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Abstract 
HSV-1 is a DNA virus of the herpesviruses family (Herpesviridae) and specifically 

belongs to the Alpha subfamily (Alphaherpesvirinae). It is a neurotropic virus that 

alternates from a lytic cycle in epithelial cells to a latent cycle in neurons. Its lytic cycle 

takes place in three phases, the immediate early (IE), the early (E) and the late (L).  

In the present thesis, we studied the mechanisms that govern infection by Herpes 

Simplex virus type-1 investigating two directions; the effect of CD40L on the outcome 

of infection and the methylation profile of host genes during the course of infection. 

In the first part, the effect of CD40L on HSV-1 infection was studied and it was found 

that CD40L directly inhibits infection by HSV-1 following entry of the virus in the host 

cell. Different stages of viral infection were analyzed as well as antiviral mechanisms 

with a particular emphasis on autophagy. Collectively, it was demonstrated that HSV-

1 is directly inhibited by the activation of the CD40L pathway by a mechanism that is 

PI3K-dependent and autophagy-independent. 

At the second part of the study, the methylation profile of the host cell genome was 

analyzed during lytic and latent infection by HSV-1 with particular interest on the 

enzymes associated to epigenetic phenomena. PCR-array analysis showed that there 

is a great variation in the methylation profile during the immediate early (IE) and early 

(E) phase of infection while in the late (L) phase of infection and in latently infected 

cells the methylation profile remains stable, however, different from the steady state 

methylation of the host. Several histone deacetylase genes were identified as targets 

for alterations in DNA methylation and an effort was made to correlate the changes in 

DNA methylation to gene expression and their impact on the progeny virus. 
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Περίληψη 
Ο HSV-1 είναι ζνασ DNA ιόσ που ανικει ςτθν οικογζνεια των ερπθτοϊϊν 

(Herpesviridae) και ςυγκεκριμζνα ςτθν οικογζνεια των α-ερπθτοϊϊν 

(Alphaherpesvirinae). Είναι νευροτρόποσ ιόσ ο οποίοσ πραγματοποιεί λυτικό κφκλο 

ςτα επικθλιακά κφτταρα ενϊ ςτα νευρικά κφτταρα βρίςκεται ςε λανκάνουςα φάςθ. Ο 

λυτικόσ κφκλοσ του HSV-1 λαμβάνει χϊρα ςε τρεισ φάςεισ, τθν άμεςα πρϊιμθ (α), τθν 

πρϊιμθ (β) και τθν όψιμθ(γ) και αποτελεί χαρακτθριςτικό τρόπο ζκφραςθσ των 

γονιδίων των ερπθτοϊϊν.  

Στα πλαίςια τθσ παροφςασ διδακτορικισ διατριβισ διερευνικθκαν μθχανιςμοί που 

διζπουν τθν μόλυνςθ από τον ιό του απλοφ ζρπθτα τφπου Ι (HSV-1). Συγκεκριμζνα, 

διερευνικθκε θ δράςθ του CD40L και ο ρόλοσ του ςτθν ζκβαςθ τθσ μόλυνςθσ από 

τον HSV-1. Επιπλζον, διερευνικθκε το πρότυπο μεκυλίωςθσ κυτταρικϊν γονιδίων ςε 

διάφορα ςτάδια τθσ μόλυνςθσ από τον ιό. 

Ωσ προσ το πρϊτο ςκζλοσ τθσ εργαςίασ, κατά τθν οποία διερευνικθκε θ δράςθ του 

CD40L ςτθν μόλυνςθ από τον HSV-1, βρζκθκε ότι ο CD40L παρεμποδίηει τθν εξζλιξθ 

τθσ μόλυνςθσ άμεςα, μετά τθν είςοδο του ιοφ ςτο κφτταρο. Μελετικθκαν διάφορα 

ςτάδια τθσ μόλυνςθσ κακϊσ κ αντιϊκοί μθχανιςμοί ενϊ ζμφαςθ δόκθκε ςτον 

μθχανιςμό τθσ αυτοφαγίασ. Συνολικά, ο ιόσ παρεμποδίηεται από τθν ενεργοποίθςθ 

του μονοπατιοφ του CD40L μζςω ενόσ μθχανιςμοφ που ςχετίηεται με τθν κινάςθ PI3K 

και είναι ανεξάρτθτοσ τθσ αυτοφαγίασ. 

Ωσ προσ το δεφτερο ςκζλοσ τθσ διατριβισ, μελετικθκε το πρότυπο μεκυλίωςθσ του 

κυτταρικοφ γονιδιϊματοσ ςε λυτικι κ λανκάνουςα μόλυνςθ με τον ιό HSV-1 δίνοντασ 

ιδιαίτερθ ζμφαςθ ςτο πρότυπο μεκυλίωςθσ γονιδίων που κωδικοποιοφν για ζνηυμα 

που ςχετίηονται με επιγενετικά φαινόμενα. Βρζκθκε ότι ςτθν άμεςα πρϊιμθ κ 

πρϊιμθ φάςθ του λυτικοφ κφκλου υπάρχει ζντονθ διακφμανςθ των επιπζδων 

μεκυλίωςθσ των κυτταρικϊν γονιδίων ενϊ ςτθν όψιμθ φάςθ τθσ μόλυνςθσ και κατά 

τθ λανκάνουςα κατάςταςθ το πρότυπο μεκυλίωςθσ είναι διαφορετικό από τθν 

κατάςταςθ θρεμίασ αλλά ςτακερό. 
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erpes Simplex Virus type 1 (HSV-1 or HHV-1) is a dsDNA virus that belongs 

to the alpha subfamily of the family Herpesviridae1. It is a neurotropic virus 

characterized by a relatively short life cycle, a rapid cytopathic effect (CPE) 

and an ability to establish latent infections in sensory ganglia. Sensory neuron 

infection is the result of a primary infection of a mucosal epithelial surface usually 

during childhood or adolescence. The virus follows a lytic replicative cycle in the 

epithelia before entering neuronal cell bodies surrounding the infected area via 

retrograde transport2.  

HSV-1 worldwide seroprevalence rates have been found to fluctuate between 50-

90%3,4. Its clinical manifestation varies from asymptomatic which is the most 

common, to severe neurological conditions such as encephalitis. Generally, HSV-1 

infections display combinations of symptoms such as fever, sore throat, ulcerative 

and vesicular lesions, gingivostomatitis, edema, localized lymphadenopathy, anorexia 

and malaise while infection of the eye can cause keratoconjunctivitis5. Recent data 

have demonstrated that there is also a strong association between HSV-1 and 

Alzheimer’s disease6,7. 

 

Pathology and Epidemiology of HSV-1. 

HSV-1 clinical manifestations, though characterized by cold sores, vary from 

asymptomatic, to severe neurological conditions such as encephalitis. Generally, HSV-

1 infections display combinations of symptoms such as fever, sore throat, ulcerative 

and vesicular lesions, gingivostomatitis, edema, localized lymphadenopathy, anorexia 

and malaise while infection of the eye can cause keratoconjunctivitis. Recent data 

have demonstrated that there is also a strong association between HSV-1 and 

Alzheimer’s disease8,9. 

HSV is a human virus and is transmitted only from infected humans to other humans 

during episodes of productive infection and by close personal contact. There is no 

seasonal variation of HSV infection frequency. The infection is rarely fatal and since 

this virus becomes latent and persists for the lifetime of the host, more than 50% of 

the world population has been infected9. 

Reactivation of the virus can be triggered by a variety of factors such as stress, 

ultraviolet light, fever, fatigue, sideropenia and impaired cell mediated immunity in 

the host (reviewed in 10).  However, in immunocompetent individuals, HSV infection is 

usually self-limiting. On the contrary, it causes significant morbidity and mortality in 

immunocompromised individuals who are in danger of acute herpetic disease. For 

neonates infected in utero or during delivery HSV infection can be lethal. In USA 

approximately 1500 newborns are infected each year and despite the availability of 

antiviral therapies, the mortality rate is still high. AIDS patients are also at high risk of 

severe herpetic disease and most drug resistant HSV strains derive from those 

patients. There are also some immunocompetent hosts that suffer from serious 

herpetic disease. Ocular infection is another serious condition. Recurrent herpes 

H 
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keratitis can cause corneal scarring and blindness. Moreover, central nervous system 

HSV infections or encephalitis can lead to death despite the antiviral therapies and 

even in those patients that manage to overcome encephalitis severe neurological 

conditions persist. 

As mentioned above, it is estimated that more than 50% of the world population has 

been infected. Studies in more specific groups have shown some variability between 

populations yet the general tendency is that HSV-1 prevalence in non-high risk 

populations increases with age or plateaus after about 30 years of age with most 

acquisition taking place in childhood and adolescence. It has also been estimated that 

HSV-1 seroprevalence is lower at higher socioeconomic groups10. A USA based 

population study showed that HSV-1 seropositivity increased from 44% in young 

adults aged 12-19 years to 90% in adults over 70 years old. In contrast, HSV-1 

seroprevalence decreased in women over 40 years old in Uganda, New Mexico and 

Turkey11. In European countries, namely Germany and Spain, 40-50% of adolescents 

aged 14-17 years have HSV-1 antibodies and the percentage reaches 90% by the fifth 

decade of life10. 

Concerning high risk populations, such as South Africa populations that practice 

higher risk sexual behaviors, HSV-1 seroprevalence is over 97% in all age groups. 

Among young, female, commercial sex workers aged 16-22 years in Mexico City HSV-1 

seroprevalence was over 93% (reviewed in 11). 

Nevertheless, worldwide epidemiology of HSV-1 is not static. There has been a 

decline in the age specific HSV-1 prevalence rates in industrialized middle class 

populations over the past years. For instance, pre-adolescent populations in the UK in 

1953 exhibited a 63% HSV-1 seroprevalence which decreased to 23% in 1995 

probably due to improved socioeconomic conditions10. 

To sum up, global HSV-1 prevalence is high regardless of the fluctuations in 

percentages while aggravating factors which are latency and recurrent infections 

prevent eradication of the disease. Those data point to the direction of discovering 

new more efficient drugs that target the central regulation machinery of HSV-1. 

 

Classification of Herpesviruses 

The first attempt to classify herpesviruses was undertaken in 1971 by the 

International Committee on Taxonomy of Viruses (ICTV) mainly on the basis of 

structure. In general, the classification of herpesviruses incorporates morphological, 

serological, biological and genomic criteria. Though morphological criteria have a 

prominent role in the classification of herpesviruses, recent advances in sequencing 

methods have dominated herpesvirus taxonomy12.   

In order for a virus to be classified as a member of the Herpesviridae family it needs 

to satisfy some fundamental morphological criteria. The virion should be spherical, 

consist of an icosahedral capsid, a tegument and an envelope and the genome inside 

the capsid should be linear double stranded DNA 13,14. 
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Serological criteria are also useful, but only on the basis of characterizing closely 

related viruses, while biological criteria mainly refer to the host. Herpesviruses are 

particularly adapted to their host and can cause severe disease mainly to 

immunocompromised individuals. Individual herpesvirus species usually infect a 

specific host though cross-species transmission can occasionally occur. They are 

transmitted via aerosols or via contact with infected mucosal surfaces and they have 

evolved intricate mechanisms to cause lifelong latent infections.  

As for genomic criteria, they used to refer mainly to the genome structure but this 

criterion is not particularly useful since similar structures are common among the 

family. However, sequencing data, both from nucleotide and amino acid sequences, 

are of great significance to herpesvirus taxonomy12.   

The order Herpesvirales is so far divided in three 

families, the Alloherpesviridae, the Herpesviridae 

and the Malacoherpesviridae family (Table 1). The 

Alloherpesviridae family integrates the fish and frog 

viruses, the Herpesviridae family is the one 

containing viruses of mammals, birds and reptiles 

and the Malacoherpesviridae family contains two 

viruses of mollusks1,15. The Herpesviridae family is 

further divided in three subfamilies, the 

Alphaherpesvirinae, the Betaherpesvirinae and the 

Gammaherpesvirinae (Fig. 1.1). 

Alphaherpesvirinae are characterized by a variable 

host range, a short life cycle, a rapid spread in 

culture conditions, an intense cytopathic effect and 

an ability to establish latent infections mainly in 

sensory ganglia. Among others the 

Alphaherpesvirinae contain the human affecting 

genera Simplexvirus (HSV-1 or HHV1 and HSV-1 or 

HHV2) and Varicellovirus (VZV or HHV3). 

Betaherpesvirinae, in contrast to alphaherpesviruses 

are more restricted in their host range, they 

progress slowly in culture conditions and they have 

a long life cycle. They also cause a distinctive 

enlargement of their host cells called cytomegalia. 

Betaherpesviruses establish latent infections as well, 

but in contrast to alphaherpesviruses they do so in 

secretory glands, lymphoreticular cells, kidneys and other tissues. Betaherpesvirinae 

genera that contain human herpesviruses are the Cytomegalovirus genus (HCMV or 

HHV5) and the Roseolovirus genus (HHV6 and HHV7).  

Order Herpesvirales 

Family Herpesviridae 

Subfamily Alphaherpesvirinae 

Genus  Iltovirus 

Genus  Mardivirus 

Genus  Scutavirus 

Genus  Simplexvirus 

Genus  Varicellovirus 

Subfamily Betaherpesvirinae 

Genus  Cytomegalovirus 

Genus  Muromegalovirus 

Genus  Roseolovirus 

Genus  Proboscivirus 

Subfamily Gammaherpesvirinae 

Genus  Lymphocryptovirus 

Genus  Rhadinovirus 

Genus  Macavirus 

Genus  Percavirus 

Family Alloherpesviridae 

Genus  Batrachovirus 

Genus  Cyprinivirus 

Genus  Ictalurivirus 

Genus  Salmonivirus 

Family Malacoherpesviridae 

Genus  Aurivirus  

Genus  Ostreavirus 

Table 1.1. Taxonomic structure of 

the order Herpesvirales
15
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Last, Gammaherpesvirinae limit their host range to a family or order of organisms. 

They are lymphotropic viruses and they can all replicate in lymphoblastoid cells in 

vitro. Some can additionally cause lytic infection to epithelial cells and fibroblasts. 

However, gammaherpesviruses are usually specific for B or T lymphocytes. There are 

two genera containing human herpesviruses in this subfamily, the Lymphocryptovirus 

genus (EBV or HHV4) and the Rhadinovirus genus (Kaposi’s sarcoma-associated 

herpesvirus or HHV8)14. 

In respect of evolution, the herpesviruses precise origins have not yet been 

deciphered. There is evidence though of an evolutionary relationship between 

herpesviruses and bacteriophages. Similarity has been detected between a terminase 

gene encoded by HSV-1 and a bacteriophage gene of related function. In addition, 

conserved unique protein folds consisting of three α-helices and two β-sheets have 

been found in the capsids of both herpesviruses and bacteriophages16.  

Within the Herpesviridae family, the alpha-, beta- and gammaherpesviruses have 

arisen from a common ancestor. Although there is apparently little genetic similarity 

between the three subfamilies, the capsid structures are highly conserved. There is 

some controversy over the evolutionary succession of alpha-, beta- and 

gammaherpesviruses but it is well accepted that herpesviruses evolved in parallel 

with their hosts16,17. 

As for Herpes simplex virus type 1 (HSV-1) or Human herpesvirus 1 (HHV-1), genus 

Simplexvirus, it belongs to the subfamily of Alphaherpesviruses of the family 

Herpesviridae in the order of Herpesvirales. 

 

 

 

Figure 1.1: Phylogenetic relationships within the family Herpesviridae. The unrooted Bayesian tree is based on amino 
acid sequence alignments for the orthologs of HHV-1 genes UL15, UL19, UL27, UL28, UL29 and UL30. The scale indicates 
the number of amino acid substitutions per site. (Adapted from McGeoch, D.J., Davison, A.J., Dolan, A., Gatherer, D. and 
Sevilla-Reyes, E.E. (2008). Molecular evolution of the Herpesvirales. In: Origin and Evolution of Viruses, 2nd edn (E. 
Domingo, C.R. Parrish and J.J. Holland, Eds.), Elsevier, London, pp. 447–475; 

12
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HSV-1 Structure 

HSV-1, bears the characteristic morphology of all herpesviruses, more specifically a 

dsDNA core surrounded by an icosahedral capsid, an amorphous tegument and an 

envelope14 (Fig.1.4).  

The DNA core consists of a linear double stranded DNA molecule wrapped as a 

toroid18 or a spool19 in a liquid crystalline state20 which occupies most of the capsid 

space. The DNA of the virus is 152kb and it is not chromatinized inside the capsid, i.e. 

it does not contain any histones. Given the negative charge of the DNA backbone, the 

presence of the polyamines spermine and spermidine21 are indispensable to 

packaging. Moreover, packaging of DNA in the capsid is a process that requires ATP. 

The internal capsid pressure has been measured to tens of atmospheres and 

constitutes a propelling mechanism for entrance of the viral DNA in the host nucleus, 

another feature that HSV-1 shares with bacteriophages22.  

The capsid is a T=16 icosahedron that occupies one third of the volume of the 

virus23. It consists of 162 capsomeres, more specifically 150 hexons and 12 pentons14. 

One of the pentons is called the portal and exhibits a very specific structure that 

enables the entry of the viral DNA to the capsid24 (Fig. 1.2). The location of the capsid 

inside the envelope is such, that there is a distal pole and a proximal pole to the 

envelope23.  

 
Figure 1.2: (A) Structure of the capsid highlighting one of the capsid faces illustrated in color with the 
hexons, pentons and triplexes shown in red, orange and blue, respectively

25
. (B) Portal complex 

located beneath a unique vertex of the capsid shell
26

. (C) Structure of HSV-1 portal. The portal is 
cylindrical in shape with 12- fold rotational symmetry and an axial channel through which virus DNA 
enters and exits the capsid 

25
. 

There are three kinds of capsids that can be detected inside a host cell infected with 

HSV-1, the A, B and C capsids. The A capsids have no core structure –they are empty- 

while the B capsids contain an assembly scaffold but not the viral genome. Only C 

capsids carry the herpesviral genome and therefore A and B capsids are considered 

developmental dead ends25. The assembly of the capsid takes place inside inclusion 

bodies in the host nucleus and is orchestrated is three stages: assembly of partial 

procapsids, assembly of a spherical procapsid and lastly formation of the icosahedral 
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capsid27. Formation of the capsid starts by assembly of the major capsid protein VP5 

and the scaffolding protein pre-VP22a that form angular parts of the spherical 

procapsid. The proteins VP19C and VP23, called the triplex proteins, act as glue to 

hold the capsomers together as the capsid assembles. The portal is incorporated in 

the structure at the initiation of the procapsid formation by a unique mechanism 

ensuring that there is only one portal per capsid28. Gradually the spherical procapsid 

is formed. It has the same icosahedral symmetry as the mature capsid and the same 

diameter, i.e. 125nm but it is not polyhedral. DNA enters the capsid at the spherical 

procapsid phase while the scaffolding protein is cleaved by a viral protease and exits 

the procapsid. At that point the capsid becomes angular and takes its mature form25 

(Fig. 3).  

 

 
 

Figure 1.3: Illustration of the capsid formation. Adapted from Brown JC et al, (2011)
25

 

The tegument is an “amorphous” proteinaceous layer located between the capsid 

and the envelope14 that occupies two thirds of the space defined by the latter23. The 

structure of the tegument has not been fully characterized but it has been shown 

lately that there are capsid-associated and envelope associated layers19,23,29 and that 

there is a characteristic distribution of tegument proteins near the capsid30. In 

addition, there is accumulation of tegument material over the capsid pentons19 while 

at sites where there are spikes on the surface of the envelope the tegument is 

connected to the envelope by linkers23. Furthermore, there have been detected some 

filamentous structures up to 40nm long suggesting that either there is a polymer in 

the tegument or that actin filaments are packaged from the host cell31. Lastly, it has 

been found that upon binding to the host cell the structure of the tegument is 

altered32. So the tegument is not exactly amorphous as was originally believed. 

Moreover, it carries proteins that are critical to the initiation of infection, among 

which is the protein pUL36 that is essential for capsid transport30,33 and release of the 

viral DNA and VP16 which is a fundamental transcription factor for initiation of the 

viral gene transcription34. 

Lastly, the envelope is the exterior of the virus, the part that interacts directly with 

its environment. It consists of a lipid bilayer in which they are embedded about 13 
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distinct glycoproteins of the virus. The copy numbers of each protein vary from just a 

few to thousands. The viral glycoproteins form 600-750 functional clusters that 

emerge from the membrane as spikes. The envelope originates from the cytoplasmic 

membrane of the host cell and is different from the nuclear membrane though the 

virus initially buds from the nucleus14,23.  

 

 
Figure 1.4: Virions and their components (Red: Envelope, Blue: Tegument, Green: Capsid)

26
 

 

  

HSV-1 Genome Organization 

HSV-1 genome is a double stranded linear molecule. However, its ends are either 

held together or they are in close proximity since HSV-1 DNA rapidly circularizes in the 

absence of protein synthesis after it enters the nucleus. The genome is 152kb long, its 

G+C content is 68.3% and it does not contain any histones inside the capsid.  

The genome comprises of two main unique sequences flanked by repeats. The two 

main sequences are not equal in length and therefore they are termed the long 

sequence (L) and the short sequence (S). The L and S sequences are flanked by 

inverted repeats. The inverted repeats flanking L are the ab and b’a’ (or TRL and IRL) 

sequences and they are different in average base composition from the sequences 

flanking S. The S sequence is flanked by the a’c’ and ca (or IRS and TRS) sequences (Fig. 

1.5). The L and S components can invert relative to each other and that leads to the 

production of four populations of molecules bearing the four orientations of the L and 

S sequences of the HSV-1 genome. These are the prototype (P), the IS (Inverted Short) 

molecule that has the S sequence inverted, the IL molecule that has the L sequence 

inverted and the ILS molecule that has both sequences inverted14,35.   

HSV-1 genes are classified in 3 kinetic classes, the α or immediate early genes that 

are transcribed first, the β or early genes that are transcribed after and with the help 

of α gene products and the γ genes that are transcribed last. The viral genome 

contains at least 90 transcriptional units of which 84 encode for proteins. Each 

transcript encodes for one protein apart from three exceptions: 1) two proteins, ORF-

O and ORF-P, are produced by two distinct transcripts but share the same start 

codon, 2) the gene UL26 produces two proteins from the same transcript by cleavage 
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of the polypeptide and 3) the mRNA of UL3 contains the ORFs of UL1 and UL2 though 

UL1 and UL2 are coded from distinct mRNAs. 

Some other characteristics of HSV-1 genome are that most HSV-1 genes do not have 

introns and that there are several transcripts that do not code for protein. Moreover 

some expressed ORFs are antisense to each other14. 

 

 

 
Figure 1.5: HSV-1 genome organization. 

 

Replication 

Briefly, in order to initiate infection HSV-1 has to attach to the cell surface of the 

host cell. Following attachment, it enters the cell either by fusion or endocytosis. The 

viral capsid utilizes the microtubule network to reach the nucleus. Upon docking on 

the nuclear pores, the DNA of the virus is released inside the host nucleus and viral 

transcription and replication events start. As mentioned earlier, HSV-1 genome is 

classified in three kinetic classes, the α, β and γ genes. Following entrance of the viral 

DNA in the nucleus, the tegument proteins carried by the virus initiate transcription of 

the α or immediate early genes. The α gene products act as transcription factors for β 

genes. The β products are involved in the replication of the viral DNA. The viral DNA 

replicates with a rolling circle mechanism that produces concatamers of viral DNA 

that are cleaved in monomers and packaged into capsids. After the replication of the 

viral DNA the γ genes are transcribed and their products are responsible for the 

assembly and packaging of the viral DNA. The DNA-containing capsid or nucleocapsid 

buds through the nuclear membrane or exits through the nuclear pores. Its course 

towards the cell surface is not fully defined but it’s believed that the virion passes 

through the Golgi where it de-envelopes and re-envelopes gradually acquiring its final 

structure14 (Fig. 1.6).  
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Figure 1.6: Diagram of the replication cycle of HSV. 1: The virus binds to the cell plasma membrane, 
and the virion envelope fuses with the plasma membrane (1a) or the virus enters by endocytosis (1b), 
releasing the capsid and tegument proteins into the cytoplasm. 2: The capsid is transported to the 
nuclear pore, where the viral DNA is released into the nucleus. 3: The vhs protein acts to cause 
degradation of host mRNAs. 4: VP16 localizes into the nucleus. 5: The viral DNA circularizes 6: It is 
then transcribed by host RNA polymerase II to give first the IE or a mRNAs. IE gene transcription is 
stimulated by the VP16 tegument protein. Five of the six IE proteins act to regulate viral gene 
expression in the nucleus. 7: IE proteins transactivate E or b gene transcription. 8: The E proteins are 
involved in replicating the viral DNA molecule. 9: Viral DNA synthesis stimulates L or g gene 
expression. 10: The L proteins are involved in assembling the capsid in the nucleus and modifying the 
membranes for virion formation. 11: DNA is encapsidated in the capsid. 12: The filled capsid buds 
through the inner membrane to form an enveloped virion, and the virion exits from the cell.

9
 

 

Binding of HSV-1 on the Host Cell 

The initial event in HSV-1 infection is binding of the virus on the host cell membrane. 

Subsequent to binding there is fusion of the viral envelope with the cell membrane or 

endocytosis, and release of the capsid in the cytoplasm. The process of the viral entry 

depends on the cell type. Thus, HSV-1 can either enter cells via fusion at the plasma 

membrane or following endocytosis it can fuse with the membrane of an acidic or 

neutral endosome and escape to the cytoplasm (Fig. 1.7). In some cells, HSV-1 can 

also enter by macropinocytosis (reviewed in 36).  

Binding of HSV-1 is achieved with the help of the viral glycoproteins gC and gB that 

bind heparan sulfate proteoglycans (HSPGs) on the cell surface. Entry of the virus 

requires the glycoproteins gB, gH/gL and gD. The glycoproteins gB and gH/gL form the 

core of the viral fusion machinery which promotes viral entry and they are conserved 

across the Herpesviridae family36,37. The cellular proteins involved in the process are 

nectin-138,39, herpesvirus entry mediator (HVEM)40, 3-O-sulfated heparan sulfate41,42, 
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integrin αvβ343 and paired immunoglobulin-like type 2 receptor alpha (PILRa)36,44. 

Some strains with mutations in gD can also enter via nectin-245. While HSV-1 can 

enter fibroblasts through various receptors, it requires nectin-1 in order to enter 

neurons46–48. 

 

 
Figure 1.7: HSV entry pathways: (1) fusion at plasma membrane, (2) endocytosis 

into acidic or (3) neutral endosomes, (4) macropinocytosis
36

. 

 

Lytic Infection 

Upon entry in the cell, the capsid is transferred to the nucleus either inside an 

endosome or as it is, in both cases utilizing the microtubule network33,49. The inner 

tegument proteins of HSV-1 recruit dynein or kinesin-1 in order to transport the 

capsid along microtubules33,50. In addition, the tegument protein VP1-2 carries an NLS 

signal that is indispensable for targeting of the capsid to the nuclear pores51. 

Proteasomal activity is also important at a postpenetration level for transport of the 

capsid to the nucleus whether it enters via endocytosis or through a non-endocytic 

pathway52. Docking of the capsid on the nuclear pores requires importin-β53 while 

viral DNA release in the nucleus involves a mechanism that employs the nuclear pore 

complex (NPC) and tegument proteins54 , and is dependent on hydrophobicity55. 

Moreover, VP1-2 has to be proteolytically cleaved in order for the viral DNA to be 

released from the capsid56.   

When the capsid docks on the nuclear pores the viral DNA enters the nucleus 

independently of the viral protein 16 (VP16), a tegument protein that acts as the 

transcriptional activator of the immediate early (IE) genes. However, VP16 not only 

colocalizes with, but also targets the HSV-1 genome to the nuclear lamina, where it 
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keeps it in a euchromatin state and assembles the transcactivator complex57–59. In the 

nuclear periphery the viral DNA circularizes in the first hour following entry of the 

virus in the cell60. Cellular components are also recruited towards the area; more 

specifically, components of the promyelocytic leukemia protein (PML) nuclear bodies 

or ND10 such as PML, Sp100 and hDaxx are recruited to the nuclear periphery and 

form de novo ND10 structures that are associated with viral genomes and develop 

into viral replication compartments61–63. 

As mentioned earlier, the viral gene products are divided in three main categories, 

the α gene products or immediate early (IE), the β gene products or early (E) and the 

γ gene products or late (L). The β genes products are further divided in the β1 (early-

early) and β2 (early-late), and the γ gene products are divided in the γ1 (leaky-late) 

and γ2 (true late). After circularization of the genome, the immediate early genes are 

transcribed with the help of the VP16 transactivator complex that comprises of VP16, 

the transcription factor Oct-1 and the cellular factor HCF-1 (host cell factor) which 

carries the nuclear localization signal (NLS) that targets the complex to the 

nucleus14,64. Transcription of the IE mRNAs is facilitated by the host RNA polymerase II 

and the six products produced are ICP0, ICP4, ICP22, ICP27, Us1.5 and ICP47. Their 

role is to activate early genes and interfere with the hosts’ innate immunity. The early 

products are required for the replication of the viral genome and act as transcription 

factors for the late products. Lastly, the late genes code for structural proteins of the 

virus while translation of at least some of the γ2 genes also requires viral DNA 

synthesis14. 

Viral DNA synthesis starts from an origin site 

(oriL or ori S) where the viral origin-binding 

protein UL9 initiates unwinding of the DNA. 

Then UL9 recruits the single stranded DNA-

binding protein ICP8 to the replication fork. 

Finally, the helicase-primase complex 

consisting of the three viral proteins UL5, UL8, 

and UL52 and the viral DNA polymerase 

catalytic subunit UL30 with its processivity 

factor UL42 are also recruited at the site. 

Assembly of the complexes on the replication 

fork leads to initiation of viral DNA replication 

through a theta form intermediate which 

generates several circular molecules. 

Eventually, the replication continues by an origin-independent rolling circle 

mechanism9,65. 

The nucleocapsid is assembled inside the nucleus and it initially contains the 

scaffolding protein pre-VP22a25. The viral DNA, replicating through a rolling circle 

mechanism, produces concatamers of herpes DNA that are encapsidated via an 

Figure 1.8: Model for the replication of the 
HSV-1 genome. The initial transient phase 
of theta replication is followed by a rolling 
circle model

65
. 
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energy-dependent mechanism. Insertion of the viral DNA occurs in parallel with 

removal of the scaffolding proteins. The L region enters the capsid first and the 

concatamer is cleaved near the packaging signals pac1 and pac266,67.   

Once the mature nucleocapsid is formed, it exits the nucleus and traverses the cell 

towards the surface where it is released to the extracellular space. The way this 

process is performed is not entirely clear. There are three models on HSV-1 egress, ie 

the dual pathway, the lumenal pathway, and the nuclear pore egress pathway (Fig. 

1.8). There are data for all of them but the first model is considered the most 

prominent one. According to the dual pathway or envelopment–de-envelopment–re-

envelopment model, the virus undergoes envelopment at the inner nuclear 

membrane, de-envelopes at the outer nuclear membrane and acquires a new 

envelope through budding into cytoplasmic membranes such as the Golgi apparatus, 

the trans-Golgi network (TGN) or the endosomes producing virus-containing vesicles 

that are exocytosed. The lumenal model supports that after acquiring an envelope at 

the inner nuclear membrane the virion buds into the outer nuclear membrane, is 

transported to the plasma membrane and is released. Lastly, according to the nuclear 

pore egress model the nucleocapsid exits the nucleus from enlarged nuclear pores, 

buds into cytoplasmic membranes where it acquires its envelope and is transported 

to the plasma membrane to be released14. Studies on the membrane origin of the 

virion have shown that the envelope derives from the plasma membrane which 

contradicts the lumenal pathway. The data on the nuclear pore egress model on the 

other hand are contradictory 68,69 and at least it does not seem to be the primary 

route for HSV-1 egress. Further research on HSV-1 egress has shown that the viral 

proteins UL31 and UL34 form the nuclear envelopment complex (NEC) that 

accumulates in the inner nuclear membrane and is central to nucleocapsid 

envelopment70. However this complex is not detected on extracellular virions71. 

Moreover, the extracellular virion membrane is of TGN/endocytic origin72,73. In 

addition, experiments with gD carrying a mutation that retains it to the ER have 

shown that while the perinuclear virions contained gD the extracellular virions did 

not, suggesting that there was a de-envelopment stage74. Overall, following 

nucleocapsid assembly, HSV-1 seems to follow the double envelopment model in 

order to assemble its virion and exit the cell 9,14,75,76. 
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Figure 1.9: Models for egress of HSV-1 from the host cell. I: the dual envelopment model II: 
the lumenal model III: the nuclear pore complex model

9
 

 

Latent Infection and Reactivation 

HSV-1 is a neurotropic virus characterized by its ability to establish lifelong latent 

infections in sensory neurons. Latency is a state during which the virus remains 

dormant and there is no production of infectious virions until it reactivates. In the 

case of HSV-1, the virus enters sensory neurons that innervate the infected 

dermatome during a lytic infection, it is translocated to the neuronal nucleus via 

anterograde transport and it initially replicates. The replication is terminated soon 

after infection but the viral DNA persists in the neuron as a circular episome and 

reactivates upon stress stimuli2.  

During latency the viral genome is silenced and is associated with nucleosomes77. 

Only the region that codes for LATs, the Latency Associated Transcripts, remains 

active. There have been identified insulator elements that prevent silencing of LAT, 

keeping it in an active state, while outside the boundaries of these elements it 

remains in a heterochromatic state78. LATs are transcripts that are not translated into 

proteins and they are abundant during latent infection. The primary transcript is 

8.3kb and maps to the inverted repeats flanking the UL region. There are two major 

species processed from the 8.3 kb transcript, two introns 2 kb and 1.5kb, that 

accumulate in the nuclei of latently infected neurons. Accumulation of LATs is 

associated with increased heterochromatin on lytic genes9,79. Interestingly, the LAT 

promoter exhibits enhanced activity in neurons and there are neuron-specific 

transcription factors that bind to it80.  

Another key molecule thought to be involved in the regulation of HSV-1 state is the 

IE protein ICP0. ICP0 forms a complex with an HDAC repressor complex, namely the 
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RE1 silencing transcription factor corepressor to REST, (REST/CoREST)-HDAC repressor 

complex, dissociating HDAC1 from the latter81,82 and possibly preventing the complex 

from regaining its repression activity83 . 

However, silencing of the viral genome does not happen instantly. The naked 

nucleocapsid is transported to the nucleus along microtubules and the α, β, γ and LAT 

transcripts are detected in neuronal cells over the first 24 to 72 hours 9. One of the 

factors crucial to the establishment of latency is likely the decrease in the expression 

of α genes in combination with the accumulation of LATs. There are several reasons 

for the decrease of α proteins. For instance, neuronal repressors of α gene expression 

such as REST, repression of viral expression by NGF (neuronal growth factor), low 

availability of Oct-1 in neurons and retention of HCF-1 in the cytoplasm, all contribute 

to the reduction of IE gene products. Since ICP0, an α protein antagonizes histone-

mediated gene silencing by interfering with the activity of HDACs, blocking of its 

expression promotes the accumulation of heterochromatin on HSV-1 genome which 

is characteristic of latency2,9. 

The model that has been proposed by D.M. Knipe and A. Cliffe in 2008 is that the 

balance between lytic and latent infection is epigenetically regulated. Specifically, the 

proposed model is that in epithelial and other non-neuronal cells, viral proteins 

function towards reducing histone association with viral lytic gene promoters and 

promoting euchromatin histone modifications on those histones associated with viral 

DNA. Yet, in neuronal cells, to which LAT shows specificity as mentioned above, HSV-1 

activity causes the acquisition of heterochromatin marks on viral lytic gene promoters 

so that lytic genes are silenced and a latent state can be established83. 

Reactivation in neurons occurs upon stress stimuli such as exposure to UV, 

hyperthermia, physical or emotional stress, menstruation and hormonal imbalance. 

The exact series of molecular events that lead to reactivation are not yet delineated 

and many aspects of the process are still debated, such as the fate of neurons 

following reactivation. Moreover, it is still not clear if the virus follows the α, β, γ 

activation cascade that is customary of the lytic cycle. Concerning virion egress, it has 

been shown that there are two mechanisms of anterograde transport. Either intact 

virions undergo anterograde transport, or viral capsids and vesicles containing viral 

glycoproteins are transported independently. Lastly, HSV-1 can be released either 

from the axonal shaft or terminus9. 

 

Virus-Host Interactions 

HSV-1 has been coevolving with humans since their speciation84 and has adapted to 

the cell’s immune response alternating from a lytic to a latent state depending on the 

dynamics of the cellular environment. From the moment HSV-1 attaches to the cell 

surface, it has to circumvent several immune defense mechanisms in order to 

establish lytic infection. 
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One of the first interactions of HSV-1 with the host cell is binding of the glycoprotein 

D (gD) on HVEM. Apart from mediating fusion with the plasma membrane, gD also 

exhibits antiapoptotic properties85. Inhibition of apoptosis is also mediated by 

glycoprotein J which also facilitates the production of reactive oxygen species (ROS) 

upon infection86–88.  Another glycoprotein, gC protects the virus from cytolysis by 

complement either on the virion or on the surface of the infected cell89–91. 

Following entry, the viral endoribonuclease UL41 or vhs (virus host shutoff)92,93 that 

resides in the tegument, cleaves all cellular mRNAs. Moreover, it has been shown that 

in cerebellar granule neurons (CGNs) vhs protects cells from apoptosis in the onset of 

infection94. In systems of dendritic cell infection, it has been shown that vhs can block 

the activation of cDCs through a TLR-independent pathway95 and that deletion of vhs 

enables the activation of DCs96. Lastly, vhs prevents the production of the IFN-

inducible, antiviral protein viperin by reducing the accumulation of its mRNA97. 

Another key molecule for the outcome of HSV-1 infection is the viral protein ICP0. 

ICP0 is an immediate early protein that is also packaged in the tegument98 and has E3 

ubiquitin ligase activity. After the virus enters the cell, ICP0 is targeted to ND10 bodies 

and prevents their antiviral effect via degradation of PML and SP100. Moreover it 

targets the nuclear DNA sensor IFI16 inhibiting that way IRF3 signaling99 while it also 

abrogates IRF3 activity at later stages of infection by retaining it to the cytoplasm100. 

ICP0 also interferes with a negative feedback loop that regulates TLRs, ie 

deubiquitination of TRAF6 and IKKγ by USP7 that leads to termination of the NFkB and 

JNK signaling activated after the TLRs are engaged. Specifically, ICP0 causes the 

translocation of USP7 to the cytoplasm that exerts its role in abrogating the TLR 

response101.  

Apart from a role in dampening the immune response, ICP0 also has an active role in 

preventing repression of the viral genome. Thus, ICP0 dissociates HDAC1 or HDAC2 

from the HDAC-RCOR1-REST-KDM1A repressor complex, also localized at ND10 

structures81. In addition, ICP0 interacts with, and degrades proteins of the DNA repair 

pathway, more specifically RNF8 and RNF168102. RNF8 and RNF168 are histone 

ubiquitin ligases that anchor repair factors at sites of DNA damage. This way, ICP0 

prevents the deposition of repressive ubiquitin marks on the viral genome103. A 

recently identified target that is degraded by the viral protein is the transcriptional 

repressor TRIM27. Paradoxically, depletion of TRIM27 prevents replication of HSV-1 

suggesting that there is a more complex regulation for this molecule 104. 

The immediate early protein ICP27 regulates alternative splicing of the host mRNA 

and promotes the transport of viral, intronless mRNAs105,106  via the export receptor 

TAP107. One of the targets of ICP27 is again PML. ICP27 disturbs normal splicing of 

PML mRNA by inhibiting removal of the intron 7a108. Furthermore, in conjuction with 

vhs, ICP27 blocks the cell cycle at the G1 phase by inhibiting host gene 

transcription109. Finally, ICP27 also has an effect on immune suppression of the host 
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cell and it has been found to suppress phosphorylation of STAT-1 as well as 

phosphorylation and ubiquitination of IkBα110,111. 

An additional immediate early protein, ICP22, exerts its effect on the host by 

interfering with the phosphorylation of RNA polymerase II 112. In conjunction with 

US1.5, a viral product coded from a domain inside the ICP22 ORF, ICP22 regulates 

cell-cycle associated proteins of the S-phase to support virus replication113. Finally, 

the immediate early product ICP47 binds to TAP (transporter for antigen processing) 

with a higher affinity than other peptides and prevents antigen presentation by MHC 

class I molecules114. 

Of the early products of HSV-1, UL12.5, is of particular interest since it has been 

shown to recruit the mitochondrial nucleases ENDOG and EXOG in order to degrade 

mitochondrial DNA (mtDNA)115. 

ICP34.5 is a leaky late (γ1) product of HSV-1 and is characterized as a neurovirulence 

factor. Via ICP34.5, HSV-1 can block autophagy in neurons through binding to Beclin-

1, a major autophagosome component essential for neuron survival116, and inhibiting 

its autophagy function117. Furthermore, ICP34.5 is regulated by viral microRNAs 

encoded by the latency-associated transcript (LAT) of both HSV-1 and HSV-2118,119. 

ICP34.5 also has a role in the inhibition of host immune response. By forming a 

complex with TBK1 it disrupts its interaction with IRF3 preventing the latter from 

activating the interferon stimulated promoters120. Moreover it affects EIF2a activity. 

EIF2a is phosphorylated by PKR upon viral infection and this leads to translational 

shutoff. ICP34.5 bridges EIF2a with the protein phosphatase PP1 which causes 

dephosphorylation of EIF2A and override of the translation shutoff posed by the cell 

as an antiviral mechanism121,122. 

UL24 is also a leaky late protein of HSV-1. Its role is to cause a cell cycle arrest from 

the G2 to the M phase by inactivating the mitotic cyclinB/cdc2 complex, allowing HSV-

1 to replicate its genome before the cell enters mitosis 123.  

Glycoprotein B in cooperation with US3, prevent antigen presentation and NKT cell 

function by inhibiting the recycling of CD1d to the cell membrane. gB binds to CD1d 

and retains it to the trans Golgi network (TGN) while US3 is required for the 

enrichment of TGN in gB124. US3 also interferes with the apoptotic pathway of the cell 

and blocks apoptosis86,125,126. 

Glycoproteins gE and gI act in concert to neutralize anti-HSV antibodies by creating 

an Fc receptor. Specifically, antibodies bind through their Fc domain to the gE/gI 

complex leaving the infected cell surface clear of antiviral IgG127,128. 

Finally, the true late protein US11 has a role both in inhibiting apoptosis129 and also 

in blocking autophagy and autophagosome formation130. 

This short review of viral host interactions makes it clear that most of them belong 

in the following categories: inhibition of apoptosis, immune evasion, prevention of 

silencing, cell cycle modulation as well as autophagy modulation. Co-evolution of HSV-
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1 with its human host has led to this intricate web of interactions which can lead to a 

lytic or latent infection depending on the dynamics of the cellular environment. 

 

Epigenetics of Infection 

Epigenetics refers to chromatin modifications that alter gene expression without 

altering the DNA sequence131,132. Two major mechanisms that have been identified 

are histone modifications and DNA methylation. They both respond to developmental 

and environmental stimuli and they control genomic imprinting, X-chromosome 

inactivation, heterochromatin formation, transcriptional regulation and DNA damage 

repair. However, the definition of epigenetics remains a matter of debate with 

scientists arguing on which parameters can be included as well as on the causality of 

the modifications133. It has also been proposed that epigenetic modifications 

comprise an ON-OFF switch and the ON or OFF state is heritable even if the original 

stimulus disappears134.  

Regarding histone modifications and DNA methylation, they regulate repression and 

derepression of the genome. In more detail, DNA is condensed into chromatin. 

Chromatin comprises of nucleosomes and DNA is wrapped around them. 

Nucleosomes are tetramers of the core histone proteins H2A, H2B, H3 and H4 and 

there is also a linker histone (H1) that links DNA to the nucleosome. Core histone 

modifications result in a more relaxed or more condensed chromatin, euchromatin or 

heterochromatin respectively, and cause DNA expression or silencing. Acetylation of 

histone tails (parts of the histone molecules that stick out of the nucleosomes) by 

acetyltransferases leads to relaxation of DNA packaging and is associated with active 

gene expression. Histone methylation can lead either to silencing or decondensation 

of the genome depending on the specific modification. For instance H3K9me2,3, 

H3K27me3, H4K20me3 are associated with heterochromatin while H3K4me2,3 is 

associated with euchromatin (reviewed in83). As for DNA methylation it has been 

traditionally considered a repressive mark especially when it is observed on CpG 

islands on promoters. Recent advances in methylation sequencing have shown that 

this might not be the case and that extensive methylation might not correlate with 

silencing (reviewed in 133).  

 Considering HSV-1, the transition from a lytic to a latent infection and vice versa 

constitutes an epigenetic event which results from the interplay between the cell’s 

silencing mechanisms of viral genes and the virus’s own activating mechanisms. HSV-1 

genome is not associated with histones inside the capsid. Once it enters the host cell 

nucleus there is a rapid accumulation of histones on the viral genome. However, 

during lytic infection HSV-1 viral proteins induce the reduction of heterochromatin 

and maintain the viral genome in an active state. On the contrary during latent 

infection heterochromatin on the viral genome is increased and the only sequence 

transcribed is LAT (Fig.10).  
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Figure 1.10: Model for epigenetic regulation of the lytic versus latent 

infection by HSV. (A) Productive infection (B) Latent infection
135

 

The immediate early viral protein ICP0 possesses a central role in the regulation of 

viral genome expression136. During lytic infection, it causes the increase of 

euchromatin on the genes related to the lytic cycle and in parallel it reduces the 

interaction of histones with promoters of the immediate early and early genes137. 

Recovery of ICP0 in cells infected with mutant viruses, leads to acetylation of histone 

H3 engaged on viral promoters138. Relative to this observation is the ICP0 ability to 

dissociate HDAC1 and HDAC2 from the HDAC-RCOR1-REST-KDM1A repressor 

complex81.  

Another gene actively involved in the epigenetic regulation of HSV-1 is LAT. As 

mentioned earlier, LAT shows specificity in neuronal cells and accumulation of LAT 

mRNAs  is associated with increased heterochromatin on lytic genes9,79.  

 

Autophagy 

Autophagy is a highly conserved cellular mechanism with multiple functions. Apart 

from recycling nutrients for the cell, it is also involved in pathogen removal and 

antigen presentation139–141. Autophagy is triggered by nutrient deprivation hypoxia, 

high temperature, overcrowding, reactive oxygen species, and endoplasmic reticulum 

(ER) stress142. There are at least three types of autophagy, microautophagy, 

chaperone-mediated autophagy and macroautophagy. Usually autophagy refers to 

macroautophagy. Microautophagy involves budding of small vesicles that contain 

cytosolic material into the lysosomal lumen. Chaperone mediated autophagy proteins 

bind to the lysosomal transporter LAMP-2a for transfer to the lysosome. Finally, 

during macroautophagy a cup-shaped membrane called the isolation membrane 

starts to form, probably originating from the ER that encloses cytoplasmic material. 

However, apart from the ER, autophagosome formation can also initiate from 

mitochondrial membranes and the Golgi apparatus. Subsequently, the fully formed 

autophagosome fuses with lysosomes and the enclosed material is degraded 

(reviewed in140). 
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Initiation of autophagy requires the ULK complex that comprises of the ULK1 and 

ULK2 kinases, ATG13, FIP200 and ATG101. The ULK complex is negatively regulated by 

the mammalian target of rapamycin complex 1 (mTORC1) and positively regulated by 

AMP-activated protein kinase (AMPK). Normally, mTORC1 binds to the ULK complex 

and prevents the initiation of autophagy. Upon nutrient deprivation, mTORC1 

dissociates from ULK allowing its association with the isolation membrane. Another 

complex that is involved in the expansion of the isolation membrane is the 

autophagy-specific class III PI3K complex (or Beclin complex) that comprises of the 

class III PI3K VSP34, as well as p150, ATG14 and Beclin 1. Once the ULK and Beclin 

complexes are activated they produce a pool of (PtdIns(3)P) that leads to the 

nucleation of the isolation membrane. Next, the ATG16L1 complex comprising of 

ATG5-ATG12 and ATG16L1 is recruited, lipidates LC3 and other ATG8 family members 

and targets them to the autophagosomal membrane. LC3 is a ubiquitin-like protein 

and its lipidated form (LC3-PE or LC3-II) is considered a specific autophagosome 

marker. Moreover LC3 functions as an adaptor molecule that enables selective 

autophagy. Following formation, the autophagosome can fuse with endocytic 

compartments such as early and late endosomes and multivesicular bodies (MVB) 

before fusing with the lysosome (reviewed in143).  

 

 
Figure 1.11: Formation and expansion of the isolation membrane

143
. 

 

The importance of autophagy to the immune system has started become apparent. 

Autophagy has been shown to be an important regulator of viral, bacterial and 

parasitic infections since it does not only restrict their replication but it also delivers 
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antigens for MHC II presentation, highlighting its role for both innate and adaptive 

immunity. Despite the fact that both bacteria, parasites and viruses are targeted by 

macroautophagy, viruses have developed intricate interactions with the autophagic 

machinery in order to manipulate and/or escape it in order to avoid restriction of 

their replication or recognition by the TLRs. For instance, some single-stranded RNA 

viruses interfere with autophagosome maturation in order to replicate on the surface 

of autophagosomes while HIV-1 induces autophagy-dependent apoptosis on CD4+ 

Tcells by engaging the CXCR4 receptor on their surface. The single-stranded RNA 

virus, bovine viral diarrhea virus (BVDV) on the other hand has incorporated part of 

the LC3 sequence in order to process its polyprotein in an autophagy-dependent 

manner. As for DNA viruses and specifically members of the herpesvirus family (KSHV 

and HSV-1) they express inhibitors of the macroautophagy pathway (reviewed in140. 

Concerning HSV-1, blocking autophagy is an essential step in the progression of 

infection in neurons. Via the neurovirulence factor ICP34.5, HSV-1 can block 

autophagy in neurons by binding to Beclin-1, a major autophagosome component 

essential for neuron survival 116, and inhibiting its autophagy function117. HSV-1 

carrying a mutation in the ICP34.5 gene exhibited impaired ability to cause 

encephalitis in mice 117. Moreover, the late HSV-1 protein US11 has also been 

implicated in the HSV-1-associated autophagy through modulation of RKR which 

functions upstream of Beclin-1130. 

 

CD40 Signaling 

CD40 or TNFRSF5 is a member of the Tumour Necrosis Factor (TNF) Receptor 

superfamily. CD40 is a glycoprotein receptor that contains 4 TNFR – Cys repeats but 

no death domain as opposed to other TNF receptors. It appears in two isoforms, a 

single pass, type I membrane protein and a secreted one. Upon engagement of its 

ligand (CD40L) CD40 initiates a signaling cascade through recruitment of adaptor 

proteins of the TNF receptor-associated factor (TRAF) family, namely TRAF1, TRAF2, 

TRAF3, TRAF5 and TRAF6144.  

The receptor was first identified as a surface marker of B lymphocytes that causes 

cell proliferation to activated B cells145. However, CD40 is not only expressed on B 

cells. It is also expressed on monocytes, dendritic cells, endothelial cells, fibroblasts, 

neuronal cells, smooth muscle cells and thymic epithelial cells. Moreover, CD40 

expression is detected at low levels in the basal proliferative compartment of human 

stratified squamous epithelium and normal ovarian and breast epithelial tissue. Lack 

of CD40 expression can lead to serious conditions. CD40 mutations are the cause of 

an autosomal recessive disorder termed hyper-IgM immunodeficiency type 3 

(HIGM3)146. This disorder is characterized by inability of B cells to undergo isotype 

switching and mount an antibody-specific immune response, in addition to lack of 

germinal center formation. 
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CD40 ligand (CD40L) is also a TNF superfamily member (TNFSF5) and appears in two 

forms: a single pass, type II membrane protein, and a soluble, secreted form. The 

soluble form derives from proteolytic cleavage of the membrane bound form. CD40L 

is expressed on activated but not resting T lymphocytes and is primarily limited to 

CD4+ T lymphocytes; yet, it is also encountered on the surface of a small portion of 

CD8+ T cells. However, CD40L is not only detected on T lymphocytes. It has also been 

detected on B lymphocytes and B cell lines as well as on primary mast cells and their 

cell lines, on basophils and eosinophils, NK cells, monocytes/macrophages, 

endothelial and smooth muscle cells, epithelial cells and platelets (reviewed in 147,148) . 

Platelets also secret large amounts of CD40L and are the main source of circulating 

soluble CD40L149. 

Lack of CD40L expression is the cause of an X-linked immunodeficiency syndrome 

named Hyper IGM type 1 (HIGM1) syndrome or XHIM. Patients with HIGM1 syndrome 

have defects in the CD40L gene which is located at the X chromosome. As a result 

isotype switching is impaired and leads to elevated IgM in the serum and absence of 

all other isotypes. The disorder usually manifests during infancy with recurrent upper 

and lower respiratory tract bacterial infections. Patients are prone to opportunistic 

infections such as Pneumocystis jeroveci pneumonia and diarrhea due to 

Cryptosporidium parvum infection. In addition, patients are susceptible to 

encephalitis caused by Toxoplasma gondii150. Hematologic disorders are also 

common. Such conditions include neutropenia, thrombocytopenia, and anemia151.  

CD40 signals as a homotrimer. Trimeric CD40L leads to the trimerization of 

membrane bound CD40 as part of the signaling cascade of CD40/CD40L interaction152. 

Binding of CD40L on CD40 initiates a signaling cascade mediated through the adapter 

molecules TRAFs (TNF Receptor Associated Factors). After engagement of the ligand 

on the receptor, TRAF molecules are sequestered to the cytoplasmic tail of CD40. The 

outcome of CD40 signaling depends on the specific TRAFs that will engage the 

receptor. 

The TRAF family consists of 6 members named TRAF1 through TRAF6. Concerning 

CD40, TRAF1, TRAF2 and TRAF3 are drawn to binding sites with a PxQxT motif at the 

membrane distal domain of CD40’s cytoplasmic tail, while TRAF6 is recruited at a 

membrane proximal binding site with a QxPxE motif153. Moreover, TRAF1, 2, 3 and 6 

have been shown to interact with different affinities with trimeric CD40, namely 

TRAF2 > TRAF3 >> TRAF1 and TRAF6154. 

The most characterized signaling pathways activated via CD40 are the canonical and 

non-canonical or alternative NFκB pathways and TRAFs orchestrate signaling towards 

those two different directions. The canonical NFkB pathway begins with the formation 

of the IKK complex (ie Inhibitor of KappaB (IkB) Kinase complex) which contains two 

catalytic subunits- IKKα and IKKβ, and a regulatory subunit called IKKγ or NEMO. This 

complex phosphorylates IkB, the inhibitor of NFkB leading to its proteasomal 

degradation and to the release of the NFkB subunits p50/RelA and p50/c-Rel. The 
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heterodimers translocate to the nucleus and induce gene transcription. The non-

canonical pathway begins with NIK (ie NFkB Inducing Kinase). NIK phosphorylates an 

“alternative IKK complex”, a homodimer of IKKα. Activation of IKKα leads to 

phosphorylation of p100 on the p100/RelB complex which causes 

ubiquitin/proteasome-dependent proteolysis of the precursor p100 and generates 

p52. The p52/RelB complex translocates to the nucleus inducing the expression of a 

different set of genes comparing to the canonical NFkB signaling144,153.  

The antiviral properties of CD40/CD40L on HSV-1 have been studied before. Several 

lines of evidence suggest that CD40L exhibits antiviral properties against HSV-1 in vivo 
155–157. Notably, patients with X-linked hyper-IgM syndrome are more susceptible to 

herpetic infections 158,159. The ability of CD40L to control HSV-1 is supported by 

findings in various mouse models. Thus, CD40 deficient mice exhibit impaired survival 

upon HSV-1 infection157 and poor clearance of avirulent HSV-1 administered 

intravaginally160. Moreover, in a murine model of posttransplant infection by HSV-1, 

mice that had undergone bone marrow transplantation and developed graft versus 

host disease (GVHD) exhibited increased mortality rates from herpetic encephalitis 

which was attenuated by CD40L administration156. Whilst the induction of anti-viral 

immune responses represents a major route by which CD40L controls HSV-1, a 

previous study has also indicated direct effects of CD40 activation in susceptibility to 

HSV-1 infection in L929 cells 155 but the mechanisms involved remain unexplored. 

 

 
Figure 1.12: The two NFκB activation pathways induced by CD40 signaling. 
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2.Materials & Methods 
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Cells 

U2OS, Vero and HEK293T were maintained in complete DMEM, ie DMEM (High 

Glucose w/ L-Glutamine w/ Sodium Pyruvate, Cat.No L0104, Biosera, UK) 

supplemented with 10% (vol/vol) Fetal Bovine Serum (FBS), penicillin (100 u/ml) and 

streptomycin (100 μg/ml). BHK cells were maintained in complete Glasgow MEM BHK 

21 (GMEM) supplemented with 10% (vol/vol) New Born Calf Serum (NBCS), penicillin 

(100 u/ml), streptomycin (100 μg/ml) and 10% Tryptose Phosphate Broth (TPB).  

CD40-U2OS cells derived after stable transfection of the U2OS cell line with 

phCD40161. Half a microgram of phCD40/cDNA was transfected into 1×105 U2OS cells 

using TurboFect™ in vitro Transfection Reagent (Fermentas) according to the 

manufacturer’s protocol. Transfected cells were selected with 500μg/ml geneticin 

(GIBCO) and resistant cells were maintained in complete DMEM supplemented with 

geneticin (500μg/ml). CD40 expression of the CD40-U2OS cells was evaluated by flow 

cytometry.  

CD40-3x-U2OS cells derived after stable transfection of U2OS with the triple 

substitution plasmid phCD40 P233G/E235A/T254A1 which bears mutations that 

prevent binding of any of the TRAFs (TRAF1,2,3 and 6) to the cytoplasmic tail of CD40. 

Resistant cells were also maintained in complete DMEM supplemented with geneticin 

(500μg/ml). Both phCD40/cDNA and phCD40 P233G/E235A/T254A cDNA3.1 were 

kindly provided by Dr. S. Pullen, Boehringer Ingelheim Pharmateuticals, Inc. 

Vero shHDAC1 B8, Vero shHDAC2 A7, Vero shHDAC2 A9, Vero shHDAC2 A10, Vero 

shHDAC3 and Vero shscrambled cells derived after lentiviral transduction of the 

respective plasmid clones for silencing. In a 12-well-plate well containing 1×105 Vero 

cells, there was added 1ml of complete DMEM and 2 ml of lentivirus isolated as 

described below along with hexadimethrine bromide (Polybrene, Sigma-Aldrich) at a 

final concentration of 8μg/ml, for 24 hours. Following incubation the medium was 

removed and the cells were selected with 18μg/ml puromycin (Sigma-Aldrich). 

Resistant cells were scaled up and maintained in complete DMEM supplemented with 

18μg/ml puromycin (Sigma-Aldrich). ShHDAC1 and shHDAC2162 were kindly provided 

by Dr. B.L. Ebert, The Dana-Farber Cancer Institute, Boston, MA. ShHDAC3163 was 

kindly provided by Dr. L. Zeng, King’s College, London.  

For Vero shHDAC1 B4/B5/B8 and Vero shHDAC2 A7/A9/A10 cells the same procedure 

as the one described above was followed differing in that instead of 2 ml of lentivirus, 

there was added 1 ml of each lentivirus in the same well in order to achieve a triple 

knock down and maximize the efficiency of silencing. Following a 24 hour incubation 

period the medium was removed and the cells were selected with 18μg/ml 

puromycin. Resistant cells were scaled up and maintained in complete DMEM 

supplemented with 18μg/ml puromycin. 

Vero shLSD1 derived after retroviral transduction of the shLSD1 plasmid with 2 ml of 

retrovirus isolated as described below along with hexadimethrine bromide 

(Polybrene) at a final concentration of 8μg/ml. Following 24 hour incubation the 
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medium was removed and the cells were selected with 18μg/ml puromycin. Resistant 

cells were scaled up and maintained in complete DMEM supplemented with 18μg/ml 

Puromycin. Vero shLacZ cells derived after stable transfection of Vero with pSuper-

shLacZ. Half a microgram of pSuper-shLacZ was transfected into 1×105 Vero cells 

using TurboFect™ in vitro Transfection Reagent (Fermentas) according to the 

manufacturer’s protocol. Transfected cells were selected with 18μg/ml puromycin 

and resistant cells were maintained in complete DMEM supplemented with 18μg/ml 

puromycin. ShLSD1 164 was kindly provided by Dr. S. Kato, Institute of Molecular and 

Cellular Biosciences, University of Tokyo. Knock down of HDAC1, HDAC2, HDAC3 and 

LSD1 was evaluated in the respective cell lines by RT-qPCR. 

 

Viruses  

The wild type virus used was HSV-1 17syn. The rHSV-RYC165 virus containing three 

fluorescent tags (RFP-VP26, YFP-gH and CFP-VP16) was kindly provided by Dr. C. 

Fraefel. The dl0C4 mutant HSV-1 CFP tagged on ICP4 and lacking ICP0 was a kind gift 

from Prof. R. Everett. The virus stocks were propagated and titrated on Vero, ΒΗΚ or 

U2OS cells according to standard protocols166.  

 

Virus Propagation  

Propagation of HSV-1 was performed either on Vero, BHK or U2OS cells. dl0C4 should 

be propagated on U2OS to maximize the efficiency of propagation since U2OS 

complement for ICP0 functionality167. According to standard protocols cells were 

infected approximately at MOI1 and they were harvested when the cytopathic effect 

was extensive. The cells and the supernatant were separated by centrifugation at 

2000rpm for 10min at 4oC. Subsequently the virus was isolated from both fractions. In 

order to collect the cell released virus the supernatant was centrifuged at 13000 rpm 

for 2 hours at 4oC. Following the 2hr centrifugation the supernatant was discarded 

and the viral pellet was incubated in 1ml of DMEM overnight at 4oC to allow for gentle 

resuspension of the virus. The cell released virus or CRE was stored at -80oC. 

Concerning the cells kept from the first centrifugation step they were also utilized for 

collection of the cell associated virus. The cells were mechanically disrupted either by 

sonication (3 pulses of 1 min at 40% amplitude at 4oC with intermediate cooling steps) 

or three freeze thaw cycles. Once the cells were disrupted they were centrifuged for 

10min at 2000 rpm at 4oC, the supernatant was stored and the pellet was discarded. 

Before storing the virus at -80oC it was filtered using a 0.45nm filter.  
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Titration of HSV-1 

Vero or BHK cells were plated in 6-well-plates until they were 80-90% confluent. Once 

the cells reached the desired confluence, serial dilutions of the viral stock were 

prepared on ice. Dilutions were usually between 10-4-10-10.  The medium covering the 

cells prior to infection was reduced to minimum so that the virus was in close contact 

with the cells. Usually 100μl of the dilution were used for infection. Calculation of the 

final titer depends on the volume of the dilution added and the magnitude of dilution. 

Following infection the cells were transferred at 37oC and shaken every 10 minutes 

for 2 hours. Subsequently, the medium covering the cells was removed and replaced 

with new medium containing 1/100 HSV-1 specific human IgG+ antibodies. The cells 

were incubated at 37oC until plaques were formed in well infected with high dilutions 

of the virus. 

Upon plaque formation, the cells were fixed and stained and the plaques were 

counted. For fixation, the cells were carefully washed with cold PBS and fixed by 

addition of methanol for 5min. Methanol was subsequently removed, cells were 

allowed to air-dry and they were subsequently incubated with Giemsa solution (1/15 

Giemsa in tap water) for 10 min. Afterwards, Giemsa solution was removed carefully 

by submersion of the plates in tap water and cells were allowed to air-dry. Following 

Giemsa staining the plaques that developed were counted and the viral titer was 

estimated by this formula:                      ⁄  where X= the titer, 

d=dilution factor and V =the volume of diluted virus instilled on the cells. 

 

Lentiviral and Retroviral Propagation and Transduction 

HEK293T were plated in a 60mm plate at 50% confluence and transfected with the 

packaging plasmids pVSV-G (0.5μg) and pDR8.1 (1.0 μg) as well as 1.5μg of a pLKO 

plasmid to be packaged and transduced. Transfection was performed using 

TurboFect™ in vitro Transfection Reagent (Fermentas) according to the 

manufacturer’s protocol. For a 60mm plate 450μl Optimem were required along with 

8μ Turbofect added in 4,5ml of DMEM in the plate. An optional step of the procedure 

was removal of the supernatant, which can be also kept since it contains an amount 

of packaged lentivirus, and repeat of the transfection procedure. 48 hours after the 

second transfection the supernatant was collected, centrifuged for 5min at 2000rpm 

at 4oC to remove any cells, filtered with a 0.45 filter and stored at -80oC. 

For retroviral propagation the same procedure as the one described above was 

followed but the packaging plasmid was Amphopack (1μg) and there were used 3μg 

of the pSuper plasmid to be packaged and transduced. 

For lentiviral or retroviral transduction of a cell line, the desired cells were plated in 

a 12-well-plate and transduced with 1-2 ml of virus in 1ml of medium along with 

hexadimethrine bromide (Polybrene) at a final concentration of 8μg/ml. 
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Gene Silencing 

CD40-U2OS cells were transfected with either ATG5 siRNA (sc-41445, Santa Cruz) or 

control siRNA-A (sc-37007, Santa Cruz) at a final concentration of 50nm using 

TurboFect™ in vitro Transfection Reagent (Fermentas) according to the 

manufacturer’s protocol. At 48 hours post transfection, the cells were used for 

experimentation. 

 

Inhibitors and recombinant molecules 

The inhibitors used for the experiments were the PI3K inhibitor LY294002 (PHZ1144, 

Invitrogen) at a final concentration of 25μM, the JNK inhibitor SP600125 (420119, 

CalBiochem) at a final concentration of 7.5μM and the Specific Autophagy Inhibitor 

(Spautin-1, SML0440 SIGMA) at a final concentration of 10μM. All inhibitors were 

diluted in dimethyl sulfoxide (DMSO). For the induction of the CD40 pathway, we 

used recombinant soluble human CD40L (BMS308/2, Bender MedSystems) at a final 

concentration 0.5μg/ml diluted in PBS.  

 

MTT Assay 

The cells to be tested were plated in a 12-well-plate in such a way that they would be 

in an exponential phase during the MTT assay. The compound that needed to be 

tested for its effect on the proliferation, or more accurately on the mitochondrial 

function, was added for a period of time depending on the experiment. Next the 

medium containing the compound of interest was removed and there was added 

MTT, diluted in free DMEM at a final concentration of 1mg/ml. The cells were 

incubated at 37oC for 4 hours. The MTT solution was subsequently removed. At that 

point an insoluble substance, formazan, a product of the reduction of MTT by 

mitochondria was visible in the bottom of the well. This was diluted by addition of 

acidified isopropanol (4% HCl in isopropanol) and pipetting, producing a colored 

dilution that was measured in a photometer at 570nm.  

 

Treatments and infections 

CD40-U2OS cells or CD40-3x-U2OS cells were first treated for 30min with the 

appropriate inhibitors, then for another 30min with CD40L and HSV-1 was added last, 

at a multiplicity of infection (MOI) of 1 pfu/cell or at variable multiplicities depending 

on the experiment. For experiments requiring synchronized entrance of the virus in 

the cells a binding step was added. Specifically, after incubation with CD40L, cells 

were incubated on ice for 5 minutes and then the virus was added on the cells and 

was allowed to bind on the cell surface for 1-1.5 hours. Subsequently, cells were 

transferred in a humidified incubator at 37oC and 5% CO2 for the required time 

depending on the experiment. 
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Immunofluorescence  

For immunofluorescence, 1×105 cells were plated on glass coverslips placed in 24-well 

plates. The conditioned medium was aspirated, the cells were washed with PBS, fixed 

with formaldehyde (4% [vol/vol] in PBS containing 2% sucrose) and permeabilized 

with Permeabilization Solution (Cat.No 5115, Millipore). The coverslips were 

incubated for 1h with primary antibodies diluted in PBS containing 1% (vol/vol) fetal 

bovine serum at room temperature and they were subsequently washed in the same 

buffer twice before incubation with the secondary antibodies. Incubation with the 

secondary antibodies was performed likewise. The nuclei were stained with TO-PRO-3 

(Cat.No T3605, Invitrogen) at a dilution of 1:1000 in PBS. FM 1-43FX (Cat.No F35355, 

Invitrogen) dye was also used according to the manufacturer’s instructions where 

there was need for visualization of the plasma membrane. The cells were mounted in 

Ibidi Mounting Medium (Cat.No 50001, Ibidi) and examined by confocal microscopy 

(TCS SP2, Leica Microsystems, Germany). The data were collected with sequential 

scanning to avoid signal overlap, at a resolution of 1.024x1024 pixels, following a 4-6 

fold averaging and the optical slices were between 0.3 and 0.5μm. The data sets were 

processed with LCS Lite software (Leica). 

 

FACS analysis 

For FACS analysis, cells were detached using PBS-1mM EDTA and washed with PBS. 

Cytofix/Cytoperm (BD, Cat.no 554722) was added for 20min at 4oC and the cells were 

washed again in Perm/Wash buffer (Cat.no 554723, BD). Subsequently the 

permeabilized cells were blocked in 5% FBS in Perm/Wash buffer for 15min at 4oC. 

When there was no need for intracellular staining the cells were resuspended in 

MACS buffer (2%FBS and 2mM EDTA in PBS) after being detached and washed and 

they were stained. Staining was performed directly or indirectly with primary and 

secondary antibodies or with conjugated antibodies respectively. Time of incubation 

and temperature varied according to the antibody. Before analysis the cells were 

incubated in 2% PFA in MACS buffer and counted with a FACSCalibur (BD) instrument. 

 

Live-cell imaging 

Each well of a two-well chambered coverglass unit (Lab-Tek, Thermo Scientific) was 

seeded with 2x105 CD40-U2OS cells and infected at MOI 20 with rHSV-RYC virus in the 

presence or absence of CD40L (0.5μg/ml) and the PI3K inhibitor LY294002 (25μM). A 

binding step was performed for 1 hour on ice as described above and the cells were 

then transferred in a humidified chamber on the microscope stage with 5% CO2 at 

37oC. The cells were observed for at least 8 hours with an epifluorescent Leica 

DMIRE2 microscope, equipped with a Leica DFC300 FX digital camera and images 

were acquired with the IM50 software (Leica) and exported as tiff files. 
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Fractionation 

For the fractionation experiments, the cells were collected in PBS with 1mM EDTA 

and the pellet was incubated for 10min in hypotonic lysis buffer (20mM Hepes pH 7.6, 

10mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 0.1% NP40, 20% glycerol, 1mM DTT and 

protease inhibitors) at 4oC. Following incubation with the hypotonic buffer, the nuclei 

were pelleted at 15,600g for 4min at 4oC and the supernatant was collected as the 

cytoplasmic fraction. The nuclei pellet was washed three times in hypotonic lysis 

buffer and subsequently the nuclei were incubated with hypertonic lysis buffer 

(20mM Hepes pH 7.6, 500mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 0.1% NP40, 20% 

glycerol, 1mM DTT and protease inhibitors) for 30min at 4oC. The samples were then 

briefly sonicated (40% amplitude for 15sec at 4oC), centrifuged at 16,100g for 20min 

at 4oC and the supernatant was kept as the nuclear fraction. 

 

Immunoblotting  

Protein extracts were analyzed by immunoblotting. For analysis of whole cell extracts, 

the cells were washed with cold PBS, collected with 1mM EDTA in PBS and pelleted at 

2,500g for 10 minutes. The cells were then incubated for 10min at 4oC with M-PER 

Mammalian Protein Extraction Reagent (Cat.No 78503, Thermo Scientific) along with 

protease inhibitors (Cat.No 78415, Thermo Scientific) vortexing mildly every 2 min. 

The cell extracts were then briefly sonicated (40% amplitude for 15sec at 4oC), 

centrifuged for 15min at 14,000g at 4oC and the supernatant was kept for analysis.  

All protein extracts were quantified with Cayman Protein Determination kit (Cat.No 

704002, Cayman). From each sample, 40μg of protein were boiled in SDS gel-loading 

buffer, separated by electrophoresis and transferred on nitrocellulose membranes. 

The membranes were subsequently blocked in TBST buffer with 5% (w/vol) dried non-

fat milk and incubated overnight at 4oC with the primary antibodies. All antibodies 

were diluted in TBS-0,1% Tween-20 (vol/vol) containing 1% (w/vol) dried non-fat milk. 

Following incubation with the primary antibodies, the membranes were thoroughly 

washed and incubated with the secondary antibodies for 1 hour at room 

temperature, washed in TBS-T and developed using Luminata Forte Western HRP 

Substrate (Cat.No WBLUF0100, Millipore) either on film or by the ChemiDoc™ MP 

System (Cat.No 170-8280, Bio-Rad) with the Image Lab v5.0 software (Bio-Rad).  

 

Methylation profile protocol 

Vero cells were plated in p100 dishes and infected with HSV-1 17syn at MOI 1 for 3, 8 

and 15 hours. The cells were collected and their DNA was isolated by the PureLink™ 

Genomic DNA kit for isolation of genomic DNA (Invitrogen, Cat.No K1820-01). In order 

to isolate genomic DNA from latently infected cells, Vero were infected with the 

mutant virus dl0C4 at MOI 0,01 for 2-3 days until detection of ICP4 expression on 



31 
 

most cells and prior to the formation of replication centers. A fraction of the latently 

infected cells was analyzed by FACS for the level of ICP4 expression.  

For screening of the methylation status, a customized methylation profiling array by 

SA Biosciences was used, targeted on the epigenetics related genes HDAC1, HDAC2, 

HDAC3, HDAC4, HDAC5, HDAC6, HDAC10, HDAC11, DNMT1, DNMT3A, DNMT3B, 

KDM1, KDM2A, KDM2B, NRF2/GABP, CREB/ATF2, SETD1A, ASH2L, KAT2A, KAT2B, 

KDM3A, KDM3B, SUV39H1 and WHSC1L1. The array uses methylation sensitive and 

methylation dependent enzymes (ie requiring or not the presence of methylated 

cytosines in their recognition sequence) to digest the genome. The genome is mono- 

or double digested creating four groups of material, ie undigested, digested with a 

methylation-sensitive enzyme, digested with a methylation-dependent enzyme and 

double digested. Subsequently, the four groups are subjected to qPCR with primers 

for CpG sites on the promoters of the desired genes and analysis of the results 

provides data on the methylation status (Fig 2.1). Analysis of the results is performed 

on an automated worksheet that takes in consideration the efficiency of digestion 

and discards data that are not considered trustworthy.  

For a more detailed profile of the methylation status, the above conditions of viral 

infection were repeated and the genomic DNA was subjected to high-throughput 

methylation profiling by the Illumina Methylation Beadarray. The results were 

analyzed by means of bioinformatics by Dr. G. Pavlopoulos and Prof. I. Iliopoulos.  

 

 

 

Figure 2. 1: Methylation profiling protocol by SA Biosciences. 
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Quantitative-PCR 

Quantitative PCR was run on a 7500 Fast Real-Time PCR System (Applied Biosystems) 

using the KAPA SYBR FAST qPCR kit (Cat.No KK4601, KapaBiosystems) according to 

manufacturer’s protocol.  

For real-time RT-PCR, we used RNA collected with the NucleoSpin® RNA II (Cat.No 

740955.250, MN) and reverse transcribed with PrimeScriptTM 1st strand cDNA 

Synthesis Kit (Takara, Cat.No 6110) with random hexamers following the 

manufacturer’s protocol for qPCR. 

For quantification of ICP8 copies, we used DNA from HSV-1 of known titer. HSV-1 

was incubated for 1 hour at 60oC in equal volume of virus lysis buffer (VL buffer) 

containing Tris HCl ph 8.0 10Mm, KCl 50mM, MgCl2 2.5mM, Tween-20 0.45% (v/v) 

and 60 μg/ml proteinase K. Following incubation at 60oC the virus was incubated for 

15min at 95oC to deactivate the proteinase K. DNA from infected cells was extracted 

using the PureLink™ Genomic DNA Kit (Cat.No K1820-01, Invitrogen). 

 

 

Primers 
Primer List 

18S F: 5’-CTCAACACGGGAAACCTCAC-3’    

R: 5’-CGCTCCACCAACTAAGAACG-3’ 

ICP8 F: 5'-CGACGTGCCCTGTAACCTAT-3' 

R: 5'-CTGTTCATGGTCCCGAAGAC-3' 

HDAC1 F: 5'-TAAATTCTTGCGCTCCATCC-3'  

R: 5'-TTGCCACAGAACCACCAGTA-3' 

HDAC2 F: 5'-TGGTGATGGTGTTGAAGAAG-3'   

R: 5'-CTCATTGGAAAATTGACAGCA-3' 

HDAC3 F: 5'-CTCTACTGGTGCTGGGTGGT-3' 

R: 5'-TGTGAAGTCTGGGGCAAAGT-3' 

LSD1 F: 5'-CCTCAATAATAAGCCTGTGTCC-3'  

R: 5'-TCTTCCAATGTTCAATCTGCTC-3' 

PSMA3 F: 5'-TCAATCGGCACTGGGTATGAC-3' 

R: 5'-ACCCCAAAGACAACACCATC-3' 

PSMB1 F: 5'-GCTGCAATGCTGTCTACAATCC-3' 

R: 5'-CCCTTTCCTTCTTCATCAAGTCC-3' 

PSMB8 F: 5'-ACCCAGGACACTACAGTTTCTC-3' 

R: 5'-AATTCTGTGGGCTGCATTCC-3' 

PSMB9 F: 5'-ACAGCCTTTTGCCATTGGTG-3' 

R: 5'-GCAATAGCGTCTGTGGTGAAG-3' 
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Plasmids  

Plasmid Reference 

phCD40/cDNA  Pullen, SS et al. 1999161 

phCD40 P233G/E235A/T254A cDNA3.1  

pLKO.1 shHDAC1 B4 Bradner, J. E. et al. 2010 162 

pLKO.1 shHDAC1 B5 

pLKO.1 shHDAC1 B8 

pLKO.1 shHDAC2 A7 

pLKO.1 shHDAC2 A9 

pLKO.1 shHDAC2 A10 

pSuper shLSD1 Yokoyama, A. et al.2008  164 

pSuper shLacZ 

pLKO.1 shHDAC3 Alam, S. et al. 2011163 

pLKO.1 shscrambled 

 

 

Antibodies 

Primary  Details 
Used 
for: 

anti-HSV-1 gG Envelope Protein (7F5)  Santa Cruz Biotechnologies, Cat.No sc-56984  IF, WB 

anti-HSV-1 VP16 MAb LP12 Dr. C. Fraefel165 IF, WB 

anti-HSV-1 ICP0 Virusys Corporation, Cat.No H1A027-100  IF, WB 

rabbit anti-Herpes Simplex Virus Type 1 DAKO, Cat.No B0114, Lot 016 IF 

mouse anti-actin  Millipore, Cat.No MAB1501 WB 

rabbit anti-CD40 (H-120) Santa Cruz Biotechnology, sc-9096 IF, WB 

PE anti-human CD270 (HVEM, TR2)  Biolegent, Cat. No 318805 FACS 

mouse anti-LC3 (APG8)  Abgent, Cat.No AM1800a  IF, WB 

mouse anti-APG5L/ATG5  Abcam, Cat.No ab108327 WB 

rabbit polyclonal anti-emerin Prof. P. Theodoropoulos168 IF 

rabbit anti-H3K79me2 Cell Signaling, Cat.No 9757 WB 

Secondary Details 
Used 
for: 

Alexa Fluor 488 donkey anti–mouse  Invitrogen, Cat.No A21202 IF, FACS 

Alexa Fluor 488 goat anti-rabbit Invitrogen, Cat.No A11008 IF 

Goat anti-rabbit - Cy3  Invitrogen, Cat.No 816115 IF 

Goat anti-mouse - Cy3 Invitrogen, Cat.No 816515 IF 

CFTM633 Biotium, Cat. No 20121 FACS 

Goat anti mouse IgG, Peroxidase 
Conjugated, H+L Millipore, Cat.No AP124P WB 

Goat anti rabbit IgG, Horseradish 
Peroxidase Conjugated, H+L Millipore, Cat.No AP132P WB 

 



34 
 

3.Results 
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CD40L antiviral effect on HSV-1. 

CD40 signaling inhibits production of HSV-1 progeny virions. 

It has been previously reported that CD40L has a direct antiviral activity on HSV-1 in 

vitro155. In light of this finding, we set out to investigate the mechanism underlying 

this phenomenon. To this direction, initially we examined the antiviral activity of 

CD40L on HSV-1 by analyzing the ability of the virus to produce newly synthesized 

virions in the presence of CD40L. Our primary experiments were conducted on the 

BHK hamster cell line, which was transfected with a phCD40 plasmid kndly provided 

by Dr. Pullen 154 (Fig. 3.1 A). Analysis showed that at 24 h.p.i. (hours post infection) at 

MOI 1 PFU/cell (multiplicity of infection), cells treated with CD40L produced less viral 

particles compared to cells treated with vehicle control, and the same was true when 

we titrated the newly synthesized virions on various time points (Fig. 3.1 B and C). 

Moreover it was observed that 24 h.p.i. the immediate early protein ICP0 remained 

nuclear in the presence of CD40L while its normal distribution at 24h.p.i. is 

cytoplasmic (Fig. 3.2). 

 

 
Figure 3.1: HSV-1 titer decreases in the presence of CD40L. (A)  ΒΗΚ cells transfected with CD40. (B) ΒΗΚ 

cells transfected with CD40, were pretreated with CD40L (0.5μg/ml) for 30 minutes and then infected 

with HSV-1 17syn at a multiplicity of 1 PFU per cell, for 24 hours. CD40L was not removed from the 

medium during the incubation period with the virus. Supernatants of the infected cells were harvested 

and titrated on BHK cells. The viral titer decreased in the presence of CD40L but not significantly. (C) 

Growth curves of HSV-1 in the presence or absence of CD40L. BHK cells transfected with CD40 were 

pretreated with CD40L (0.5μg/ml) for 30 minutes and then infected with HSV-1 17syn at a multiplicity 

of infection 1. CD40L was not removed from the medium and supernatants were harvested at 8, 12, 

18, 23 and 45 hours post infection and they were titrated on BHK cells.  
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Figure 3.2: Nuclear localization of ICP0 in the presence of CD40L. (A) ΒΗΚ cells transfected with CD40, 

were pretreated with CD40L (0.5μg/ml) for 30 minutes and then infected with HSV-1 17syn at a 

multiplicity of 1 PFU per cell, for 24 hours.  The cells were subsequently stained for The ICP0 protein of 

HSV-1 (green) and visualized by confocal microscopy. ICP0 is depicted at the level of the nucleus in the 

CD40L-treated cells. 

 

 

Since data showed a consistently lower production of progeny virions in the 

presence of CD40L but we could not detect any statistical significance, we went on to 

construct a stable cell line expressing the CD40 receptor to minimise the variability 

caused by transfection efficiency. Fot that reason, the permissive to HSV-1 infection, 

human osteosarcoma cell line U2OS was engineered to express the CD40 receptor 

(CD40-U2OS). CD40 expression in a stable clone was successfully confirmed by flow 

cytometry (Fig 3.3 A). CD40-U2OS cells were treated either with recombinant CD40L 

or vehicle control and subsequently infected with HSV-1 at MOI 1 PFU/cell for 24 

hours. Titration assays showed that CD40 ligation inhibited the production of progeny 

virions from as early as 12 hours post infection and through the 24 hour treatment 

(Fig. 3.3 B and C).  

To further confirm that this effect required CD40 signaling, we established U2OS cell 

clones stably expressing a P233G/E235A/T254A mutated CD40 receptor (CD40-3x-

U2OS) which is incapable of binding TRAFs 1, 2, 3 and 6 to its cytoplasmic tale and is 

defective in CD40L-induced signal activation154. Indeed, treatment of CD40-3x-U2OS 

with CD40L failed to reduce production of HSV-1 progeny virions (Fig. 3.3 D).   
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Figure 3.3: HSV-1 titer decreases in the presence of CD40L. (A) U2OS cells were stably transfected with 
CD40. Purity of the population expressing CD40 was evaluated with FACS for CD40. 95.7% of the cells 
were found to be CD40 positive. (B) CD40-U2OS cells were pretreated with CD40L (0.5μg/ml) for 30 
minutes and then infected with HSV-1 17syn at a multiplicity of 1 PFU per cell, for 24 hours. CD40L was 
not removed from the medium during the incubation period with the virus. Supernatants of the 
infected cells were harvested and titrated on BHK cells. HSV-1 titer was significantly decreased 
(P=0.0372) in the presence of CD40L. (C) Growth curves of HSV-1 in the presence or absence of CD40L. 
CD40-U2OS cells were pretreated with CD40L (0.5μg/ml) for 30 minutes and then infected with HSV-1 
17syn at a multiplicity of infection 1. CD40L was not removed from the medium and supernatants were 
harvested at 2, 12 and 24 hours post infection and they were titrated on BHK cells. (D) U2OS cells 
stably transfected with the triple substitution, mutant, CD40 receptor, which prevents binding of any of 
the TRAFs to its cytoplasmic tail, were pretreated with CD40L (0.5μg/ml) and infected with HSV-1 17syn 
at a multiplicity of 1 PFU per cell, for 24 hours. Supernatants were harvested and titrated on BHK cells. 
HSV-1 titer presented no significant variation (P=0.1785). Analysis of statistical significance was 
performed by unpaired t-test (GraphPad Prism 6.04). 
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CD40-signaling does not have an apoptotic effect on CD40-U2OS cells. 

Neither BHK cells transfected with the CD40 receptor nor CD40-U2OS exhibited 

apoptotic characteristics macroscopically at 24h.p.i. when the supernatants of the 

infected cells were collected for titration of HSV-1. CD40L treated cells exhibited the 

same morphology as the control cells. However, in order to have a further evaluation 

of the condition of CD40-U2OS cells before embarking on further investigation of the 

phenotype observed, an MTT assay was conducted following a 24h treatment with 

CD40L at non-infected cells. The MTT assay showed that there is no difference in the 

metabolic activity of CD40-U2OS cells treated with CD40L compared to the control 

(Fig. 3.4).  

 

 
Figure 3.4: CD40L does not cause apoptosis to CD40-U2OS. CD40-U2OS cells were treated with CD40L 

(0.5μg/ml) for 24 hours and then subjected to an MTT assay. 

 

 

CD40 signaling does not affect the binding of HSV-1 virions on the cell surface. 

In order to identify the stage of infection at which HSV-1 is affected with further 

consequences on the production of infectious particles, we started from the first 

virus-host interaction that occurs, ie binding of HSV-1 on the cell surface. To that end, 

CD40-U2OS cultures were exposed to recombinant CD40L for 30 minutes and were 

then infected with wild-type HSV-1 at MOI 30 PFU/cell on ice, to prevent entry of the 

virus in the cells. Subsequently the cells were fixed and stained for the glycoprotein G 

(gG) of HSV-1, a protein that localizes on the viral envelope. They were also stained 

with the FM 1-43FX dye to visualize the plasma membrane. The specimens were 

visualized by confocal microscopy (Fig.3.5 A and B) and gG particles on the surface of 

the cells were counted using the ImageJ software. No significant differences in the 

binding of HSV-1 on the cell surface were detected (Fig. 3.5 C), indicating that the 

effects of CD40 ligation on HSV-1 virion production are not due to reduced binding of 

the virus to the cell surface.  
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Figure 3.5: Binding of HSV-1 is not affected by CD40 signaling. (A & B) CD40-U2OS cells were treated 
with CD40L or solvent vehicle for 30 minutes and were then infected with HSV-1 at a multiplicity of 30 
PFU/cell for 1.5 hours, on ice. The cells were subsequently fixed at 4

o
C and stained with FM 1-43FX 

(green) to label the plasma membrane and for glycoprotein G (red) of HSV-1 to visualize virions 
entering the cells. (C) The number of virions per cell attached to the plasma membrane was counted 
using the cell counter application of ImageJ. Analysis of statistical significance was performed by an 
unpaired t-test (GraphPad Prism 6.04). Error bars represent the mean. No statistical significance was 
observed (p= 0.7794). 

 

 

Moreover, CD40-U2OS cells were analyzed for cell surface expression of HVEM in 

the presence and absence of CD40L (Fig. 3.6 A) since HVEM is a primary receptor for 

binding of HSV-1 on the cell surface. Flow cytometry analysis demonstrated 

comparable levels of HVEM expression, regardless of CD40 activation. Specifically, 

35.3% of the cells expressed HVEM without CD40L treatment and 36.5% after CD40L 

stimulation. Likewise cells were analyzed for HVEM expression following 24 hours of 

infection at MOI 1 PFU/cell in the presence or absence of CD40L (Fig. 3.6 B).HSV-1 

substantially upregulated the receptor in the infected cells, however, the proportion 

of HVEM-positive cells was similar both in the absence or presence of CD40L, (78.3% 

and 71.3%, respectively).  
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Figure 3.6: Εxpression of the surface receptor HVEM is not affected by CD40 signaling. The expression of 
HVEM on the cell surface was monitored by flow cytometry. (A) 35.3% of CD40-U2OS were positive for 
HVEM while in the presence of CD40L the percentage of positive cells was 36.5%. (B) The expression of 
HVEM on the cell surface was also monitored in CD40-U2OS cells infected with HSV-1 at MOI 1 for 24 
hours in the presence or absence of CD40L . 78.3% of the infected cells were positive for HVEM while 
in the presence of CD40L the percentage of positive cells was 71.3%. 

 

 

CD40L signaling delays the translocation of VP16 to the nucleus. 

Since binding of the virus was not affected by CD40 signaling, we sought to 

investigate whether CD40 ligation impacts on the viral protein VP16, a critical 

transcriptional activator of the immediate-early gene promoters of HSV-1. As 

mentioned earlier, VP16 locates in the tegument and forms a complex with the 

cellular factors HCF-1 and Oct-1 that drive VP16 to the cell nucleus where it initiates 

transcription of the viral immediate-early genes169. Therefore, we monitored the 

dynamics of this protein in the presence or absence of CD40L. A synchronized 

infection of CD40-U2OS cells revealed that CD40L hindered the translocation of VP16 

from the cytoplasm to the cell nucleus. Specifically, cells were stained for VP16 and 

the nuclear envelope protein emerin and analyzed by confocal microscopy. At various 

time points post infection, we could detect fewer VP16 particles in the nuclei of cells 

treated with CD40L compared to non-treated cells (Fig. 3.7 A & 3B). This observation 

was further confirmed by western blot analysis of fractionated nuclear and 

cytoplasmic protein extracts following infection with HSV-1 for 1.5 hours. The results 

showed reduced VP16 in the nuclei of cells treated with CD40L compared to control 

cultures (Fig. 3.7 C). 
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Figure 3.7: Localization of VP16 in relation to the cell nucleus. (A) CD40-U2OS cells were treated with 
CD40L (0,5μg/ml) or control medium for 30 minutes and were then infected with HSV-1 17syn at a 
multiplicity of 35 PFU per cell, for 1.5 hours on ice, along with 100μg/ml cycloheximide in order to 
block translation. The cells were subsequently stained for the tegument protein of HSV-1, VP16 (green) 
and for emerin (red) in order to visualize VP16 in relation to the nucleus. (B) Similarly, CD40-U2OS cells 
were infected at a multiplicity of 30 PFU per cell in the presence and absence of CD40L and VP16 
particles that entered the nucleus were counted at 0.5, 1, 2 and 4 hours post infection (hpi) and are 
plotted on graph. Statistical analysis was performed by ordinary one-way ANOVA with GraphPad Prism 
6.04. Differences of the means were found to be statistically significant (P<0.0001). Error bars 
represent the mean. (C) VP16, H3K79Me2 and b-tubulin expression in nuclear and cytoplasmic 
fractions of CD40-U2OS cells infected with HSV-1 17syn in the presence of CD40L compared to the 
control at 1.5 hpi. Cells were treated with CD40L (0.5μg/ml) or control medium for 30 minutes and 
were then infected with HSV-1 17syn at a multiplicity of 30 PFU per cell, for 1.5 hours on ice. Protein 
extracts were collected and fractioned 1.5 hpi . 

 

 

In light of these findings, we proceeded to investigate the dynamics of VP16 in 

association with the dynamics of the virus capsid at early times of infection. To that 

end, we performed live cell microscopy, utilizing the recombinant virus rHSV-RYC165 

which encodes the fusion proteins VP16-ECFP and VP26-mRFP of the virus tegument 

and capsid, respectively. CD40-U2OS cells were initially infected on ice and they were 

subsequently transferred at standard culture conditions and monitored for at least 8 

hours. Figure 3.8 A shows representative time points of the infection revealing a 

delayed onset of the viral lytic cycle upon CD40 signaling. During control HSV-1 
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infection VP16 was localized perinuclearly at 1 h.p.i. and it was distributed throughout 

the cytoplasm at 2-5 h.p.i. At approximately 6 h.p.i., VP16 formed small nuclear foci 

which are indicative of de novo protein synthesis. Markedly, in CD40L-treated cells, 

VP16 remained perinuclear for approximately 2 hours and did not accumulate in 

nuclear foci until 8 h.p.i. and thereafter. A similar delay was observed when the VP26 

protein was also monitored. VP26 accumulation could be visualized in the nucleus of 

non-treated cells but not in CD40L-stimulated cells at 8h.p.i. In agreement with the 

aforementioned observations, there were fewer sites of capsid assembly in cells 

treated with CD40L at 30 h.p.i. (Fig. 3.8 B). 

 
Figure 3.8: Kinetics of HSV-1 in the presence of CD40L. (A) Live imaging of rHSV-RYC infected cells in the 
presence of CD40L. CD40-U2OS cells were plated in a chambered coverglass unit, treated with CD40L 
(0,5μg/ml) or control medium for 30 minutes and were then infected with rHSV-RYC at a multiplicity of 
20 PFU per cell, for 1.5 hours on ice. The cells were then transferred in a humidified chamber on the 
microscope stage with 5% CO2 at 37oC and were observed for at least 8 hours. (B) CD40-U2OS cells 
infected with rHSV-RYC (A) as monitored at 30 h.p.i. . Cyan:VP16, Red: VP26 

 

Immediate-early, Εarly and Late stages of HSV-1 infection during activation of 

CD40 signaling. 

In order to further investigate the events associated with the progression of viral 

infection we monitored the expression of ICP0, a key regulator of HSV-1 productive 

infection, the replication of the viral genome through quantification of the ICP8 gene, 

and late gene expression via monitoring the expression of glycoprotein g. Despite the 

delayed kinetics of VP16, there was no difference in the expression levels of ICP0, 

except at 24 hours post infection, when less ICP0 was expressed in cells that had been 

treated with CD40L (Fig. 3.9 A). To evaluate HSV-1 DNA replication, a qPCR assay was 
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performed for the ICP8 Early gene to assess the number of HSV-1 DNA copies 

produced by cells treated with CD40L, compared to those that did not receive any 

treatment. From as early as 2 h.p.i., we detected a statistically significant reduction of 

ICP8 copies in the presence of CD40L which increased over time (Fig. 3.9 B). Finally, 

examination of glycoprotein G (gG) expression in CD40-U2OS cells infected at MOI 1 

PFU/cell at 18h.p.i., showed that gG was hardly detectable in cells exposed to CD40L 

signaling (Fig. 3.9 C). 

 

 
Figure 3.9: Analysis of ICP0 expression, viral DNA replication and glycoprotein synthesis during CD40L 
signaling. (A) ICP0 expression in CD40-U2OS cells infected with HSV-1 17syn at a multiplicity of 1 
PFU/cell in the presence of CD40L, at various points post infection. The cells were treated with CD40L 
(0.5μg/ml) or control medium for 30 minutes and were then infected with HSV-1 17syn for 8, 16 and 
24 hours respectively. Protein extracts were collected and 40μg of protein were analyzed for each time 
point. (B) DNA copies of ICP8 in CD40-U2OS cells infected with HSV-1 17syn at a multiplicity of 1 
PFU/cell in the presence of CD40L at various points post infection. The cells were treated with CD40L 
(0.5μg/ml) or control medium for 30 minutes and were then infected with HSV-1 17syn for 2, 12 and 
24 hours respectively. The cells were lysed, DNA was collected and ICP8 copies were quantified by 
qPCR. For the statistical analysis, an unpaired t-test was performed using GraphPad Prism 6.04. The 
asterisks indicate statistical significance. ** indicate p=0.001 to 0.01, *** indicate p=0.0001 to 0.001 
and **** indicate p<0.0001. (C) Glycoprotein G (gG) expression of CD40-U2OS cells infected with HSV-
1 17syn at MOI 1 for 18 hours. The cells were treated with CD40L (0.5μg/ml) or control medium for 30 
minutes and were then infected with HSV-1 17syn for 18 hours, stained with both CD40 and gG, and 
analyzed by flow cytometry. (The control panel depicts CD40-U2OS cells stained only with the 
secondary antibodies). 
 

  



44 
 

Visualization of PML nuclear bodies following HSV-1 infection under CD40L 

signaling.  

The effect of CD40L on the production of progeny virus, led us to investigate cellular 

mechanisms with antiviral properties such as the PML or ND10 bodies170,171. PML 

nuclear bodies associate with the viral genome and they are degraded by the viral 

protein ICP0170. In order to investigate whether there is an upregulation of PML 

nuclear bodies upon CD40L signaling preventing the replication of the viral genome, 

CD40-U2OS cells were infected at MOI 1 PFU/ml for several time points following 

activation of the CD40 pathway and PML integrity was monitored by confocal 

microscopy in parallel with ICP0 expression. We did not observe any difference (Fig. 

3.10) in the rate of PML degradation between CD40L-treated and non-treated cells. 

PML colocalized with ICP0 while increase of ICP0 expression correlated with a gradual 

degradation of PML nuclear bodies, regardless of CD40 signaling, highlighting our 

previous observations that the effect of CD40L on HSV-1 is exerted prior to its 

localization to the nucleus.  

 

 
 
Figure 3.10: Analysis of PML distribution during CD40L signaling in HSV-1 infected cells. PML and ICP0 
distribution in CD40-U2OS cells infected with HSV-1 17syn at a multiplicity of 1 PFU/cell in the presence 
of CD40L, at various points post infection. The cells were treated with CD40L (0.5μg/ml) or control 
medium for 30 minutes and were then infected with HSV-1 17syn for 1, 3 and 5 hours respectively. 
They were stained for PML (red) and ICP0 (green) and were visualized by confocal microscopy. 

 

 

PI3K inhibition reverses the effect of CD40 signaling on HSV-1. 

The observed delay in VP16 entry to the nucleus, prompted us to investigate CD40 

signaling pathways responsible for the regulation of antiviral responses. In particular, 

we explored the impact of PI3 kinase which is known to be activated by CD40 ligation 

in epithelial cells 172 and of autophagy which has been implicated in HSV-1 replication 
116,117 and is controlled by PI3 kinase signals. To address this issue, we infected CD40-

U2OS with rHSV-RYC in the presence of CD40L, along with the PI3K inhibitor LY294002 

which inhibits the autophagosome formation173 and monitored the dynamics of VP16 

and VP26 by live cell microscopy (Fig. 3.11). In LY294002-treated cells, nuclear VP26 
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foci were clearly visible at 6 h.p.i. whereas in control untreated cultures, VP26 foci 

were detectable at later time points. Treatment of CD40-U2OS cells with CD40L was 

able to reverse, in part, the phenotype of LY294002 (Fig. 3.11). 

 

 
Figure 3.11: Kinetics of HSV-1 in the presence of CD40L and a PI3K inhibitor. Live imaging. CD40-U2OS 
cells were plated in a chambered coverglass unit, treated with the PI3K inhibitor LY294002 (25μM) for 
30 minutes, CD40L (0,5μg/ml) or control medium was added for another 30 minutes and the cells were 
then infected with rHSV-RYC at a multiplicity of 20 PFU per cell, for 1.5 hours on ice. Following 
incubation with the virus at 4oC, the cells were transferred in a humidified chamber on the microscope 
stage with 5% CO2 at 37

o
C and were monitored for at least 8 hours. 

 

To confirm the timelapse microscopy observations, we examined the production of 

progeny virions obtained from cells infected at MOI 1 PFU/cell in the presence of 

LY294002 and/or CD40L, at 24 h.p.i, compared to control infected cells (Fig. 3.12). The 

results showed a statistically significant difference in the production of progeny 

virions between cells treated with LY294002 and cells treated with either LY294002 

and CD40L or CD40L alone. In contrast, there was no statistically significant difference 

between the virus produced from the control infection and the virus produced from 

cells treated with both LY294002 and CD40L, a result which further corroborates the 

timelapse microscopy findings. 
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Figure 3.12: Effect of the PI3K inhibitor LY294002 and of CD40L on HSV-1 progeny virus. CD40-U2OS cells 
were treated with either the PI3K inhibitor LY294002, CD40L or both LY294002 and CD40L. The cells 
were pretreated with the inhibitor or solvent vehicle for 30 minutes, followed by addition of CD40L 
(0.5μg/ml) for another 30 minutes. Neither the inhibitor nor the CD40L were removed from the 
medium for the course of infection. After pretreatments, the cells were infected at a multiplicity of 1 
PFU/cell and the supernatants were collected at 24 h.p.i. and were titrated on Vero cells. Titrations are 
representative of three independent experiments and are shown as means ± SEM. For the statistical 
analysis, we performed a Repeated Measures one-way ANOVA followed by an uncorrected Fisher’s LSD 
test using GraphPad Prism 6.04. The asterisks indicate statistical significance. ** indicate p=0.001 to 
0.01, *** indicate p=0.0001 to 0.001 and **** indicate p<0.0001. ns= not significant. 

 

 

Next, we investigated the potential association between HSV-1 and LC3 by 

immunofluorescence analysis since LC3s are involved in the formation of the 

phagophore. Moreover conversion of LC3 I to LC3 II is indicative of autophagy 

initiation. CD40-U2OS cells were infected with wild-type HSV-1 at MOI 30 PFU/cell for 

1.5 and 3 hours, including a binding step on ice to synchronize the infection. The 

infected cells were immunostained for all HSV-1 major glycoproteins and at least one 

core protein, as well as for LC3 isoforms I and II. We observed that HSV-1 exhibited a 

higher degree of colocalization with LC3 in the presence of CD40L. This colocalization 

was markedly reduced in the presence of LY294002 while it was partly restored when 

cells were treated with both LY294002 and CD40L (Fig. 3.13). The association of LC3 

foci and HSV-1 was scored and analyzed by ordinary one-way ANOVA at 1.5 and 3 hpi. 

Differences of the means were found to be statistically significant (P<0.0001) which 

highlights a strong association between LC3 foci with HSV-1 (Fig. 3.14 A and B).  
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Figure 3.13: Effect of the PI3K inhibitor LY294002 and of CD40L on LC3 localization following HSV-1 
infection. CD40-U2OS cells were treated with either the PI3K inhibitor LY294002, CD40L or both 
LY294002 and CD40L. The cells were pretreated with the inhibitor or solvent vehicle for 30 minutes, 
followed by addition of CD40L (0.5μg/ml) for another 30 minutes. Neither the inhibitor nor the CD40L 
were removed from the medium for the course of infection. After pretreatments, the cells were 
infected at a multiplicity of 30 PFU/cell while a binding step was also added. The cells were stained for 
HSV-1 with a rabbit anti-HSV type-1 antibody (green) and were also stained for LC3 isoforms I and II 
(red). Images were obtained by confocal microscopy. 

 

 

 
Figure 3.14: Perinuclear colocalization of LC3 with HSV-1. The number of LC3 foci per cell that 
colocalized with HSV-1 at 1.5 and 3 hpi was counted from images obtained after confocal microscopy 
of the experiment described on Fig. 3.13, using the ImageJ cell counter application. Statistical analysis 
was performed by ordinary one-way ANOVA with GraphPad Prism 6.04. Differences of the means were 
found to be statistically significant (p<0.0001). Error bars represent the median. 

 

Spautin-1 does not reverse the effect of CD40L on HSV-1 replication. 

Based on the aforementioned findings which pointed to the direction of autophagy, 

we proceeded to investigate whether the specific and potent autophagy inhibitor 

(spautin-1) has also an effect on the production of progeny virions. To address this 

issue, we treated CD40-U2OS cells with spautin-1 in the presence or absence of 

CD40L and assessed progeny virions production 24 h.p.i.. Interestingly, spautin-1 



48 
 

significantly inhibited the production of progeny virions compared to the control 

infection and its effect was found to be comparable to the inhibitory effect of CD40L 

on HSV-1 (Fig. 3.15). Treatment of CD40-U2OS cells with CD40L in combination with 

spautin-1 did not inhibit virion production beyond the effect of each compound alone 

(Fig. 3.15), suggesting that CD40L exerts its effect via a pathway upstream of Beclin-1 

or p53, which are both inhibited by spautin-1174. 

 

 
Figure 3.15: Effect of the autophagy-related inhibitors Spautin-1 and Bafilomycin HSV-1 progeny virus. 
CD40-U2OS cells were either treated with the specific autophagy inhibitor Spautin-1, Bafilomycin A, 
CD40L, or a combination of an inhibitor and CD40L. Whenever both an inhibitor and CD40L were used, 
the cells were pretreated with the inhibitor for 30 minutes, followed by addition of CD40L (0.5μg/ml) 
for another 30 minutes. Neither the inhibitors nor the CD40L were removed from the medium for the 
course of infection. After pretreatments, the cells were infected at a multiplicity of 1 PFU/cell and the 
supernatants were collected at 24 h.p.i. and were titrated on Vero cells (A) Titration of HSV-1 17syn 
treated with DMSO, CD40L, Spautin-1 (10μM), or with both Spautin-1 and CD40L. (B)  Titration of HSV-
1 17syn treated with DMSO, CD40L, Bafilomycin A (100nM), or with both Bafilomycin A and CD40L. The 
data are representative of three independent experiments and are shown as means ± SEM. For the 
statistical analysis, we performed a Repeated Measures one-way ANOVA followed by an uncorrected 
Fisher’s LSD test using GraphPad Prism 6.04. The asterisks indicate statistical significance. * indicates 
p= 0.01 to 0.05, ** indicate p=0.001 to 0.01, *** indicate p=0.0001 to 0.001 and ns= not significant. 

 

Bafilomycin A1 blocks HSV-1 propagation irrespective of CD40 signaling. 

Since LY294002 and Spautin-1 had opposing effects on HSV-1 infection we also used 

Bafilomycin A1. Bafilomycin A1 is an inhibitor of the vacuolar H+ ATPase (V-ATPase) 

and prevents acidification of the lysosome175. It is commonly used as an inhibitor of 

autophagy since it inhibits autophagosome-lysosome fusion176. Since Bafilomycin is 

able to decrease the production of progeny HSV-1 virions72 we first established that 

the virus enters the cell and that the infection proceeds, through fluorescence 

microscopy. For assessment of its effect upon CD40L signaling, CD40-U2OS cells were 

treated with Bafilomycin A1 in combination with CD40L and the progeny HSV-1 virus 

collected at 24h.p.i. was titrated. We found that HSV-1 was significantly blocked 
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regardless of the presence of CD40L (Fig 3.15) suggesting that acidification of the 

lysosome is crucial to HSV-1 progression of infection. 

 

JNK is not required for CD40-mediated suppression of progeny virion production. 

CD40 ligation also induces the JNK pathway177 which has been implicated in 

autophagy induction178. For that reason and since the results we obtained were 

inconclusive in respect of autophagy, we utilized the JNK inhibitor SP600125. We 

incubated CD40-U2OS cells with SP600125 in combination with CD40L and spautin-1. 

The cells were subsequently infected with wild-type HSV-1 at MOI 1 PFU/cell for 24 

hours and the progeny virions produced were determined by plaque assay. We found 

that the SP600125 inhibitor caused a marked decrease in the production of progeny 

virus equal to that caused by CD40L and that inhibition of JNK with parallel activation 

of the CD40 pathway caused an even greater effect (Fig 3.16) suggesting that JNK and 

CD40L have opposite effects as to the inhibition of HSV-1 progeny production.  

 

 
Figure 3.16: The effect of Spautin-1, SP600125 and CD40L on HSV-1 progeny virus. Titration of HSV-1 
17syn treated with DMSO, CD40L, Spautin-1, SP600125 (7.5μM) or a combination of them. CD40-U2OS 
cells were either treated with the specific autophagy inhibitor Spautin-1, the JNK inhibitor SP600125,  
CD40L, or a combination of the above inhibitors and CD40L. Whenever both an inhibitor(s) and CD40L 
were used, the cells were pretreated with the inhibitor(s) for 30 minutes, followed by addition of 
CD40L (0.5μg/ml) for another 30 minutes. Neither the inhibitors nor the CD40L were removed from the 
medium for the course of infection. After pretreatments, the cells were infected at a multiplicity of 1 
PFU/cell and the supernatants were collected at 24 h.p.i. and were titrated on Vero cells. The data are 
representative of three independent experiments and are shown as means ± SEM. For the statistical 
analysis, we performed a Repeated Measures one-way ANOVA followed by an uncorrected Fisher’s LSD 
test using GraphPad Prism 6.04. The asterisks indicate statistical significance. * indicates p= 0.01 to 
0.05, ** indicate p=0.001 to 0.01, and *** indicate p=0.0001 to 0.001 . 
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Interestingly, CD40L in combination with SP600125 leads to a decrease in LC3 II/LC3 I 

ratio and the same is true for spautin-1 (Fig. 3.17 A and B). Moreover, we confirmed 

that in the presence of CD40L, there is induction of LC3 II, independently of HSV-1 

infection (Fig 3.17 A). Intriguingly, CD40 activation favors LC3 I over LC3 II and the LC3 

II/LC3 I ratio decreases in the presence of CD40L. 

 

 
Figure 3.17:  LC3 I and II expression (A) LC3 I and II expression in CD40-U2OS cells treated with Spautin-1, 
SP600125, CD40L or vehicle solvent as well as in cells treated with both the inhibitors and CD40L 
(0,5μg/ml) for 24 hours. (B) Quantification of LC3 II/I ration after being normalized to actin from the 
western blot depicted on (A) using the Image Lab 5.0  software. 

 

 

Silencing of Atg5 attenuates production of progeny virions. 

Atg5 constitutes a key component for the formation of the autophagic vesicle. Atg5 

associates covalently with Atg12 forming an E3-like enzyme which forms a complex 

with Atg16. The Atg5-Atg12/Atg16 complex leads to the lipidation of LC3 I, with the 

lipid phosphatidylethanolamine (PE) to form LC3 II at the site of expansion of the 

autophagic membrane179. In addition, Atg5 is essential to the cytoplasm-to-vacuole-

transport (Cvt) pathway in yeast179,180. We transfected CD40-U2OS cells with siAtg5 

and control siRNA for 48 hours and subsequently treated the cells with CD40L 

(0.5μg/ml) or vehicle solvent and assessed the production of progeny virus collected 

24 h.p.i. We found that silencing of Atg5 led to a significant decrease in the 

production of progeny virions as compared to the control. Moreover, CD40L further 

inhibited HSV-1 production in combination with Atg5 silencing (Fig. 3.18). All of the 

above data confirm that CD40L does not exert its antiviral effect through autophagy 

but rather through a PI3K dependent mechanism. 
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Figure 3. 18: Knockdown of Atg5 attenuated HSV-1 progeny virus. CD40-U2OS cells were transfected 
with siAtg5 or siControl RNA and remained in culture for 48 hours. They were subsequently treated 
with CD40L (0,5μg/ml) for 30min and were then infected with HSV-1 for 24 hours at MOI 1. (A) Cell 
extracts were collected and analyzed for Atg5 expression by western blot. (B) Titration of HSV-1 17syn 
treated with CD40L in CD40-U2OS cells transfected with siControl or siAtg5. Titration was performed 
on Vero cells. The data are representative of three independent experiments and are shown as means 
± SEM. For the statistical analysis, we performed a Repeated Measures one-way ANOVA followed by an 
uncorrected Fisher’s LSD test using GraphPad Prism 6.04. The asterisks indicate statistical significance. 
*** indicate p=0.0001 to 0.001 and **** indicate p<0.0001. ns= not significant. 
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Epigenetic phenomena during HSV-1 infection. 

Characterization of the lytic and latent state of HSV-1. 

Epigenetic phenomena related to HSV-1 infection are being studied for more than a 

decade. It has been established that transition from a lytic to a latent infection and 

vice versa constitutes an epigenetic event and it is a field of active research. 

Therefore, we set out to investigate DNA methylation in a group of genes coding for 

epigenetic factors (e.g. methylation enzymes, acetylation enzymes, etc) and its impact 

on the progression of HSV-1 lytic and latent infection. To this end, we used the 

permissive to HSV-1 infection Vero cell line. To determine the appropriate time points 

characteristic of the α, β and γ phases of HSV-1 infection we infected cells at MOI 1 

PFU/cell for various time points with the wild type virus HSV-1 17syn and stained for 

the ICP0, ICP8 and gG viral proteins respectively. At 3 h.p.i. ICP0 was detected but not 

in replication compartments. At 8.h.p.i. there was colocalization of DNA with ICP8 and 

at 15h.p.i. gG aggregated around the nucleus and in the cytoplasm (Fig. 3.19). Thus, 

the methylation study was performed at 3 h.p.i. for the α, at 8 h.p.i. for the β and at 

15 h.p.i. for the γ phase of the infection.  

 

 
Figure 3.19: Progress of HSV-1 infection in time. Vero cells were infected at a multiplicity of 1 PFU/cell 
with HSV-1 17syn and stained for HSV-1 with ICP0 at 3hpi (green), ICP8 at 8hpi (green) or gG at 15hpi 
(green). 
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In order to achieve a latent infection we utilized the mutant virus dl0c4181 which 

lacks ICP0, carries a CFP tag on ICP4 and constitutes an established system for 

simulation of latent infection. Vero were infected at MOI 0.01 PFU/cell for 2-3 days 

until there was detection of ICP4 fluorescence in the majority of cells and prior to the 

formation of replication compartments (Fig. 3.20 A). Latent population isolation was 

based on microscopic observation of ICP4 expression and its distribution in the 

nucleus; however, it was further verified by FACS analysis. Cells infected at a higher 

MOI exhibited two peaks of fluorescence due to the coexistence of a lytic and latent 

population and were used as a control to evaluate the fraction of latent cells in the 

sample that would be analyzed for DNA methylation (Fig 3.20 B and C).  

 

 
Figure 3. 20: Establishment of the latent infection in vitro system. (A) Vero cells were infected at a 
multiplicity of 0,01 PFU/cell with dl0c4 and ICP4 (cyan) was observed at approximately 3 days post 
infection. In the culture coexisted two populations, latent and a number of lytic cells. The left inset 
depicts a lytic cell that has developed replication compartments (RC) and the right inset depocts a 
latent cell where ICP4 is expressed but there are no replication compartments. (B) Vero cells were 
latently infected (MOI 0.01 for ~3days) and lytically infected (MOI 1 for 24 hours) with dl0c4 to 
determine the fluorescence profile of each population. The level of ICP4 expression in the two samples 
was monitored by flow cytometry. (C) Vero cells were latently infected with dl0c4 for verification of its 
fluorescence profile. The level of ICP4 expression was monitored by flow cytometry. 
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Methylation profiling during lytic and latent infection.  

In order to identify the methylation profile of the genes depicted on Table 3.1 

consisting of histone deacetylases and acetyltransferaces, DNA methyltransferases, 

lysine specific demethylases, histone-lysine N-methyltransferases and transcriptional 

regulators, we collected DNA from Vero cells following infection. For lytic infection, 

Vero cells were infected at MOI 1 PFU/cell with the wild type virus HSV-1 17syn for 3, 

8 and 15 hours, respectively. For a latent infection Vero cells were infected for 

approximately 2-3 days at MOI 0.01 PFU/cell with the mutant HSV-1 virus dl0c4. 

Among the 24 genes tested, variation in the methylation profile was identified in 6, 

while the methylation profile of 10 of the genes tested was not affected by infection. 

Finally, 8 genes failed to produce any results due to technical reasons. 

 

 

Table 3.1: Genes tested for methylation profile at their promoter region. 

Histone Deacetylases  DNA methyltransferaces Lysine specific demethylases 

HDAC1 DNMT1 KDM1 
HDAC2 DNMT3A KDM2A 
HDAC3 DNMT3B KDM2B 

HDAC4 Transcriptional regulators KDM3A 

HDAC5 CREB/ATF2 KDM3B 

HDAC6 NRF2/GABP Histone-lysine N-methyltransferases 

HDAC10 Histone acetyltransferases SUV39H1 

HDAC11 KAT2A WHSC1L1 

  KAT2B SETD1A 

    ASH2L 

Legent     
Variation in methylation upon HSV-1 infection 
No variation im methylation upon HSV-1 infection 
Technical failure 

 

 

Analysis of the methylation profile revealed that the histone deacetylases HDAC2, 3 

and 10 were mainly unmethylated both in the control samples and during infection. 

Interestingly, at 3h.p.i. there was a shift towards intermediate methylation (Fig. 3.21).  
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Figure 3.21: Mehtylation profiling of HDAC1, HDAC2 and HDAC10 gene promoters during HSV-1 lytic 
infection. Vero cells were infected at a multiplicity of 1 PFU/cell with HSV-1 17syn for 3, 8 and 15 hours 
or with dl0c4 at a multiplicity of 0.01 PFU/cell. DNA was collected at appropriate time points and was 
subjected to methylation profiling (Methylation profiling array, SA Biosciences). Analysis detects three 
methylation profiles of the specified promoters, namely the hypermethylated state, the intermediately 
methylated state and the unmethylated state. The data are representative of three independent 
experiments and are shown as means ± SD. 

 

The lysine specific demethylase, LSD1 or KDM1 was also unmethylated both at steady 

state and during infection with the exception of a shift towards intermediate 

methylation at 8h.p.i.. The histone acetyltransferase KAT2A on the contrary was 

hypermethylated in all conditions apart from 3 h.p.i. when it was to some extent 

hypomethylated. Lastly, the DNA methyltransferace DNMT3A exhibited a greater 

fluctuation between the unmethylated and methylated state of its promoter in the 

course of infection (Fig. 3.22). In general, the latent state exhibits a methylation status 

similar to that of the control sample while most of the differences are identified at 

3h.p.i., the immediate early phase of HSV-1 and at 8h.p.i. the early phase. 

 

 
Figure 3.22: Mehtylation profiling of LSD1, KAT2 and DNMT3A gene promoters during HSV-1 lytic 
infection. Vero cells were infected at a multiplicity of 1 PFU/cell with HSV-1 17syn for 3, 8 and 15 hours 
or with dl0c4 at a multiplicity of 0.01 PFU/cell. DNA was collected at appropriate time points and was 
subjected to methylation profiling (Methylation profiling array, SA Biosciences). Analysis detects three 
methylation profiles of the specified promoters, namely the hypermethylated state, the intermediately 
methylated state and the unmethylated state. The data are representative of three independent 
experiments and are shown as means ± SD. 
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Expression pattern of HDAC 1, HDAC2, HDAC3 and LSD1 in the course of HSV-1 

lytic infection. 

Following the above observations, we set out to investigate the expression profile of 

HDAC1, HDAC2, HDAC3 and LSD1. Concerning HDAC1, we had some indications from 

the methylation profiling assay but due to failure to detect its profile at the steady 

state we could not evaluate it. In order to evaluate the expression of the above 

enzymes during lytic infection we collected RNA from Vero cells infected at MOI 1 

PFU/cell for 3, 8 and 15 hours respectively and performed RT-qPCR. HDAC1 was 

significantly decreased at 8 and 15 h.p.i., while HDAC2 was significantly decreased for 

the course of infection. Interestingly, it was particularly reduced at the immediate-

early and late phases of infection. HDAC3 expression on the other hand, was markedly 

decreased during the course of the infection and the same was observed for the LSD1 

gene (Fig. 3.23). 

 

 
Figure 3. 23: Relative expression of HDAC, HDAC2, HDAC3 and LSD1 during productive HSV-1 infection. 
Vero cells were infected at a multiplicity of 1 PFU/cell with HSV-1 17syn for 3, 8 and 15 hours, RNA was 
collected and subjected to qPCR (relative standard curve method). The data are representative of three 
independent experiments and are shown as means ± SEM. For the statistical analysis, we performed an 
unpaired t-test using GraphPad Prism 6.04. The asterisks indicate statistical significance. ** indicate 
p=0.001 to 0.01, *** indicate p=0.0001 to 0.001 **** indicate p<0.0001 and ns= not significant. 
 

 

HSV-1 propagation in cell lines silenced for HDAC1, HDAC2, HDAC3 and LSD1. 

Next, we went on to evaluate viral replication on cell lines silenced independently for 

HDAC1, HDAC2, HDAC3 or LSD1. Vero cells were transduced with the appropriate 

lentiviruses expressing shRNA cassettes, targeting the aforementioned genes. The 

positively transduced cells were selected with puromycin. Expression of the 

respective genes was evaluated by RT-qPCR. Among all clones created for HDAC1 and 

HDAC2 knockdown, Vero shHDAC1 B8 and Vero shHDAC2 A7 were used for the viral 

replication assays (Fig. 3.24). 
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. 

 
Figure 3.24: Evaluation of silenced Vero cell lines. Vero cells were silenced for HDAC1, HDAC2 and LSD1 
with various shRNA lentiviral clones and were subjected to RT-qPCR for evaluation of the silencing level 
achieved (relative standard curve method). The data are representative of three independent 
experiments and are shown as means ± SEM. For the statistical analysis, we performed an unpaired t-
test. For the statistical analysis, we performed an unpaired t-test using GraphPad Prism 6.04. The 
asterisks indicate statistical significance. * indicates P ≤ 0.05, ** indicate p=0.001 to 0.01, *** indicate 
p=0.0001 to 0.001, **** indicate p<0.0001 and ns= not significant. 
 

 

Infection of the silenced cell lines was performed at MOI 1 PFU/ml for 24 hours and 

supernatants were titrated on Vero cells. Production of progeny virions was not 

significantly different in HDAC1 knockdown Vero cells. On the contrary, silencing of 

HDAC2 caused a marked increase in the production of HSV-1 progeny virions while 

silencing of HDAC3 and LSD1 caused a significant decrease in the propagation of the 

virus (Fig. 3.25) 

 
Figure 3.25: Vero cells silenced for HDAC1, HDAC2, HDAC3 or LSD1 were infected at a multiplicity of 1 
PFU/cell with HSV-1 17syn for 24 hours and titrated on Vero cells. The data are representative of three 
independent experiments and are shown as means ± SEM. For the statistical analysis, we performed an 
unpaired t-test. For the statistical analysis, we performed an unpaired t-test using GraphPad Prism 
6.04. The asterisks indicate statistical significance. ** indicate p=0.001 to 0.01 and ns= not significant. 
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High throughput methylation profiling. 

Characterization of the methylation status in the course of infection and during 

latency produced a massive amount of data that will give rise to the investigation of 

many aspects of HSV-1 infection. Bioinformatic analysis revealed many pathways that 

are modified which are associated with various physiological procedures of the cell as 

well as neurological diseases. Interestingly, genes associated with Huntington’s 

disease were found to be significantly affected in all phases of viral infection, lytic or 

latent. Regarding the above 24 studied genes, HDAC1 gene promoter was found to be 

significantly hypomethylated at 3 and 8 hours post infection while HDAC2 HDAC3 and 

LSD1 did not exhibit any significant change. Moreover, the body of the HDAC4 gene 

was also found to be significantly hypomethylated for the course of infection in lytic 

and latent cells as compared to the steady state of HDAC4 methylation on Vero cells.  
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4. Discussion 
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Herpes Simplex Virus type-1 was studied using two different approaches to infection. 

Specifically, we studied the effect of the activation of the host CD40L pathway on 

HSV-1 infection. Furthermore, we also studied the effect of the virus on host genes 

associated with a particular regulatory mechanism, such as the DNA methylation. 

Both approaches aimed at identifying antiviral mechanisms that could be utilized 

against herpesviral infection. 

Effect of CD40L on HSV-1 lytic infection. 

In this study, we demonstrate that CD40 signaling confers direct antiviral effects on 

HSV-1 by negatively regulating the lytic cycle of the virus. This effect is specifically 

attributed to CD40-mediated signals, as expression of a mutated receptor that lacks 

the binding sites of TRAFs 1, 2, 3, 6 and 5 failed to protect U2OS cells from HSV-1 

infection upon CD40L treatment. We have also shown that CD40 ligation does not 

affect the binding of HSV-1 to the cell membrane but causes a delay in the 

translocation of the viral tegument protein VP16 from the cytoplasm to the nucleus. 

As VP16 is largely responsible for the transactivation of immediate-early viral genes 

which are required to evade the host cell response to HSV-1 infection, the observed 

effects of CD40L on VP16 localization extend our understanding of the direct anti-viral 

properties of the CD40 pathway.  

Furthermore, CD40 signaling was found to delay the trafficking of the viral capsid 

protein VP26 from the cytoplasm to the nucleus. As VP26 is a Late protein, the 

observation that VP26 lingers to the cytoplasm at the initiation of infection suggests 

that the delivery of the viral capsid is disturbed. The immediate-early protein ICP0 has 

been found to decrease at 24 hpi. The fact that we do not observe a decreased 

expression of ICP0 throughout the entire course of the infection is likely due to the 

fact that U2OS cells can substitute the functionality of ICP0 167. Congruent with these 

findings, the DNA copies of the virus are significantly decreased as early as 2 hpi while 

glycoprotein G (gG) synthesis in CD40L treated cells is almost completely abolished at 

late times of the infection. 

The aforementioned observations coupled with the reported effects of CD40L on 

autophagy 150,182,183 prompted us to investigate whether this process is implicated in 

CD40-mediated anti-viral responses. To that end, we explored a variety of 

pharmacological inhibitors to block autophagy including the pan-class I/II/III PI3K 

inhibitor LY294002 that affects autophagosome formation, spautin-1 that leads to 

degradation of Beclin-1 and the JNK inhibitor SP600125 which induces the 

downregulation of Beclin-1. We observed that PI3K inhibition by LY294002 reversed 

the effect of CD40 ligation on progeny virion production (Fig. 3.12). Furthermore, LC3, 

a protein involved in the formation of autophagosomes, exhibited perinuclear 

colocalization with HSV-1 under CD40 signaling which was abrogated in the presence 

of LY294002. In contrast, spautin-1 and SP600125 did not reverse the CD40-mediated 

anti-HSV-1 effect (Fig. 3.16). Similar results were obtained when a genetic approach 
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was applied to inhibit autophagy by silencing Atg5 (Fig. 3.18). Intriguingly, suppression 

of autophagy by spautin-1, SP600125 or Atg5 siRNA inhibited virion production in the 

absence of CD40 ligation (Fig. 3.15, 3.16 and 3.18).  

Collectively, these data suggest that the antiviral properties of CD40L are not 

mediated through autophagy but depend on the PI3K signaling pathway. When 

autophagy is upregulated, lysosomes move towards the perinuclear area to fuse with 

the autophagosomes that are being formed 184. Interestingly, lysosomes have been 

shown to localize at the periphery of the cell, when autophagosome synthesis is 

downregulated and this is associated with increased mTORC1 activity regulated by Akt 
184, a downstream target of PI3K. In terms of HSV-1, the virus mobilizes along 

microtubules to the nucleus, either as a naked capsid 185 or inside vacuoles such as 

endosomes 186,187, highlighting the importance of vesicular trafficking for HSV-1 

infection. Because PI3-kinase regulates membrane trafficking 188, it is likely that the 

activation of this pathway by CD40L modifies a vesicle trafficking event that is 

important for the delivery of HSV-1 to the nuclear membrane. The class III PI3K 

Vsp34, that is also part of the Beclin-1 complex, is critical for the formation of vesicles 

in the multivesicular bodies (MVPs) and for endocytic recycling 189,190. However, the 

operation of other host cell mechanisms that are accountable for the protective 

properties of CD40L cannot be excluded. It is worth mentioning that in neuronal 

culture systems PI3K signaling inhibition leads to reactivation of HSV-1 191,192 and that 

a recent study strongly associated neonatal encephalitis with active autophagy in the 

brain of both mice and human specimens 193. 

In conclusion, this study demonstrates that CD40 signaling exerts direct anti-viral 

effects by blocking the progress of HSV-1 lytic cycle. The finding that this 

phenomenon depends on PI3K signals but not autophagy raises the possibility that 

the CD40-TRAF-PI3K axis operates by impeding vesicular trafficking within the 

infected cell resulting in a delay in the trafficking of HSV-1 or its subvirion components 

to the nuclear membrane of the host. 

 

Epigenetic phenomena during HSV-1 lytic and latent infection. 

Epigenetic analysis of HSV-1 has been an active field of research for the last 10-20 

years since it has been shown that epigenetic regulation is of key importance to the 

transition from a lytic to a latent infection83. DNA methylation is not the silencing 

mechanism inflicted on HSV-1194,195. Rather, silencing and reactivation of HSV-1 is 

regulated by methylation and acetylation of histones that assemble on the viral DNA 

following its entry in the nucleus. The tegument protein VP16 has been shown to 

reduce the association of histones with IE gene promoters and also to promote 

euchromatin modifications on histones that associate with lytic genes59. Moreover, 

ICP0 contributes to the derepression of the viral genome and its association with 

acetylated histones138. Thus, during lytic infection HSV-1 is associated with chromatin 
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bearing euchromatin modifications such as methylation of lysine 4 on histone H3 

(H3K4me3) and acetylation of lysines 9 and 14 on histone H3 (H3K9 and H3K14)196. 

On the contrary, during latency, the lytic genes are associated with heterochromatin 

while LAT, the only viral region active during latency bears H3K9 and H3K14 

acetylation195. Moreover, LAT induces H3K9me2 on lytic genes, a methylation mark 

that is characteristic of heterochromatin, and reduces HEK4me2 that is characteristic 

of euchromatin197.  

In this study, we attempted to identify changes in the methylation status of host 

genes in the course of infection. The genes under investigation code for “epigenetic” 

factors, mostly enzymes involved in the infliction of epigenetic phenomena. 

Moreover, we sought to unravel any phenomena that would differentiate lytic from 

latent infection. To that end we examined 24 genes, specifically HDAC1, HDAC2, 

HDAC3, HDAC4, HDAC5, HDAC6, HDAC10, HDAC11, DNMT1, DNMT3A, DNMT3B, 

KDM1, KDM2A, KDM2B, NRF2/GABP, CREB/ATF2, SETD1A, ASH2L, KAT2A, KAT2B, 

KDM3A, KDM3B, SUV39H1 and WHSC1L1. In order to study the promoters of those 

genes, we first identified the appropriate time points for immediate-early (IE), early 

(E) and late (L) infection in Vero cells. For a latent infection, we used a well-

established in vitro system that utilizes the mutant HSV-1 virus dl0c4. The latter lacks 

a major regulator of infection, ICP0, and it also carries an ECFP tag fused to the 

immediate-early protein ICP4, allowing microscopy monitoring. The latent infection 

required intense observation of the infected cultures in order to identify the time 

point at which ICP4 was expressed in most cells and prior to the formation of 

replication compartments in a proportion of infected cells.  

PCR-array analysis showed that among the 24 genes tested, HDAC2, HDAC3, 

HDAC10, DNMT3A, KDM1 and KAT2A exhibited a variation in DNA methylation in the 

course of infection. There was no variation in the methylation profile of 10 genes 

while 8 failed to produce any results due to technical reasons (Table 3.1).  

In more detail, HDAC2, HDAC3 and HDAC10 revealed a similar methylation pattern. 

Specifically, HDAC2, HDAC3 and HDAC10 promoters were mainly unmethylated for 

the course of infection. However, at 3hpi, 25% of promoters exhibited an 

intermediate methylation pattern.  HDAC2, HDAC3 and HDAC10, they all deacetylate 

lysine residues on the N-terminal part of the core histones (H2A, H2B, H3 and H4)144. 

Interestingly, HDAC10 can interact both with HDAC2 and HDAC3198,199. LSD1 also 

known as KDM1, was also unmethylated in most conditions, apart from the Early 

phase (8hpi) that it also exhibited an intermediate pattern of methylation on its 

promoter. On the contrary, the two other promoters, namely KAT2A and DNMT3A, 

were mainly hypermethylated. KAT2A lost its hypermethylation on about 15% of its 

promoters at the IE phase (3hpi) while DNMT3A lost its hypermethylation on about 

30% of its promoters both at the IE and E phases (3 and 8hpi) and during latency. 

It should be noted that there was a great variation in the methylation profile for the 

above 6 gene promoters from one experiment to the other. All experiments were 
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performed in triplicates and the 24 genes were analyzed simultaneously. However, 

for the 10 gene promoters that gave no variation the percentage of methylation 

detected was very consistent. Moreover, mock infected Vero cells at steady state also 

gave very consistent methylation levels with a standard deviation of 0.01%-2%. For 

that reason, the variation in methylation on these 6 genes is probably the result of 

specific virus-host interactions. 

Overall, fluctuation in the methylation state of promoters during the lytic infection is 

observed mainly at the Immediate-Early (3 hpi) and Early (8 hpi) state of infection 

while latently infected cells exhibit almost an identical methylation profile to the cell’s 

steady state methylation. This result is consistent with the fact that during latency, 

the viral genome is occupied by histones and is mainly inactive83 thus requiring a 

more extensive approach to identify crucial changes it may inflict in the methylation 

pattern of the host. Moreover, this result highlights the credibility of the in vitro 

system used for latency in this study.  

Following up on the data, we went on to further analyze HDAC1, HDAC2, HDAC3 and 

LSD1 in the context of HSV-1 lytic infection. We analyzed the expression of these 

enzymes as well as the impact of their silencing on HSV-1 production of progeny 

virions.  

HDAC1 exhibited a decreasing expression in the course of infection with a significant 

drop arising at 8hpi and continuing to 15hpi. However, knockdown of HDAC1 did not 

have a significant impact on HSV-1 propagation in vitro.  

HDAC2 expression was also significantly lower, particularly at 3hpi and 15hpi. The 

decrease of its expression at 3hpi is consistent with the increased methylation 

detected on its promoter at 3hpi. Moreover, silencing of HDAC2 led to a significant 

elevation in the production of HSV-1 virions.  

Regarding HDAC3, its expression was markedly decreased at all phases of lytic 

infection, although it was mainly unmethylated. Interestingly, HDAC3 expression at 

3hpi is significantly increased compared to 8hpi and 15hpi which correlates with an 

elevation of its methylation status at 3hpi. Silencing of HDAC3 led to a decreased viral 

titer. 

The same phenomenon was observed for LSD1. Specifically, its expression 

decreased during infection compared to the control uninfected cells. However, 

compared to 3 and 15hpi, LSD1 expression was significantly elevated at 8hpi which 

correlated with an increase in the methylation of its promoter. Silencing of LSD1 

caused a marked decrease on HSV-1 progeny virion production. This result was in 

agreement with data from Liang, Y. et al that also showed that depletion of LSD1 or 

inhibition of its activity results in a block to viral gene expression. This group also 

showed that depletion of LSD-1 led to the accumulation of repressive chromatin on 

HSV-1200.  

Concerning DNA methylation, it is usually associated with silencing of genes. In 

accordance, intermediate methylation has been associated with an intermediate 
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levels of transcription and has been identified not only on promoters but also on 

enhancers, exons and DNase sensitive sites201. Interestingly, it has also been observed 

in various situations, that methylation of a promoter region can lead to upregulation 

of expression202–204. In the context of this study we cannot reach a conclusion yet as 

to which mechanism characterizes each gene. However, it is intriguing that all histone 

deacetylases studied are mainly unmethylated and only acquire an intermediate 

methylation.  

Finally, high-throughput methylation analysis also highlighted HDAC1 as a 

significantly hypomethylated promoter at 3hpi and at 8hpi. Moreover, the gene body 

of HDAC4, defined as the transcribed region including introns and exons, was also 

found to be significantly hypomethylated for the course of infection in lytic and latent 

cells compared to the steady state of HDAC4 methylation on Vero cells. There were 

no data for HDAC2, HDAC3 and LSD1. However, this may require additional analysis.  

A common denominator of HDAC1, HDAC2, HDAC3, HDAC4 and HDAC10 is the 

transcriptional repressor complex N-CoR/SMRT. SMRT can recruit both class I and 

class II deacetylases205. N-CoR has been found to form a variety of complexes with 

histone deacetylases and it can associate with HDAC1, HDAC2 and HDAC3206. In 

addition SMRT forms a complex with HDAC2 and HDAC10199. N-CoR and SMRT also 

forms a complex that contains HDAC4207. Moreover N-CoR mediates HDAC4 and 

HDAC3 interaction which allows for activation of HDAC4 by HDAC3208. 

However, HDAC1 and HDAC2 form another complex, namely the HDAC1/2 

CoREST/LSD1/REST repressor complex which has been shown to be manipulated by 

HSV-1 in order to suppress and activate genes209. LSD1 can act both as an activator 

through H3K9 demethylation or as a repressor through H3K4 demethylation. At the 

initial steps of infection the VP16-HCF-1-Oct1 transactivator complex recruits LSD1 to 

the IE promoters in order to relieve the silencing marks of the viral genome. 

Subsequently, the viral protein ICP0 dissociates HDACs from the complex to keep the 

IE promoters active81. The fact that its primary function is to repress neuronal genes 

in non-neuronal cells constitutes the HDAC1/2 CoREST/LSD1/REST repressor complex 

particularly important in the context of HSV-1 infection209. 

DNMT3A has been recently shown to interact with viral tegument and capsid 

proteins while silencing of DNMT3A led to reduction of the viral titer. This is in 

agreement with our results showing that while DNMT3A is hypermethylated in 

uninfected cells it becomes210 hypomethylated at 3 and 8 hpi. 

Collectively, these data suggest that the progress of HSV-1 infection is regulated to 

some extent through manipulation of methylation on the genes of histone 

deacetylases and possibly through an as yet unidentified mechanism of DNA 

methylation that is the result of virus-host interaction.  
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The interaction between CD40 and its ligand, CD40L/CD154, is crucial for the efficient initiation and regulation of
immune responses against viruses. Herpes Simplex Virus type-1 (HSV-1) is a neurotropic virus capable ofmanip-
ulating host responses and exploiting host proteins to establish productive infection. Herein we have examined
the impact of CD40L-mediated CD40 activation onHSV-1 replication inU2OS cells stably expressing the CD40 re-
ceptor. Treatment of these cells with CD40L significantly reduced the HSV-1 progeny virus compared to non-
treated cells. The activation of CD40 signaling did not affect the binding of HSV-1 virions on the cell surface but
rather delayed the translocation of VP16 to the nucleus, affecting all stages of viral life cycle. Using pharmacolog-
ical inhibitors and RNAi we show that inhibition of PI3 kinase but not autophagy reverses the effects of CD40L on
HSV-1 replication. Collectively, these data demonstrate that CD40 activation exerts a direct inhibitory effect on
HSV-1, initiating from the very early stages of the infection by exploiting PI3 kinase-dependent but autophagy-
independent mechanisms.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Herpes Simplex Virus type-1 (HSV-1) is a neurotropic virus that is
regarded as a serious threat, causing clinical manifestations both in im-
munocompetent individuals and in patients with immune deficiency,
transplant recipients and neonates [1,2]. HSV-1 has been coevolving
with humans since their speciation [3] and has adapted to the cell's im-
mune response alternating from a lytic to a latent state depending on
the dynamics of the cellular environment. HSV-1 is a double-stranded
DNA virus that belongs to the alpha subfamily of Herpesviridae.
Structurally, it comprises of an envelope, a proteinaceous layer that is
called tegument and a capsid that surrounds the viral DNA. The lytic
cycle follows three sequential phases of viral gene transcription, the
immediate-early (IE), the early (E) and the late (L) with each phase
being subjected to regulation by the previous one. HSV-1 enters the
cell by fusion of the envelope with the cell membrane, by endocytosis
or both [4]. Upon viral entry in the cell, the tegument protein VP16
forms a complex with the host transcription factors HCF-1 and Oct-1
[5]. This transactivator complex binds to the IE gene promoters of the
virus enabling their transcription. The IE gene products in turn act as

transcription factors for the E genes and contribute to the evasion of
the innate immune response. Furthermore, HSV-1 enters sensory neu-
rons that innervate the infected dermatome and it is translocated to
the neuronal nucleus where it initially replicates. The replication is ter-
minated soon after infection but the viral DNA persists in the neurons as
episome and reactivates upon stress stimuli [6].

HSV-1 infection triggers complex immune responses of the host
which involve fine-tuned interactions between innate signaling path-
ways and adaptive immune responses, playing a crucial role at early
times of infection and spread (reviewed in [7]). Several lines of evidence
suggest that CD40L exhibits antiviral properties against HSV-1 in vivo
[8–11]. Notably, patients with X-linked hyper-IgM syndrome, an im-
mune deficiency syndrome caused by mutations in the CD40L gene,
are more susceptible to herpetic infections [12,13]. CD40 is expressed
on B cells, antigen presenting cells (APCs), fibroblasts, epithelial and
endothelial cells as well as neurons [14,15], while CD40L is expressed
on activated T and B cells and platelets and it also circulates in a soluble
form [15]. CD40 signaling on B cells causes isotype switching and
differentiation to plasma cells and memory B cells [15]. On APCs, CD40
interaction with its ligand causes the production of cytokines and
costimulatory molecules and enhances cross presentation [16]. The
CD40 pathway also protects against opportunistic pathogens such as
Toxoplasma gondii, an effect attributed to the CD40-mediated activation
of the autophagy machinery [17–20]. Interestingly, patients with
X-linked hyper-IgM syndrome are also susceptible to encephalitis
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caused by T. gondii [21] further highlighting the importance of CD40–
CD40L signaling in humoral and adaptive immunity.

The ability of CD40L to control HSV-1 is supported by findings in
various mouse models. Thus, CD40 deficient mice exhibit impaired sur-
vival upon HSV-1 infection [11] and poor clearance of avirulent HSV-1
administered intravaginally [10]. Moreover, in a murine model of
posttransplant infection by HSV-1, mice that had undergone bonemar-
row transplantation and developed graft versus host disease (GVHD)
exhibited increased mortality rates from herpetic encephalitis which
was attenuated by CD40L administration [9]. While the induction of
anti-viral immune responses represents a major route by which
CD40L controls HSV-1, a previous study has also indicated direct effects
of CD40 activation in susceptibility to HSV-1 infection in L929 cells [8]
but the mechanisms involved remain unexplored.

Autophagy is a highly conserved cellular mechanism with multiple
functions. Apart from recycling nutrients for the cell, it is also involved
in pathogen removal and antigen presentation [22–24]. Blocking au-
tophagy is an essential step in the progression of HSV-1 lytic cycle in
neurons. Via the neurovirulence factor ICP34.5, HSV-1 can block au-
tophagy in neurons by binding to Beclin-1, a major autophagosome
component essential for neuron survival [25], and inhibiting its autoph-
agy function [26]. Moreover, HSV-1 carrying a mutation in the ICP34.5
gene exhibited impaired ability to cause encephalitis in mice [26].
Emphasizing the importance of ICP34.5 to neurovirulence is the fact
that ICP34.5 is regulated by viral microRNAs encoded by the latency-
associated transcript (LAT) of both HSV-1 and HSV-2 [27,28]. The late
HSV-1 protein US11 has also been implicated in the HSV-1-associated
autophagy through modulation of RKR which functions upstream of
Beclin-1 [29].

The signaling pathways involved in the regulation of autophagy are
only beginning to emerge. The PI3K/AKT/mTOR represents a major
pathway involved in autophagy that interactswithMAPK, insulin, nutri-
ent availability, hypoxia and ROS-mediated signals to initiate or halt au-
tophagy [30]. mTORC1 negatively regulates autophagy via the ULK
complex. Inactivation of mTORC1 leads to the release of the ULK
complex and interaction with the PI3K complex (Beclin-1–Vps34)
which is responsible for initiating autophagosome nucleation [31].
Vps34 is also involved in endosome recycling and phagocytosis [32,
33]. Furthermore, activated mTORC1 prevents endosome maturation
[34] and colocalizes with lysosomes at the cell periphery which corre-
lateswith decreased autophagosome synthesis and autophagosome–ly-
sosome fusion [35]. Other mechanisms, such as Ca2+ signaling can also
regulate autophagy [36].

In the present study, we set out to investigate themechanism under-
lying this protective effect of CD40L on HSV-1 propagation. Our data
demonstrate that CD40L impacts on the very early stages of HSV-1 infec-
tion, affecting the successful nuclear translocation of VP16 and conse-
quently, the subsequent steps of viral life cycle. Data presented herein
also show that CD40 engagement activates the PI3K pathway to inhibit
HSV-1 propagation by an autophagy-independent mechanism.

2. Materials & methods

2.1. Cells and viruses

The CD40-U2OS cells were derived after stable transfection of the
U2OS cell line with phCD40 [37]. Half a microgram of phCD40/cDNA
was transfected into 1×105U2OS cells using TurboFect™ in vitro Trans-
fection Reagent (Fermentas) according to the manufacturer's protocol.
Transfected cells were selected with 500 μg/ml geneticin (GIBCO) and
resistant cells were maintained in complete DMEM (10% (vol/vol) FBS,
penicillin (100 units/ml), and streptomycin (100 μg/ml)) supplemented
with geneticin (500 μg/ml). CD40 expression of the CD40-U2OS cells
was evaluated by flow cytometry. The CD40-3x-U2OS cells were de-
rived after stable transfection of U2OS with the triple substitution
phCD40 P233G/E235A/T254A [37] which bears mutations that prevent

binding of any of the TRAFs (TRAFs 1, 2, 3, 6 and 5) to the cytoplasmic
tail of CD40. Both phCD40/cDNA and phCD40 P233G/E235A/T254A
cDNA3.1 were kindly provided by Dr. S. Pullen, Boehringer Ingelheim
Pharmaceuticals, Inc.

Vero and BHK cells were used for propagation of viruses and
titration of viruses and supernatants collected from experimental
conditions. Vero cells were maintained in complete DMEM and BHK
cells were maintained in complete Glasgow MEM BHK 21 (GMEM)
(10% (vol/vol) New Born Calf Serum (NBCS), penicillin (100 unit/ml),
streptomycin (100 μg/ml) and 10% Tryptose Phosphate Broth (TPB)).

The wild-type virus used was HSV-1 strain 17syn. The rHSV-RYC
[38] virus containing three fluorescent tags (RFP-VP26, YFP-gH and
CFP-VP16) was kindly provided by Dr. C. Fraefel. The virus stocks were
propagated and titrated either on ΒΗΚ or Vero cells according to
standard protocols [39].

2.2. Inhibitors and recombinant molecules

The inhibitors used for the experiments were the PI3K inhibitor
LY294002 (PHZ1144, Invitrogen) at a final concentration of 25 μM, the
JNK inhibitor SP600125 (420119, CalBiochem) at a final concentration
of 7.5 μM, the Specific Autophagy Inhibitor (Spautin-1, SML0440
SIGMA) at a final concentration of 10 μM and the vacuolar H + ATPase
(V-ATPase) inhibitor Bafilomycin A1 at a final concentration of 100 nm.
All inhibitorswere diluted in dimethyl sulfoxide (DMSO). For the induc-
tion of the CD40 pathway, we used recombinant soluble human CD40L
(BMS308/2, Bender MedSystems) at a final concentration 0.5 μg/ml di-
luted in PBS. For all inhibitors as wells as for CD40L, MTT assays were
performed to determine the optimal dilutions that would not affect
cell viability.

2.3. Gene silencing

CD40-U2OS cells were transfected with either ATG5 siRNA
(sc-41445, Santa Cruz) or control siRNA-A (sc-37007, Santa Cruz) at a
final concentration of 50 nm using TurboFect™ in vitro Transfection
Reagent (Fermentas) according to the manufacturer's protocol. At
48 h post-transfection, the cells were infected with HSV-1.

2.4. Treatments and HSV-1 infections

CD40-U2OS cells or CD40-3x-U2OS cells were first treated for
30 min with the appropriate inhibitors, then for another 30 min with
CD40L and HSV-1 was added last, at a multiplicity of infection (MOI)
of 1 PFU/cell or at variable multiplicities depending on the experiment.
CD40L and any inhibitors added were not removed from the medium
for the course of infection. For experiments requiring synchronized en-
trance of the virus in the cells, a binding step was added. Specifically,
after treatment with CD40L, the cells were incubated on ice for 5 min
and then the virus was added on the cells and was allowed to bind on
the cell surface for 1–1.5 h. Subsequently, cells were transferred in a hu-
midified incubator at 37 °C and 5% CO2 for the required time depending
on the experiment.

2.5. Immunofluorescence and FACS analysis

For immunofluorescence, 1 × 105 CD40-U2OS cells were plated on
glass coverslips placed in 24-well plates. The conditioned medium was
aspirated, and the cellswerewashedwith PBS,fixedwith formaldehyde
(4% [vol/vol] in PBS containing 2% sucrose) and permeabilized with
Permeabilization Solution (Cat. No 5115, Millipore). The coverslips
were incubated for 1 h with primary antibodies diluted in PBS contain-
ing 1% (vol/vol) fetal bovine serum at room temperature and they were
subsequently washed in the same buffer twice before incubation with
the secondary antibodies. Incubation with the secondary antibodies
was performed likewise. The primary antibodies used were anti-HSV-
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1 gG Envelope Protein (7F5) (Cat. No sc-56984, Santa Cruz Biotechnol-
ogies) 1:100, anti-HSV-1 VP16 MAb LP1 [38], 1:10, rabbit polyclonal
anti-emerin [40], 1:150, mouse anti-LC3 (APG8) (Cat. No AM1800a,
Abgent) 1:200, and rabbit anti-Herpes Simplex Virus type 1 (Cat. No
B0114, DAKO) 1:100. The secondary antibodies used were Alexa Fluor
488 donkey anti-mouse (Cat. No A21202, Invitrogen), Alexa Fluor 488
goat anti-rabbit (Cat. No A11008, Invitrogen), goat anti-rabbit — Cy3
(Cat. No 816115, Invitrogen) and goat anti-mouse Cy3 (Cat. No
816515, Invitrogen). The nuclei were stained with TO-PRO-3 (Cat. No
T3605, Invitrogen) at a dilution of 1:1000 in PBS. In order to visualize
the binding of the virus on the cells we also used the FM 1-43FX (Cat.
No F35355, Invitrogen) dye for labeling of the plasma membrane ac-
cording to the manufacturer's instructions. The cells were mounted in
Ibidi Mounting Medium (Cat. No 50001, Ibidi) and examined by confo-
cal microscopy (TCS SP2, Leica Microsystems, Germany). The data were
collected with sequential scanning to avoid signal overlap, at a resolu-
tion of 1024 × 1024 pixels, after a 4–6 fold averaging and the optical
slices were between 0.3 and 0.5 μm. The data sets were processed
with LCS Lite software (Leica).

For FACS analysis, the cells were stained with rabbit anti-CD40
(H-120) (sc-9096; Santa Cruz Biotechnology), anti-HSV-1 gG Envelope
Protein (7F5) (Cat. No sc-56984, Santa Cruz Biotechnologies), PE anti-
human CD270 (HVEM, TR2) (Cat. No 318805, Biolegent), anti-mouse
CF™633 (Cat. No 20121, Biotium), and anti-rabbit Alexa Fluor 488
(Invitrogen) and were counted with a FACSCalibur (BD).

2.6. Live-cell microscopy

Each well of a two-well chambered coverglass unit (Lab-Tek,
ThermoScientific)was seededwith 2× 105 CD40-U2OS cells and infect-
ed at MOI 20 PFU/cell with rHSV-RYC [38] virus in the presence or ab-
sence of CD40L (0.5 μg/ml) and the PI3K inhibitor LY294002 (25 μM).
A binding step was performed for 1 h on ice as described above and
the cells were then transferred in a humidified chamber on the micro-
scope stage with 5% CO2 at 37 °C. The cells were observed for at least
8 h with an epifluorescent Leica DMIRE2 microscope, equipped with a
Leica DFC300 FX digital camera and images were acquired with the
IM50 software (Leica) and exported as tiff files.

2.7. Western blot

Protein extracts were analyzed by Western blot. For whole cell ex-
tracts, the cells were washed with cold PBS, collected with 1 mM
EDTA in PBS and pelleted at 2500 g for 10min. The cells were then incu-
bated for 10 min at 4 °C with M-PER Mammalian Protein Extraction
Reagent (Cat. No 78503, Thermo Scientific) along with protease inhibi-
tors (Cat. No 78415, Thermo Scientific) vortexing mildly every 2 min.
The cell extracts were then briefly sonicated (40% amplitude for 15 s
at 4 °C), centrifuged for 15 min at 14,000 g at 4 °C and the supernatant
was kept for analysis. For the fractionation experiments, the cells were
also collected in PBS with 1mM EDTA as described above and the pellet
was incubated for 10 min in hypotonic lysis buffer (20 mM Hepes
pH 7.6, 10mMNaCl, 1.5 mMMgCl2, 0.2mM EDTA, 0.1% NP40, 20% glyc-
erol, 1 mM DTT and protease inhibitors) at 4 °C. Following incubation
with the hypotonic buffer, the nuclei were pelleted at 15,600 g for
4min at 4 °C and the supernatant was collected as the cytoplasmic frac-
tion. The nuclei pellet was washed three times in hypotonic lysis buffer
and subsequently the nuclei were incubated with hypertonic lysis buff-
er (20 mM Hepes pH 7.6, 500 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
0.1% NP40, 20% glycerol, 1 mM DTT and protease inhibitors) for
30min at 4 °C. The samples were then briefly sonicated (40% amplitude
for 15 s at 4 °C), and centrifuged at 16,100 g for 20 min at 4 °C and the
supernatant was kept as the nuclear fraction. All protein extracts were
quantified with Cayman Protein Determination kit (Cat. No 704002,
Cayman). From each sample, 40 μg of protein was boiled in SDS
gel-loading buffer, separated by electrophoresis and transferred on

nitrocellulose membranes. The membranes were subsequently blocked
in TBS-T buffer with 5% (w/vol) dried non-fat milk and incubated
overnight at 4 °C with the primary antibodies. The primary antibodies
used for immunoblotting were anti-HSV-1 VP16 MAb LP1 [38] 1:100,
anti-HSV-1 ICP0 1:8000 (Cat. No H1A027-100, Virusys Corporation),
mouse anti-actin 1:2000 (Cat. No MAB1501, Millipore), rabbit anti-
H3K79me2 1:500 (Cat. No 9757, Cell Signaling) and mouse anti-
APG5L/ATG5 1:1000 (Cat. No ab108327, Abcam). All antibodies were
diluted in TBS-0.1% Tween-20 (vol/vol) containing 1% (w/vol) dried
non-fat milk. Following incubation with the primary antibodies, the
membranes were thoroughly washed and incubated with the
secondary antibodies for 1 h at room temperature, washed in TBS-T
and developed using Luminata Forte Western HRP Substrate (Cat. No
WBLUF0100,Millipore) either on film or by the ChemiDoc™MP System
(Cat. No 170-8280, Bio-Rad) with the Image Lab v5.0 software
(Bio-Rad).

2.8. Quantitative-PCR

Quantitative PCR was run on a 7500 Fast Real-Time PCR System
(Applied Biosystems) using the KAPA SYBR FAST qPCR kit (Cat. No
KK4601, KapaBiosystems). The ICP8 primers used were 5′-CGACGTGC
CCTGTAACCTAT-3′ (forward) and 5′-CTGTTCATGGTCCCGAAGAC-3′
(reverse). In order to quantify ICP8 copies, we used DNA from HSV-1
of known titer. HSV-1 was incubated for 1 h at 60 °C in equal volume
of virus lysis buffer (VL buffer) containing Tris HCl pH 8.0 10 Mm, KCl
50 mM, MgCl2 2.5 mM, Tween-20 0.45% (v/v) and 60 μg/ml proteinase
K. Following incubation at 60 °C the virus was incubated for 15 min at
95 °C to deactivate the proteinase K. DNA from infected cells was ex-
tracted using the PureLink™ Genomic DNA Kit (Cat. No K1820-01,
Invitrogen).

3. Results

3.1. CD40 signaling inhibits production of HSV-1 progeny virions

It has been previously reported that CD40L has a direct antiviral ac-
tivity on HSV-1 in vitro [8]. In light of this finding, we set out to investi-
gate themechanism underlying this phenomenon using the permissive
to HSV-1 infection, human osteosarcoma cell line U2OS engineered to
express the CD40 receptor (CD40-U2OS). CD40 expression in a stable
clonewas successfully confirmed by flow cytometry (Fig. 1A). To deter-
mine whether CD40 ligation confers anti-viral effects in this model,
CD40-U2OS cells were treated either with recombinant CD40L or vehi-
cle control and subsequently infected with HSV-1 at MOI 1 PFU/cell for
24 h. Titration assays showed that CD40 ligation inhibited the produc-
tion of progeny virions from as early as 12 h post-infection and through
the 24 hour treatment (Fig. 1B and C). To further confirm that this effect
required CD40 signaling, indeed, we established U2OS cell clones stably
expressing a P233G/E235A/T254A mutated CD40 receptor (CD40-3x-
U2OS)which is incapable of binding TRAFs 1, 2, 3, 6 and 5 to its cytoplas-
mic tale and is defective in CD40L-induced signal activation [37].
Treatment of CD40-3x-U2OS with CD40L failed to reduce production
of HSV-1 progeny virions.

3.2. CD40 signaling does not affect the binding of HSV-1 virions on the cell
surface

Having established that CD40 signaling affects the HSV-1 progeny
virus, we proceeded to identify the mechanism underlying this effect.
To that end, we first investigatedwhether CD40L could inhibit the bind-
ing of HSV-1 virions to the cell surface. CD40-U2OS cultures were ex-
posed to recombinant CD40L for 30 min and were then infected with
wild-type HSV-1 at MOI 30 PFU/cell for 1.5 h on ice, to prevent entry
of the virus in the cells. Subsequently the cells were fixed and stained
for the glycoprotein G (gG) of HSV-1 and with the FM 1-43FX dye to
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visualize the plasmamembrane. The specimenswere examined by con-
focal microscopy (Fig. 2A and B) and gG particles on the surface of the
cells were counted using the ImageJ software. No significant differences
in the binding of HSV-1 on the cell surfacewere detected (Fig. 2B), indi-
cating that the effects of CD40 ligation on HSV-1 virion production are
not due to reduced binding of the virus to the cell surface. Moreover,
CD40-U2OS cells were analyzed for cell surface expression of HVEM in
the presence and absence of CD40L (Fig. 2D) and likewise after
24 hour infection at MOI 1 PFU/cell (Fig. 2E). Flow cytometric analysis
demonstrated comparable levels of HVEM expression, regardless of
CD40 activation. Specifically, 35.3% of the cells expressedHVEMwithout
CD40L treatment and 36.5% after CD40L stimulation. HSV-1 substantial-
ly upregulated the receptor in the infected cells, however, the propor-
tion of HVEM-positive cells was similar both in the absence or
presence of CD40L (78.3% and 71.3%, respectively).

3.3. CD40L signaling delays the translocation of VP16 to the nucleus

As the binding of the virus was not affected by CD40 signaling, we
sought to investigatewhether CD40 ligation impacts on the viral protein
VP16, a critical transcriptional activator of the immediate-early gene
promoters of HSV-1 [41]. VP16 forms a complexwith the cellular factors
HCF-1 and Oct-1 that drive VP16 to the cell nucleus where it initiates
transcription of the viral immediate-early genes [5]. Therefore, wemon-
itored the dynamics of this protein in the presence or absence of CD40L.
A synchronized infection of CD40-U2OS cells revealed that CD40L hin-
dered the translocation of VP16 from the cytoplasm to the cell nucleus.
Specifically, cells were stained for VP16 and the nuclear envelope pro-
tein emerin and analyzed by confocal microscopy. At various time
points post-infection, we could detect fewer VP16 particles in the nuclei

of cells treated with CD40L compared to non-treated cells (Fig. 3A & B).
This observationwas further confirmed byWestern blot analysis of frac-
tionated nuclear and cytoplasmic protein extracts following infection
with HSV-1 for 1.5 h. The results showed reduced VP16 in the nuclei
of cells treated with CD40L compared to control cultures (Fig. 3C).

In light of these findings, we proceeded to investigate the dynamics of
VP16 in associationwith the dynamics of the virus capsid at early times of
infection. To that end, we performed live cell microscopy, utilizing the
recombinant virus rHSV-RYC [38] which encodes the fusion proteins
VP16-ECFP andVP26-mRFP of the virus tegument and capsid, respective-
ly. CD40-U2OS cells were initially infected on ice and they were subse-
quently transferred at standard culture conditions and monitored for at
least 8 h. Fig. 4A shows representative time points of the infection reveal-
ing a delayed onset of the viral lytic cycle upon CD40 signaling. VP16was
localized perinuclearly at 1 h.p.i. (hours post-infection) and itwas distrib-
uted throughout the cytoplasm at 2–5 h.p.i. At approximately 6 h.p.i.,
VP16 formed small nuclear foci which are indicative of de novo protein
synthesis. Markedly, in CD40L-treated cells, VP16 remained perinuclear
for approximately 2 h and did not accumulate in nuclear foci until
8 h.p.i. and thereafter. A similar delay was observed when the VP26
protein was also monitored. VP26 accumulation could be visualized in
the nucleus of non-treated but not in CD40L-stimulated cells at 8 h.p.i.
In agreement with the aforementioned observations, there were fewer
sites of capsid assembly in cells treated with CD40L at 30 h.p.i. (Fig. 4B).

3.4. Immediate-early, early and late stages of HSV-1 infection during
activation of CD40 signaling

To further elucidate the HSV-1-related events which are associated
with CD40 signaling, we proceeded to investigate the kinetics of ICP0,

Fig. 1. HSV-1 titer decreases in the presence of CD40L. (A) U2OS cells were stably transfected with CD40. Purity of the population expressing CD40 was evaluated using flow cytometry.
95.7% of the cells were found to be CD40 positive. (B) CD40-U2OS cells were pretreatedwith CD40L (0.5 μg/ml) for 30min and then infectedwith HSV-1 at a multiplicity of 1 PFU/ cell, for
24 h. CD40L was not removed from themedium during the incubation period with the virus. Supernatants of the infected cells were harvested and titrated on BHK cells. HSV-1 titer was
significantly decreased (P=0.0372) in the presence of CD40L. (C) Growth curves of HSV-1 in the presence or absence of CD40L. CD40-U2OS cells were pretreatedwith CD40L (0.5 μg/ml)
for 30min and then infected with HSV-1 at a MOI 1 PFU/cell. CD40L was not removed from the medium and supernatants were harvested at 2, 12 and 24 h.p.i. and they were titrated on
BHK cells. (D) U2OS cells stably transfected with the triple substitution P233G/E235A/T254A CD40 receptor, which prevents binding of any of the TRAFs to its cytoplasmic tail, were
pretreated with CD40L (0.5 μg/ml) and infected with HSV-1 at MOI 1 PFU/cell, for 24 h. Supernatants were harvested and titrated on BHK cells. HSV-1 titer presented no significant var-
iation (P = 0.1785). Analysis of statistical significance was performed by unpaired t-test (GraphPad Prism 6.04).
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a key-regulator of HSV-1 productive infection. CD40-U2OS cells were
infected at MOI 1 PFU/cell and protein extracts were harvested at vari-
ous time points post-infection. Despite the delayed kinetics of VP16,
there was no difference in the expression levels of ICP0, except at 24 h
post-infection, when less ICP0 was expressed in cells that had been
treated with CD40L (Fig. 5A). We next sought to determine the impact
of CD40L on HSV-1 DNA replication. For that purpose, a qPCR assay
was performed using primers for the ICP8 early gene to assess the num-
ber of HSV-1 DNA copies produced by cells treated with CD40L, com-
pared to those that did not receive any treatment. From as early as
2 h.p.i., we detected a statistically significant reduction of ICP8 copies
in the presence of CD40L which increased over time (Fig. 5B). Finally,
the expression of glycoprotein G (gG) in CD40-U2OS cells infected at
MOI 1 PFU/cell was examined, as a marker of late gene expression. At
18 h.p.i., gG was hardly detectable in CD40-U2OS cells exposed to
CD40L signaling (Fig. 5C).

3.5. PI3K inhibition reverses the effect of CD40 signaling on HSV-1

The observed delay in VP16 entry to the nucleus, along with the de-
creased production of progeny virus, led us to investigate CD40 signal-
ing pathways responsible for the regulation of antiviral responses. In
particular, we explored the impact of PI3 kinase which is known to be
activated by CD40 ligation in epithelial cells [42] and of autophagy
which has been implicated in HSV-1 replication [25,26] and is
controlled by PI3 kinase signals. To address this issue, we infected
CD40-U2OS with rHSV-RYC in the presence of CD40L, along with the

PI3K inhibitor LY294002 which inhibits the autophagosome formation
[43] andmonitored the dynamics of VP16 and VP26 by live cell micros-
copy (Fig. 6). In LY294002-treated cells, nuclear VP26 foci were clearly
visible at 6 h.p.i. whereas in control untreated cultures, VP26 foci were
detectable at later time points. Treatment of CD40-U2OS cells with
CD40L alongwith LY294002was able to reverse, in part, the phenotype
of LY294002 (Fig. 6).

To confirm the timelapse microscopy observations, we examined the
production of progeny virions at 24 h.p.i., obtained from cells infected at
MOI 1 PFU/cell in the presence of LY294002 and/or CD40L compared to
control infected cells (Fig. 7A). The results showed a statistically signifi-
cant difference in the production of progeny virions between cells treat-
ed with LY294002 and cells treated with either LY294002 and CD40L or
CD40L alone. In contrast, there was no statistically significant difference
between the virus produced from the control infection and the virus pro-
duced from cells treated with both LY294002 and CD40L, a result which
further corroborates the timelapse microscopy findings.

The potential association between HSV-1 and LC3 was next investi-
gated by immunofluorescence analysis. CD40-U2OS cells were infected
with wild-type HSV-1 at MOI 30 PFU/cell for 1.5 and 3 h, including a
binding step on ice to synchronize the infection. The infected cells
were immunostained for all HSV-1 major glycoproteins and at least
one core protein, as well as for LC3 isoforms I and II. LC3s are involved
in the formation of the phagophore and conversion of LC3 I to LC3 II is
indicative of autophagy initiation. We observed that HSV-1 exhibited a
higher degree of colocalization with LC3 in the presence of CD40L
(Fig. 7B). This colocalization was markedly reduced in the presence of

Fig. 2. Binding of HSV-1 is not affected by CD40 signaling nor the expression of the surface receptor HVEM. (A & B) CD40-U2OS cells were treatedwith CD40L or solvent vehicle for 30min
andwere then infectedwithHSV-1 atMOI 30 PFU/cell for 1.5 h, on ice. The cellswere subsequentlyfixed at 4 °C and stainedwith FM1-43FX (green) to label the plasmamembrane and for
glycoprotein G (red) of HSV-1 to visualize virions entering the cells. (C) The number of virions per cell attached to the plasmamembranewas counted using the cell counter application of
ImageJ. Analysis of statistical significancewasperformedby anunpaired t-test (GraphPadPrism6.04). Error bars represent themean.No statistical significancewas observed (P=0.7794).
(D) The expression of HVEM on the cell surface of the CD40-U2OS cells was monitored by flow cytometry. (E) The expression of HVEM on the cell surface was also monitored in CD40-
U2OS cells infected with HSV-1 at MOI 1 PFU/cell for 24 h in the presence or absence of CD40L.

1257V.-M. Vlahava et al. / Cellular Signalling 27 (2015) 1253–1263

Image of Fig. 2


LY294002 while it was partly restored when cells were treated with
both LY294002 and CD40L (Fig. 7B). The association of LC3 foci and
HSV-1 was scored and analyzed by ordinary one-way ANOVA at 1.5

and 3 h.p.i. Differences of themeanswere found to be statistically signif-
icant (P b 0.0001) which highlights a strong association between LC3
foci with HSV-1 (Fig. 7C & D).

Fig. 3. Localization of VP16 in relation to the cell nucleus. (A). CD40-U2OS cells were treated with CD40L (0.5 μg/ml) or control medium for 30min and were then infected with HSV-1 at
MOI 35 PFU/cell, for 1.5 h on ice, along with 100 μg/ml cycloheximide in order to block translation. The cells were subsequently stained for the tegument protein of HSV-1, VP16 (green)
and for emerin (red) in order to visualize VP16 in relation to the nucleus. (B) Similarly, CD40-U2OS cells were infected at MOI 30 PFU/cell in the presence and absence of CD40L and VP16
particles that entered the nucleuswere counted at 0.5, 1, 2 and 4 h.p.i and are plotted on graph. Statistical analysiswas performed by ordinary one-way ANOVAwith GraphPad Prism6.04.
Differences of themeanswere found to be statistically significant (P b 0.0001). Error bars represent themean. (C) VP16,H3K79Me2 and beta-tubulin expression innuclear and cytoplasmic
fractions of CD40-U2OS cells infectedwithHSV-1 in thepresence of CD40L compared to the control at 1.5 h.p.i. Cellswere treatedwith CD40L (0.5 μg/ml) or controlmedium for 30min and
were then infected with HSV-1 at a multiplicity of 30 PFU per cell, for 1.5 h on ice. Protein extracts were collected and fractioned 1.5 h.p.i.

Fig. 4. Kinetics of HSV-1 in the presence of CD40L. (A) Live imaging of rHSV-RYC infected cells in the presence of CD40L. CD40-U2OS cells were plated in a chambered coverglass unit,
treated with CD40L (0.5 μg/ml) or control medium for 30 min and were then infected with rHSV-RYC at MOI 20 PFU/cell, for 1.5 h on ice. The cells were then transferred in a humidified
chamber on the microscope stage with 5% CO2 at 37 °C and were observed for at least 8 h. (B) CD40-U2OS cells infected with rHSV-RYC (A) as monitored at 30 h.p.i.
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Fig. 5.Analysis of ICP0 expression, viral DNA replication and glycoprotein synthesis during CD40L signaling. (A) ICP0 expression in CD40-U2OS cells infectedwith HSV-1 atMOI 1 PFU/cell
in thepresence of CD40L, at various points post-infection. The cellswere treatedwith CD40L (0.5 μg/ml) or controlmedium for 30min andwere then infectedwithHSV-1 for 8, 16 and24h
respectively. Protein extracts were collected and 40 μg of proteinwas analyzed for each time point. (B) DNA copies of ICP8 in CD40-U2OS cells infectedwith HSV-1 atMOI 1 PFU/cell in the
presence of CD40L at various points post-infection. The cells were treated with CD40L (0.5 μg/ml) or control medium for 30 min and were then infected with HSV-1 for 2, 12 and 24 h,
respectively. The cells were lysed, DNA was extracted and ICP8 copies were quantified by qPCR. For the statistical analysis, an unpaired t-test was performed using GraphPad Prism
6.04. The asterisks indicate statistical significance. ** indicate P = 0.001 to 0.01, *** indicate P = 0.0001 to 0.001 and **** indicate P b 0.0001. (C) Glycoprotein G (gG) expression of
CD40-U2OS cells infected with HSV-1 at MOI 1 PFU/cell for 18 h. The cells were treated with CD40L (0.5 μg/ml) or control medium for 30 min and were then infected with HSV-1 for
18 h, stained with both CD40 and gG, and analyzed by flow cytometry (the control panel depicts CD40-U2OS cells stained only with the secondary antibodies).

Fig. 6.Dynamics of HSV-1 infection in the presence of CD40L and the PI3K inhibitor LY294002. CD40-U2OS cellswere plated in a chambered coverglass unit, treatedwith the PI3K inhibitor
LY294002 (25 μM) for 30 min, CD40L (0.5 μg/ml) or control mediumwas added for another 30 min and the cells were then infected with rHSV-RYC at MOI 20 PFU/cell, for 1.5 h on ice.
Following incubation with the virus at 4 °C, the cells were transferred in a humidified chamber on the microscope stage with 5% CO2 at 37 °C and were monitored for at least 8 h.
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3.6. Spautin-1 does not reverse the effect of CD40L on HSV-1 replication

Based on the aforementioned findings, we proceeded to investigate
whether the autophagy inhibitor spautin-1 has an effect on the produc-
tion of progeny virions. To address this issue, we treated CD40-U2OS
cells with spautin-1 in the presence or absence of CD40L and assessed
progeny virion production 24 h.p.i. Interestingly, spautin-1 significantly
inhibited the production of progeny virions compared to the control in-
fection and its effect was found to be comparable to the inhibitory effect
of CD40L onHSV-1 (Fig. 8A). Treatment of CD40-U2OS cells with CD40L
in combinationwith spautin-1 did not inhibit virion production beyond
the effect of each compound alone (Fig. 8B), suggesting that CD40L ex-
erts its effect via a pathway upstream of Beclin-1 or p53, which are both
inhibited by spautin-1 [44].

3.7. JNK is not required for CD40-mediated suppression of progeny virion
production

CD40 ligation induces the JNK pathway [45] which has been impli-
cated in autophagy induction [46]. We incubated CD40-U2OS cells
with the JNK inhibitor SP600125 in combination with CD40L and
spautin-1. The cells were subsequently infected with wild-type HSV-1

atMOI 1 PFU/cell for 24 h and the progeny virions producedwere deter-
mined by plaque assay. We found that the SP600125 inhibitor caused a
marked decrease in theproductionof progenyvirus equal to that caused
by CD40L and that inhibition of JNKwith parallel activation of the CD40
pathway caused an even greater effect (Fig. 8B) suggesting that JNK and
CD40L have opposite effects as to the inhibition of HSV-1 progeny pro-
duction. Interestingly, CD40L in combination with SP600125 leads to a
decrease in LC3 II/LC3 I ratio and the same is true for spautin-1
(Fig. 8C and D). Moreover, we confirmed that in the presence of
CD40L, there is an induction of LC3 II, independently of HSV-1 infection
(Fig. 8C). Intriguingly, CD40 activation favors LC3 I over LC3 II and the
LC3 II/LC3 I ratio decreases in the presence of CD40L.

3.8. Bafilomycin A1 blocks HSV-1 propagation irrespective of CD40 signaling

Bafilomycin A1 is an inhibitor of the vacuolar H+ ATPase (V-ATPase)
that prevents acidification of the lysosome [47] and is commonly used as
an inhibitor of autophagy since it inhibits autophagosome–lysosome fu-
sion [48]. We treated CD40-U2OS cells with Bafilomycin A1 in combina-
tion with CD40L and assessed the progeny HSV-1 virus at 24 h.p.i. We
found that HSV-1 was significantly blocked regardless of the presence of
CD40L (Fig. 8E) suggesting that acidification of the lysosome is crucial to
HSV-1 progression of infection.

Fig. 7. Effect of the PI3K inhibitor LY294002 and of CD40L on LC3 colocalizationwith HSV-1 aswell as onHSV-1 progeny virus. CD40-U2OS cells were treatedwith either the PI3K inhibitor
LY294002, CD40L or both LY294002 and CD40L. The cells were pretreated with the inhibitor or solvent vehicle for 30min, followed by addition of CD40L (0.5 μg/ml) for another 30 min.
Neither the inhibitor nor the CD40L was removed from the medium for the course of infection. After pretreatments, the cells were infected at MOI 1 PFU/cell and the supernatants were
collected at 24 h.p.i. and were titrated on Vero cells. For the immunofluorescence microscopy (panel A), cells were infected at MOI 30 PFU/cell while a binding step was added. (A) CD40-
U2OS cells were stained for HSV-1 with a rabbit anti-HSV type-1 antibody and were also stained for LC3 isoforms I and II (red). (B and C) The number of LC3 foci per cell that colocalized
with HSV-1was counted from images obtained after confocal microscopy in cells of the experiment described in (A), using the ImageJ cell counter application. Statistical analysis was per-
formed by ordinary one-way ANOVA with GraphPad Prism 6.04. Differences of the means were found to be statistically significant (P b 0.0001). Error bars represent the median.
(D) Titration of HSV-1 treated with either DMSO, LY294002 (25 μM), LY294002 and CD40L or CD40L alone. The data are representative of three independent experiments and are
shown as means ± SEM. For the statistical analysis, we performed a Repeated Measures one-way ANOVA followed by an uncorrected Fisher's LSD test using GraphPad Prism 6.04. The
asterisks indicate statistical significance. ** indicate P = 0.001 to 0.01, *** indicate P = 0.0001 to 0.001 and **** indicate P b 0.0001. ns = not significant.
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3.9. Silencing of Atg5 attenuates production of progeny virions

Atg5 constitutes a key component for the formation of the autopha-
gic vesicle. Atg5 associates covalentlywith Atg12 forming an E3-like en-
zyme which forms a complex with Atg16. The Atg5–Atg12/Atg16
complex leads to the lipidation of LC3 I, with the lipid phosphatidyleth-
anolamine (PE) to form LC3 II at the site of expansion of the autophagic
membrane [49]. In addition, Atg5 is essential to the cytoplasm-to-
vacuole-transport (Cvt) pathway in yeast [49,50]. We transfected
CD40-U2OS cells with siAtg5 and control siRNA for 48 h and subse-
quently treated the cells with CD40L (0.5 μg/ml) or vehicle solvent
and assessed the production of progeny virus collected 24 h.p.i. We
found that silencing of Atg5 led to a significant decrease in the produc-
tion of progeny virions as compared to the control. Moreover, CD40L
further inhibited HSV-1 production in combination with Atg5 silencing
(Fig. 9).

4. Discussion

In this study we demonstrate that CD40 signaling confers direct an-
tiviral effects on HSV-1 by negatively regulating the lytic cycle of the
virus. This effect is specifically attributed to CD40-mediated signals, as

expression of a mutated receptor that lacks the binding sites of TRAFs
1, 2, 3, 6 and 5 failed to protect U2OS cells from HSV-1 infection upon
CD40L treatment. We have also shown that CD40 ligation does not af-
fect the binding of HSV-1 to the cell membrane but causes a delay in
the translocation of the viral tegument protein VP16 from the cytoplasm
to the nucleus. As VP16 is largely responsible for the transactivation of
immediate-early viral genes which are required to evade the host cell
response to HSV-1 infection, the observed effects of CD40L on VP16 lo-
calization extend our understanding of the direct anti-viral properties of
the CD40 pathway.

Furthermore, CD40 signaling was found to delay the trafficking of
the viral capsid protein VP26 from the cytoplasm to the nucleus. As
VP26 is a late protein, the observation that VP26 lingers to the cyto-
plasm at the initiation of infection suggests that the delivery of the
viral capsid is disturbed. The immediate-early protein ICP0 has been
found to decrease at 24 h.p.i. The fact that we do not observe decreased
expression of ICP0 throughout the entire course of the infection is likely
due to the fact that U2OS cells can substitute the functionality of ICP0
[51]. Congruent with these findings, the DNA copies of the virus are sig-
nificantly decreased as early as 2 h.p.i while glycoprotein G (gG) synthe-
sis in CD40L treated cells is almost completely abolished at late times of
the infection.

Fig. 8. The effect of various autophagy-related inhibitors and CD40L on HSV-1 progeny virus. CD40-U2OS cells were either treatedwith the specific autophagy inhibitor spautin-1, the JNK
inhibitor SP600125, Bafilomycin A, CD40L, or a combination of the above inhibitors and CD40L. Whenever both an inhibitor(s) and CD40L were used, the cells were pretreated with the
inhibitor(s) for 30min, followed by addition of CD40L (0.5 μg/ml) for another 30min. Neither the inhibitors nor the CD40Lwas removed from themedium for the course of infection. After
pretreatments, the cells were infected at MOI 1 PFU/cell and the supernatants were collected at 24 h.p.i. and were titrated on Vero cells. (A) Titration of HSV-1 treated with DMSO, CD40L,
spautin-1 (10 μM), orwith both spautin-1 and CD40L. (B) Titration ofHSV-1 treatedwithDMSO, CD40L, spautin-1, SP600125 (7.5 μM)or a combination of them. (C). LC3 I and II expression
in CD40-U2OS cells treatedwith spautin-1, SP600125 or vehicle solvent aswell as in cells treatedwith both the inhibitors and CD40L (0.5 μg/ml) for 24 h. (E) Quantification of LC3 II/I ratio
after being normalized to actin from theWestern blot depicted on (D) using the Image Lab 5.0 software. (D) Titration ofHSV-1 treatedwith DMSO, CD40L, BafilomycinA (100nM), orwith
both Bafilomycin A and CD40L. The titration data are representative of three independent experiments and are shown as means ± SEM. For the statistical analysis, we performed a Re-
peated Measures one-way ANOVA followed by an uncorrected Fisher's LSD test using GraphPad Prism 6.04. The asterisks indicate statistical significance. * indicates P = 0.01 to 0.05, **
indicate P = 0.001 to 0.01, and *** indicate P = 0.0001 to 0.001. ns = not significant.
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The aforementioned observations coupled with the reported effects
of CD40L on autophagy [17,19,20] prompted us to investigate whether
this process is implicated in CD40-mediated anti-viral responses. To
that end, we explored a variety of pharmacological inhibitors to block
autophagy including the pan-class I/II/III PI3K inhibitor LY294002 that
affects autophagosome formation, spautin-1 that leads to degradation
of Beclin-1 and the JNK inhibitor SP600125which induces the downreg-
ulation of Beclin-1. We observed that PI3K inhibition by LY294002 re-
versed the effect of CD40 ligation on progeny virion production
(Fig. 7). Furthermore, LC3, a protein involved in the formation of
autophagosomes, exhibited perinuclear colocalization with HSV-1
under CD40 signaling which was abrogated in the presence of
LY294002. In contrast, spautin-1 and SP600125 did not reverse the
CD40-mediated anti-HSV-1 effect (Fig. 8). Similar results were obtained
when a genetic approach was applied to inhibit autophagy by silencing
Atg5 (Fig. 9). Intriguingly, suppression of autophagy by spautin-1,
SP600125 or Atg5 siRNA inhibited virion production in the absence of
CD40 ligation (Figs. 8 & 9).

Collectively, these data suggest that the antiviral properties of CD40L
are not mediated through autophagy but depend on the PI3K signaling
pathway.When autophagy is upregulated, lysosomesmove towards the
perinuclear area to fusewith the autophagosomes that are being formed
[35]. Interestingly, lysosomes have been shown to localize at the periph-
ery of the cell, when autophagosome synthesis is downregulated and
this is associated with increased mTORC1 activity regulated by Akt
[35], a downstream target of PI3K. In terms of HSV-1, the virusmobilizes
along microtubules to the nucleus, either as a naked capsid [52] or in-
side vacuoles such as endosomes [53,54], highlighting the importance
of vesicular trafficking for HSV-1 infection. Because PI3-kinase regulates
membrane trafficking [33], it is likely that the activation of this pathway
by CD40L modifies a vesicle trafficking event that is important for the
delivery of HSV-1 to the nuclear membrane. The class III PI3K Vsp34,
that is also part of the Beclin-1 complex, is critical for the formation of
vesicles in themultivesicular bodies (MVPs) and for endocytic recycling
[32,55]. However, the operation of other host cell mechanisms that are
accountable for the protective properties of CD40L cannot be excluded.
It is worth mentioning that in neuronal culture systems PI3K signaling
inhibition leads to reactivation of HSV-1 [56,57] and that a recent
study strongly associated neonatal encephalitis with active autophagy
in the brain of both mice and human specimens [58].

In conclusion, this study demonstrates that CD40 signaling exerts di-
rect anti-viral effects by blocking the progress of HSV-1 lytic cycle. The
finding that this phenomenon depends on PI3K signals but not

autophagy raises the possibility that the CD40–TRAF–PI3K axis operates
by impeding vesicular trafficking within the infected cell resulting in a
delay in the trafficking of HSV-1 or its subvirion components to the nu-
clear membrane of the host.
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