhanced cell-cell fusion are unclear. Indeed, gB is known to
be unable to induce cell fusion on its own, and to require the presence of
gH-gL to trigger fusion. In our co-immunoprecipitation experiments, we
were unable to show the restoration of the gH/gB interaction by the gH∆cyt
mutant. The fact that our gH antibody does not recognize gH in Western
blot in denaturing conditions makes it difficult to know if this is due to a
lack of interaction or inadequate gH precipitation. Further studies are thus
needed to confirm our immunoprecipitations results, possibly by tagging
gH to facilitate its detection. Yang et al. showed that, in transfection, gH∆cyt
was 12% more present at the cell surface as compared to gH-WT. This over-
expression of gH at the surface combined with the loss of gH-mediated gB
regulation may in part explain the enhanced fusion, but additional studies
are needed to know if gH∆cyt is more expressed at the surface in the course
of an infection and to understand if and how gH and gB interact at the
surface.
Finally, most cell fusion experiments are done by transfecting a cell popula-
tion then co-culturing it with a non-transfected population and therefore,
these experiments are more suited to study viral entry in an uninfected
cell than cell-cell fusion in which viral glycoproteins are expressed on both
cells that fuse. It would be interesting to try different combinations of gly-
coproteins transfections in both cell populations before co-culturing them
to better understand the proteins required for syncytia formation and the
differences that exist between the fusion of the viral envelope and the cell
membrane, and cell-cell fusion.

In 1968, Darlington and Moss showed that enveloped Herpesviral particles
cluster in both small and large vacuoles in the cytoplasm [71]. More recently,
Girsch et al. proposed a model with two different envelopment pathways
leading to these two types of vacuoles (Figure 8.3) [132]. According to the
authors, both pathways can be distinguished by the presence or absence of
the M6PR: the pathway leading to large vacuoles filed with viruses, most
commonly found in VZV-infected cells, is associated with the M6PR, while
the pathway leading to small vacuoles, found in HSV-1 and PRV, is not. The
authors propose that the large vacuoles pathway results from the hijacking
of the autophagy pathway by the virus. Indeed, the large vacuoles would
be derived from late endosomes, known to form large vacuoles because
they can fuse with one another or with other organelles, and because most
M6PR resides in late endosomes [132, 215, 385]. In the model proposed by
Girsch et al., the viral glycoproteins can travel directly to the viral assembly
compartment (VAC), presumably derived from the TGN, or they could
travel to the plasma membrane, where they undergo endocytosis and are
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then directed to the VAC (Figure 8.3). Likewise, the M6PR could attach to the
glycoproteins either in the TGN or on the cell surface. After envelopment in
the VAC, enveloped virions without the M6PR would travel directly to the
plasma membrane in small vacuoles (Figure 8.3, pathway A), whereas viral
particles with M6P residues in their glycoproteins would be transported
in the M6PR pathway to a late endosome (Figure 8.3, pathway B). The late
endosome containing several particles still attached to M6PRs would be
transported to the cell surface without undergoing xenophagy [132]. Finally,
the authors hypothesize that the M6PR pathway is most utilized during
VZV infection, while the small vacuole pathway is most used in HSV or
PRV infections. The presence or absence of gD could be responsible for
pathway selection as VZV lacks a gD, while HSV and PRV do not [132].

Unexpectedly, the presence of the M6PR pathway seems to correlate with
the capacity of the cells to form syncytia. Indeed, our TEM results showed
that WT particles were transported in large vacuoles in MeWo cells, and
the virions seemed to be attached to the membrane of the transport vacuole.
On the contrary, only a few vacuoles containing a limited number of viral
particles were found upon infection with the 9L231A mutant. This idea
is further supported by the fact that Wild-type HSV and PRV rarely form
syncytia in cell culture as compared to VZV [323, 330].

As discussed above, our hypothesis is that ORF9p forms glycoproteins
clusters that could be directed towards the adherens junctions thanks to gE-
gI/AP-1B. The adherence junctions are dynamic structures that are regularly
formed, broken and rearranged due to cadherin endocytosis, degradation
or recycling [216]. E-cadherin, expressed in epithelial cells, has been shown
to undergo clathrin-mediated endocytosis, and its cytoplasmic tail interacts
with the AP-2 complex [216, 362]. Moreover, it has been shown that the
higher rate of cadherin endocytosis, the higher the proportion of endocy-
tosed cadherin selected for degradation rather than recycling [216]. Thus,
we hypothesize that the presence of large amounts of viral glycoproteins
at the cell junction would increase the rate of endocytosis, and that viral
particles would envelope in the endosomes containing the endocytosed
glycoproteins. ORF9p could once again intervene in the process by interact-
ing with capsid, tegument and envelope proteins [384, 415, 60, 52, 53]. The
enveloped particles would then be targeted to the late endosome where they
would form large vesicles. The vesicles would finally be targeted for recy-
cling to the cell surface instead of following the degradation pathway. How
the vesicles are selected for recycling instead of degradation is however
unknown.

ORF9p was already known to be essential for VZV replication [52] and to
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Figure 8.3: VZV egress pathways. Two different pathways, called the large vacuole
and the small vacuole pathways, are proposed to serve in VZV egress. A) The
small vacuole pathway. In this pathway, the glycoproteins are transported to the
plasma membrane and internalized (A1, A2) or small glycoprotein-containing
vacuoles (A’1) serve as the enveloping compartment. Once enveloped, virions are
transported in small vacuoles (A4) lacking M6PR, directly to the cell surface. B) In
the large vacuole pathway, the viral glycoproteins are transported to the plasma
membrane (B1, B2), where they interact with the M6PR and are internalized as a
complex (B3). Alternatively, the glycoproteins can attach to the M6PR in the TGN
(B1) and this complex evolves into the assembly compartment (B’2). After exciting
the assembly compartment (B4), virions associated to the M6PR are transported to
the late endosome (B5). Fusion of the transport vesicles with endosomes leads to a
large M6PR-positive vacuole with multiple viral particles. Signals present in the
M6PR cytoplasmic tail then facilitate the transport of the large vesicle towards the

surface. Figure form [132].

play a role in viral envelopment [345, 344]. The results presented in this the-
sis show for the first time that it is also important for VZV-mediated cell-cell
fusion in vitro. The model proposed above tries to explain how ORF9p plays
a role in viral envelopment and cell-cell fusion by forming multiprotein
complexes and delivering them to the site of viral envelopment, thus mak-
ing it essential for the virus. Several studies are still needed to support and
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improve this model. Purification of viral particles followed by mass spec-
trometry analysis would be interesting to know if adhesion molecules are
incorporated in the virions. Such experiments were performed during this
thesis, but unfortunately, the extreme cell-associated nature of VZV makes
it difficult to have sufficiently pure viral particles for MS analysis. One
way to bypass this problem would be to perform immunogold labelling of
cadherins followed by TEM analysis to know if cadherins are incorporated
in viral particles or in the vacuole membranes. It would also be interesting
to analyze MeWo cells infected with the gE-Dble and gH∆cyt mutants, to
know if these mutations restore the large vacuole pathways in infected
cells. This may be useful to determinate if these mutations act on different
pathways or not. Such experiments have already been performed by Yang et
al. with the gH∆cyt mutant. The authors showed that the particles formed
by the gH∆cyt mutant were also found in cytoplasmic vesicles. However,
the size of the vesicles and the number of virions inside was not further
described [440]. Finally, it would be interesting to know if incorporation
of the L231A mutation in the ORF9p homologs impacts the fusion and
cell-to-cell spread of the other Alphaherpesviruses.
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A VZV proteins and their
HSV-1 homologs

proteins
VZV

Characteristics
homologs
HSV-1

(ORF S/L)
ORF0

membrane protein UL56

ORF1 membrane protein /

ORF2 myristoylated tegument protein /

ORF3 nuclear protein UL55

(IE4)
ORF4

transactivator tegument protein
(ICP27)
UL54

ORF5 envelope glycoprotein K (gK) UL53

ORF6 helicase/primase, primase subunit UL52

ORF7 tegument protein UL51

ORF8 dUTPase UL50

ORF9 major tegument protein
(VP22)
UL49

ORF9A envelope glycoprotein N (gN) UL49A

ORF10 transactivating tegument protein
(VP16)
UL48

ORF11 RNA binding protein
(VP13-14)
UL47

ORF12 cell cycle regulator UL46

ORF13 thymidylate synthetase /

ORF14 envelope glycoprotein C (gC) UL44

ORF15 envelope protein UL43

ORF16 DNA polymerase, processivity subunit UL42

ORF17 tegument protein
(VHS)
UL41

ORF18 ribonucleotide reductase, small subunit
(RR2)
UL40
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ORF19 ribonucleotide reductase, large subunit
(RR1)
UL39

ORF20 ribonucleotide reductase, small subunit
(ICP32)
UL38

ORF21 minor inner tegument protein
(VP7)
UL37

ORF22 major inner tegument protein
(VP1-2)
UL36

ORF23 small capsid protein
(VP26)
UL35

ORF24 nuclear envelopment complex UL34

ORF25 DNA cleavage/packaging complex UL33

ORF26 DNA packaging protein UL32

ORF27 nuclear envelopment complex UL31

ORF28 DNA polymerase, catalytic subunit UL30

ORF29 ssDNA binding protein
(ICP8)
UL29

ORF30 cleavage/packaging complex, terminase core UL28

ORF31 envelope glycoprotein B (gB) UL27

ORF32 phosphoprotein /

ORF33 capsid maturation protease
(VP24)
UL26

ORF33.5 capsid scaffold protein
(VP22a)
UL26.5

ORF34 capsid capping tegument protein UL25

ORF35 nuclear protein UL24

ORF36 thymidine kinase UL23

ORF37 envelope glycoprotein H (gH) UL22

ORF38 tegument protein UL21

ORF39 envelope protein UL20

ORF40 major capsid protein
(VP5)
UL19

ORF41 capsid scaffolding protein
(VP23)
UL18
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ORF42/45 cleavage/packaging complex, terminase core UL15

ORF43 DNA packaging tegument protein UL17

ORF44 tegument protein UL16

ORF46 tegument protein UL14

ORF47 tegument Ser/Thr kinase
(VP18.8)
UL13

ORF48 deoxyribonuclease UL12

ORF49 myristoylated tegument protein UL11

ORF50 envelope glycoprotein M (gM) UL10

ORF51 DNA replication origin-binding protein UL9

ORF52 helicase/primase subunit UL8

ORF53 tegument protein UL7

ORF54 capsid portal protein
(VP11-12)
UL6

ORF55 helicase/primase, helicase subunit UL5

ORF56 nuclear protein UL4

ORF57 cytosolic protein /

ORF58 nuclear protein UL3

ORF59 uracil-DNA glycosylase UL2

ORF60 envelope glycoprotein L (gL) UL1

ORF61 transactivator, transrepressor ICP0

(IE62)
ORF62/71

transcriptional regulator ICP4

(IE63)
ORF63/70

regulatory protein
(ICP22)
US1

ORF64/69 virion protein US10

ORF65 membrane protein US9

ORF66 Ser/Thr kinase US3

ORF67 envelope glycoprotein I (gI) US7

ORF68 envelope glycoprotein E (gE) US8
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