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Abstract

Herpes simplex virus type 1 (HSV-1) is a common pathogen with an age-standardized
seroprevalence of 52% in Finland. The most common manifestation of HSV-1 infection is labial
herpes, but recently HSV-1 has emerged as the most common cause of primary genital herpes in
Finnish women. HSV-1 can also lead to severe conditions such as encephalitis.

After the primary lytic HSV-1 infection at the epithelia, the progeny viruses infect the
innervating sensory neurons. The neuronal infection may lead to a quiescent infection form, called
latency. Periodically, the virus may reactivate, which can lead to recurrent infection at the
epithelia. During different phases of the viral life cycle the host cells try to restrict the infection.
This study set out to investigate the roles of two HSV-1 proteins, γ134.5 and Us3 during different
phases of the HSV-1 life cycle.

The aim of the first study was to investigate how the deletion of Us3 affected host responses,
especially Toll-like Receptor (TLR) signaling, in monocytic U937 cells. TLR3 expression was
increased during Us3 deletion virus infections. This also led to increased activation of IRF-3 and
increased expression of type I interferons (IFN) and an interferon stimulated protein. This study
shows that TLR3 is involved in controlling the HSV-1 infection and that Us3 regulates IRF-3
activation.

The second study focused on the role of the γ134.5 protein in HSV-1 latency. Embryonic
mouse dorsal root ganglion (DRG) cultures were used as a cell culture model for HSV-1 latency
and reactivation. In this model γ134.5 deletion viruses did not reactivate as efficiently as wild-type
viruses, even though they replicated well and established latency in the neurons.

Stress granules are part of the host response. In the third study, the roles of the innate immunity
effectors HSV-1 Us3 and human Z-DNA binding protein 1 (ZBP1) in stress granule formation
(SG) were studied. Wild-type HSV-1 efficiently prevented the formation of SGs. The
overexpression of ZBP1 resulted in accumulation of smaller but more abundant SGs during
oxidative stress. Overexpression of Us3 did not significantly affect the size or number of SGs, but
during Us3 deletion virus infection, SG proteins localized to cis-Golgi.

This work shows that HSV-1 uses Us3 to evade and modulate host responses and that the
γ134.5 protein is required for reactivation in mouse DRG cultures.

Keywords: ganglion culture, herpes simplex virus type 1, immune evasion, innate
immunity, latency, neurovirulence, stress granule, Us3 protein kinase, viral culture,
γ134.5 protein
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Tiivistelmä

Herpes simplex virus tyyppi 1 (HSV-1) on yleinen taudinaiheuttaja, jonka ikävakioitu seropreva-
lenssi Suomessa on 52 %. HSV-1 tunnetaan yleisimmin huuliherpeksen aiheuttajana, mutta
myös kasvava osuus genitaaliherpeksistä on HSV-1:n aiheuttamia. HSV-1 voi johtaa myös vaka-
viin ilmentymiin, kuten aivotulehdukseen.

Epiteelisolujen infektion tuottamia viruksia siirtyy aluetta hermottaviin tuntohermosoluihin,
mikä voi johtaa piilevään infektiomuotoon eli latenssiin. Latentti virus voi ajoittain reaktivoitua,
mistä voi seurata uusintainfektio. Isäntäsolu pyrkii rajoittamaan infektiota sen eri vaiheissa.
Tämän tutkimuksen tarkoituksena oli selvittää kahden HSV-1:n virulenssiproteiinin, γ134.5:n ja
Us3:n, merkitystä HSV-1:n elinkierrossa.

Osatyössä I tutkittiin, miten Us3:n poisto vaikuttaa luontaisen immuniteetin vasteisiin, kes-
kittyen etenkin Tollin kaltaisten reseptorien (TLR) signaalivälitykseen U937-monosyyttisoluis-
sa. Us3-poistogeenisillä viruksilla suoritetuissa infektioissa TLR3:n ilmentyminen lisääntyi mer-
kittävästi. Tämä johti myös lisääntyneeseen IRF-3-aktivaatioon sekä tyypin I interferonien ja
interferonistimuloituvan proteiinin lisääntyneeseen ilmentymiseen. Tämä osoittaa, että TLR3
osallistuu HSV-1-viruksen tunnistukseen ja että Us3 säätelee IRF-3:n aktivaatiota.

Osatyössä II keskityttiin γ134.5-proteiinin merkitykseen HSV-1:n latenssissa. Hiirialkioiden
takajuuren hermoganglioita käytettiin soluviljelymallina HSV-1:n latenssin ja reaktivaation tut-
kimisessa. Tässä mallissa γ134.5-poistogeeniset virukset kasvoivat hyvin ja asettuivat latenteik-
si, mutta eivät silti reaktivoituneet kuten luonnonkannan virukset.

Stressijyväset ovat osa luontaista immuniteettia. Osatyössä III määritettiin HSV-1:n Us3-pro-
teiinin ja ihmisen Z-DNA:han sitoutuvan proteiini 1:n (ZBP1) merkitystä stressijyvästen muo-
dostumisessa. Luonnonkannan virus kykeni tehokkaasti estämään jyvästen muodostumisen.
ZBP1:n yli-ilmentäminen oksidatiivisen stressin aikana johti suureen määrään pienikokoisia
stressijyväsiä. Us3:n yli-ilmentäminen ei vaikuttanut stressijyväsiin, kun taas Us3-poistogeeni-
sellä viruksella suoritetuissa infektioissa stressijyväsproteiinit paikantuivat Golgin laitteeseen.

Tämä tutkimus osoittaa, että HSV-1 käyttää Us3-proteiinia luontaisten immuunivasteiden
muunteluun ja että γ134.5-proteiini on välttämätön reaktivaatiossa hiiren hermoganglioissa.

Asiasanat: ganglioviljely, herpes simplex virus tyyppi 1, immuunivasteiden välttely,
latenssi, luontainen immuniteetti, neurovirulenssi, Us3-proteiinikinaasi, virusviljely,
γ134.5 proteiini
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DAI DNA-dependent activator of interferon regulatory factors 

DMEM Dulbecco’s modified Eagle’s medium 

DNA deoxyribonucleic acid 

DRG dorsal root ganglion 

eIF eukaryotic translation initiation factor 

FACS fluorescence-activated cell sorting 

Fas Fas cell surface death receptor 

FCS fetal calf serum 

GFP green fluorescent protein 

HCF-1 host cell factor 1 

HDAC histone deacetylase 

HSE herpes simplex encephalitis 

HSV-1 herpes simplex virus type 1  

HuR Hu antigen R 

ICP infected cell protein 

IκB  inhibitor of κB kinase (IKK) complex 

IFI16 interferon γ-inducible protein 16 

IFN interferon 

IKK κB kinase complex 

IL interleukin 

IRF interferon regulatory factor 

ISG interferon stimulated gene 

ISRE IFN-stimulated response element 

LAT latency associated transcript 



10 
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MiRNA micro-RNA 

MyD88 myeloid differentiation primary response protein 88 

MOI multiplicity of infection 

MxA myxovirus (influenza) resistance A 

ND-10 nuclear domain 10 

NF-κB nuclear factor kabba B 

Oct-1 octamer-Binding Transcription Factor 1 

PAMP pathogen associated molecular pattern 

pCMV cytomegalovirus promoter 

PCR polymerase chain reaction 

PFU plaque forming unit 

PI3-K phosphatidylinositol-4,5-bisphosphate 3-kinase 

PKR protein kinase R 

PRR pattern recognition receptor 

qPCR quantitative polymarese chain reaction 

RIG-I retinoic acid-inducible gene 1 

RNA ribonuclec acid 

RT-PCR real-time polymerase chain reaction 

SCG superior cervical ganglion 

SG stress granule 

STING stimulator of interferon genes 

TBK-1 TANK binding kinase 

TG trigeminal ganglion 

TIA-1 T-cell internal antigen 1 

TLR toll-like receptor 

U937 monocytic cell line 

Us3A A549-based cell line overexpressing flag-tagged HSV-1 Us3 protein 

vhs virion host shut-off protein 

VP16  virion transactivator protein 16 

ZBP1 Z-DNA binding protein 1 
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1 Introduction 

Herpes simplex virus type 1 (HSV-1) is a common pathogen, mostly known as the 

causative agent of labial herpes. HSV-1 also causes most of the new emerging cases 

of genital herpes in Finland. In rare cases HSV-1 infection results in life-threatening 

encephalitis (Välimaa et al. 2013).  

The life cycle of HSV-1 consists of two different phases: primary lytic infection 

at the epithelia and quiescent, latent infection in the innervating sensory neurons. 

During its life the virus is faced with many challenges, such as the activation of 

immune responses and diverse environments of different cell types (Roizman et al. 

2007).  

Innate immunity is the first line of defense against invading viruses. HSV-1 is 

recognized by a variety of pattern-recognition receptors, such as Toll-like receptors, 

NOD-like receptors and nucleic acid recognizing cytosolic receptors. These 

receptors activate complex signaling cascades which result in the expression of 

cytokines, chemokines and other antiviral genes. This leads to the induction of 

antiviral state in cells and the activation of adaptive immunity. HSV-1 infection also 

activates pathways that lead to apoptosis induction, autophagy and formation of 

stress granules. With these methods the host tries to restrict the growth of the virus 

(Hukkanen et al. 2010). 

HSV-1, however, is very proficient at immune evasion. HSV-1 codes for at 

least 84 proteins and most of them have many functions. The Us3 protein kinase 

controls many cellular responses, such as innate immunity, apoptosis and protein 

synthesis. γ134.5 is the main neurovirulence factor of HSV-1 and it is also important 

in evading host immunity and maintaining of translation. The roles of these proteins 

are often studied using deletion mutant viruses (Hukkanen et al. 2010). 

Latency is most often studied in animals in vivo. This approach has several 

disadvantages, in terms of price, need for special facilities and ethical questions. It 

is also difficult to study virus-neuron interactions when various cell types are 

present. The exact timing and imaging of events within an animal are also difficult. 

A functioning neuron culture latency model would solve these problems.  

This thesis focuses on the roles of HSV-1 γ134.5 protein and Us3 protein kinase 

during different phases of the HSV-1 life cycle.  
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2 Review of Literature 

2.1 Herpes simplex virus type 1  

Herpes simplex virus type 1 (HSV-1) is a common pathogen and HSV 

seroconversion occurs in 50% of Finnish population by the age of 30 (Pebody et al. 

2004). The most common manifestation of HSV-1 infection is the cold sores but 

within the last decade HSV-1 has also replaced HSV-2 as the most common 

causative agent of primary genital herpes in women (Tuokko et al. 2014). In rare 

cases HSV-1 can also cause encephalitis, which is a severe neurological condition. 

A characteristic feature of herpesviruses is the ability to establish latency after the 

primary infection. The primary infection site of HSV-1 is the epithelia of the oral 

mucosa, from where it spreads to the innervating sensory neurons. Most often HSV-

1 establishes latency in the trigeminal ganglion. In some cases the virus reactivates 

periodically, but it can also remain quiescent for the lifetime of the host (Roizman 

et al. 2007). 

2.1.1 Clinical HSV-1 infection 

Herpes simplex virus type 1 (HSV-1) is most commonly known as the causative 

agent of labial herpes (cold sores). The most common manifestation of HSV-1 

infection is, indeed gingivostomatitis, which used to be obtained before the age of 

5. In developing countries and populations with low socioeconomic status the 

seroprevalence of HSV-1 still remains high even in children (Bradley et al. 2014, 

Schaftenaar et al. 2014). Currently the age-standardized seroprevalence of HSV-1 

in Finland is 52% (Pebody et al. 2004). The variation between age groups is high. 

Over 80% of Finns over 40 years of age are seropositive. The median age of HSV-

1 acquisition in Finland is > 25 years (Pebody et al. 2004). Among the 8-year-olds 

only 17% are seropositive (Aarnisalo et al. 2003) and among medical students with 

an average age of 25 the seroprevalence is 40% (Välimaa et al. 2002). Historically, 

HSV-2 has been the most common cause for genital herpes, but lately there has 

been a change in the etiology of genital herpes. Over 50% of new emerging genital 

herpes cases in young women are caused by HSV-1 in Northern Finland (Tuokko 

et al. 2014). 

After the primary infection, HSV-1 establishes latency in the neurons of the 

sensory ganglia which innervate the initial infection site. The most common site 
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for HSV-1 latency after oral, ocular or nasal infection is the trigeminal ganglion. 

Following a genital infection, latency is usually established in the sacral dorsal root 

ganglia. Most clinical episodes are the result of HSV-1 reactivation which in some 

individuals occur frequently and in others never (Hukkanen et al. 2011). 

Asymptomatic shedding of HSV appears to be common (Mark et al. 2010). HSV-

1 DNA is detectable in 2,2% of oral brush samples of Finnish women (Mäki et al. 

2015). 

The most severe consequence of HSV-infection is herpes simplex encephalitis 

(HSE). It is a rare condition (1-3/100 000) and without antiviral treatment 70% of 

the patients die. The second life-threatening manifestation is neonatal herpes. 

Herpes keratoconjuctivitis is the leading cause of blindness in developed countries. 

Other conditions caused by HSV-1 include skin manifestations such as eczema 

herpeticum and herpetic whitlow (Roizman et al. 2007). 

Antiviral treatment for HSV-1 is available. The antiviral chemotherapy only 

prevents the replication of the virus but does not affect the latent virus. For this 

reason it is currently impossible to completely eradicate HSV and prevent 

reactivations (Välimaa et al. 2013). No efficient vaccine against HSV-1 or HSV-2 

is available to date despite vigorous research in the area. Several vaccines have 

reached clinical trials, but their efficacies have been poor (Belshe et al. 2012, 

Stanberry et al. 2002). Several new trials are ongoing (McAllister & Schleiss 2014). 

2.2 Structure of HSV-1 

The HSV-1 virion consists of (a) a core containing the viral DNA, (b) an 

icosahedral protein capsid which surrounds the core, (c) a partially ordered protein 

matrix called the tegument and (d) an outer lipid bilayer envelope which encloses 

the nucleocapsid and the tegument. The basic HSV-1 structure is presented in 

Figure 1. The diameter of the virion is approximately 200 nm (Roizman et al. 2007).  

 



21 

Fig. 1. The structure of the HSV-1 virion. The virion consist of a.) a core containing the 

viral genome, b.) an icosahedral capsid, c.) an amorphous protein layer called the 

tegument and d.) a lipid envelope with glycoproteins embedded into it. 

2.2.1. The core and the genome 

The core contains the double-stranded DNA (dsDNA) genome. The genome size is 

152 kb and it consists of approximately 90 unique transcriptional units, of which at 

least 84 encode proteins. The HSV genome consists of two covalently linked 

components: long (L) and short (S). They consist of unique sequences (UL and US) 

that are framed by inverted repeats (a,b,c), which means that some genes are present 

in two copies within the genome (McGeoch et al. 1988, McGeoch et al. 1986). The 

structure of the HSV-1 genome is presented in Figure 2. 

The HSV genome can be presented as: aLanb-UL-b’a’mc’-US-caS, where aL and 

aS are terminal sequences, and an and am are terminal repeats which can be present 

in 0 to more copies (n) or one to many copies (m). The repeats of L component can 

be designated as ab and b’a’ and the repeats of S component as a’c’ and ca (Roizman 

et al. 2007). The L and S components of the genome can invert relative to each 

other to yield four isomers of the genome, designated as P (prototype), IL (L 

component inverted), IS (S component inverted) and ISL (both S and L components 

inverted) (Hayward et al. 1975). 

Glycoprotein 
spikes

Viral DNA

Lipid
envelope

Tegument
proteins

Capsid
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Fig. 2. Schematic representation of the HSV-1 genome. The genome consists of two 

covalently linked components, L (long) and S (short) (denoted by the arrows). The L 

component consist of a unique terminal a sequence (aL), 0 to many (n) copies of 

additional a sequences (an), the b sequence (b), unique L sequence (UL) and inverted 

repeat of the b sequence (b’). The S component consists of one to many (m) number of 

copies of sequence a (a’m), inverted c sequence (c’), unique S sequence (US), c 

sequence (c) and terminal a sequence (aS). 

2.2.2 The capsid 

The capsid has a diameter of 125 nm and is composed of 162 triangular capsomeres 

arranged into icosahedral symmetry (Roizman et al. 2007).  

2.2.3 The tegument 

The tegument is the least ordered part of the virus, encompassing the space between 

the envelope and capsid. The tegument is roughly 25 nm thick and contains at least 

20 viral proteins of which some remain closer to the capsid (inner tegument), some 

span the whole tegument and some reside close to the lipid envelope (outer 

tegument). The most notable proteins residing in the tegument are the VP16 virion 

transactivator protein, the virion shut-off protein (vhs), VP22 and VP1/2 (Laine et 

al. 2015). The tegument has also been reported to contain cellular proteins and 

RNAs of both viral and host origin (Loret et al. 2008, Sciortino et al. 2001).  

2.2.4 The envelope 

The envelope is a lipid bilayer with 11 viral glycoproteins embedded into it. The 

glycoproteins are important for virus attachment, entry and viral morphogenesis 

(Connolly et al. 2011).  
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2.3 Lytic infection 

Lytic infection, or productive infection, leads to the release of infective viral 

particles. It begins when the viral glycoproteins attach to the surface proteins of the 

host cells. The attachment results in fusion of the viral lipid envelope and the 

cellular plasma membrane or less commonly endocytosis. The tegument proteins 

are then released into the cytosol, and the capsid is transported along the 

microtubule network to the nucleus. The viral genome is released into the 

nucleoplasm, where it rapidly circularizes and obtains histones. Viral genes are then 

expressed as a finely controlled cascade, leading to the replication of HSV-1 

genome and assembly of the virus in the nucleus. The progeny virions are released 

through the nuclear membranes and obtain their lipid envelope during their journey 

through the Golgi apparatus. The mature virions then bud through the plasma 

membrane into the extracellular space (Roizman et al. 2007). The HSV-1 life cycle 

is summarized in Figure 3. Steps 1 – 12 represent the lytic infection.  

2.3.1 Viral gene expression during lytic infection 

After the HSV-1 DNA enters the nucleus it is immediately circularized and coated 

with histones. Components of nuclear domain 10 (ND-10) are then assembled at 

the DNA. These components include a wide variety of coactivators, corepressors 

and histone modifying enzymes (Maul 1998). The core histone tails can be post-

translationally modified, most commonly by acetylation (relaxation of chromatin) 

or methylation (repressive modification, tightening of chromatin). Upon entry, the 

host cell assembles nucleosomes on viral DNA. These nucleosomes are 

repressively modified by methylation. Viral gene expression requires 

demethylation of these repressive histones (Roizman 2011).  

HSV-1 DNA is transcribed in the nucleus by the host RNA polymerase II. The 

HSV genes are divided into three groups which are expressed in a cascade fashion: 

α or immediate early (IE), β or early (E) and γ or late (L), which activate each other 

sequentially. The α genes are expressed without de novo viral protein synthesis. 

The expression of the β genes requires the presence of at least one of the α proteins, 

infected cell protein 4 (ICP4), but not the onset of viral DNA synthesis. The γ genes 

are expressed after the viral DNA synthesis has begun. This grouping has later been 

specified so that the β and γ genes are further divided into groups (β1 and β2, γ1 

and γ2). β1 genes are made short after, if not concurrently with, the expression α 

genes, whereas β2 expression takes place later during the infection. The γ1 gene 
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expression occurs earlier in the infection and is boosted by DNA synthesis, whereas 

γ2 genes require DNA synthesis for their expression late during the infection 

(Roizman et al. 2007, Roizman et al. 2007, Roizman 2011, Roizman et al. 2011, 

Roizman & Whitley 2013).  

The HSV-1 gene expression is strictly regulated by HSV and cellular proteins. 

First viral tegument protein 16 (VP16) binds cellular host cell factor 1 (HCF1) in 

the cytosol, which leads to nuclear transport of VP16 (Boissière et al. 1999). Host 

cell octamer binding protein 1 (Oct-1) recognizes a consensus sequence in the IE 

promoter area (Kristie et al. 1989). Then VP16-HCF-1-complex binds to Oct-1 and 

enhancer core elements (Katan et al. 1990, Wilson et al. 1993). Lysine specific 

demethylase 1 (LSD1), circadian acetyl transferase CLOCK and transcription 

factors are also recruited to the complex, which leads to derepression of the genes 

and initiation of α gene transcription (Kalamvoki & Roizman 2010, Liang et al. 

2009, Narayanan et al. 2007, Zhou et al. 2010) . The α mRNAs are transported to 

the cytoplasm where the six α proteins (ICP0, ICP4, ICP22, ICP27, ICP47 and 

US1.5) are translated and then localized back to the nucleus (Roizman et al. 2007). 

The α proteins then form the nuclei for HSV-1 replication at the remnants of ND10 

bodies (Roizman 2011). ICP0 degrades ND10 components and dissociates the 

repressor complex HDAC/CoREST/LSD1/REST (HCLR) from the HSV genome 

by displacing histone deacetylases (HDACs) from it, which leads to permissive 

changes in histone methylation, thus enabling β and γ gene expression (Gu et al. 

2005, Gu & Roizman 2009, Maul & Everett 1994). The β proteins are expressed 

between 4 – 8 hours postinfection. They promote HSV DNA replication and induce 

the expression of γ genes. The γ gene expression is stimulated by HSV DNA 

replication. The structural proteins that form the new virion are coded by γ genes. 

After a specific gene class has carried out its function, it is repressed either by 

proteins from the same gene class or by proteins from later gene classes (Roizman 

et al. 2007, Roizman 2011, Roizman et al. 2011, Roizman & Whitley 2013). 

2.4 Latent infection 

After the primary productive infection at the epithelia, the progeny viruses spread 

to the innervating sensory neurons by fusing with the membranes of the axonal 

termini. In the case of HSV-1, the somas of the neurons usually reside in the 

trigeminal ganglion, which innervates the lips, eyes and gingiva. The capsid is 

transported retrogradely along the microtubule network to the cell soma. The 

genome is translocated to the nucleus where repressively modified histones are 
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immediately assembled onto it (Roizman et al. 2007). Whether the genome remains 

latent or enters a lytic cycle depends on the balance of cellular and viral factors. In 

case of latency, lytic gene expression is repressed by methylation of histones, but 

the latency associated transcript (LAT) area remains active (Stevens et al. 1987). 

Several RNA species are made from the LAT area and are important in controlling 

latency (Jiang et al. 2015a, Jiang et al. 2015b, Perng et al. 1994, Umbach et al. 

2008). In some cases the virus can reactivate periodically. Reactivation is often 

induced by environmental stimuli, such as stress, UV light or hormonal changes. 

After reactivation a normal lytic cycle is started and the viruses are released from 

the axonal termini to or near the portal of initial entry (Roizman et al. 2007). The 

HSV-1 life cycle is summarized in Figure 3. Steps 13 – 20 represent the latent 

infection. 

A quiescent form of infection must meet several criteria before it can be 

accepted as true latency. The virus must be able to reactivate under appropriate 

experimental conditions and viral DNA or LAT RNA must be detectable in the cells 

(Roizman et al. 2007).  

2.4.1. Establishment of latency 

The main outlines of the current thinking on establishment of latency are as follows: 

After entry into the axons, the capsids are actively transported to the nucleus via 

the microtubule network but the VP16 tegument protein has to cover the distance 

between the axonal termini and the soma by other means (Hafezi et al. 2012). In 

neuronal cells HCF-1 is only localized to the nucleus in response to environmental 

stress. In absence of VP16 and HCF-1 the HSV genome remains repressed and gene 

expression remains intercepted. Without ICP0 the HCLR complex remains intact 

and the lytic gene areas remain inactive (Zhou et al. 2013). Repressively modified 

histones are associated with the lytic gene areas, whereas the LAT locus remains 

associated with transcriptionally permissive marks (Bloom et al. 2010). After a few 

days only LAT RNA and miRNAs are expressed in the cells. Mutant viruses that 

lack the LAT locus can establish latency in rodent models, but reactivation occurs 

at reduced levels (Roizman & Whitley 2013, Wilson & Mohr 2012). 

2.4.2. Maintenance of latency  

Clinical recurrence with visible cold sores is a clear sign of viral reactivation. 

However, the virus can be detected at the mucosa even without detectable 
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symptoms (Mark et al. 2010). Some lytic gene areas remain transcriptionally active 

even during persistent infection in neurons (Harkness et al. 2014). The latent 

infection form seems to be intrinsic for neurons, but different neuronal subtypes 

have been shown to differ in their susceptibility to HSV-1 latency both in murine 

TGs and in human TG samples (Flowerdew et al. 2013). This indicates that latency 

is a complex equilibrium controlled by many factors, both of viral and host origin. 

Several miRNAs are expressed from the 8,3 kb LAT RNA area (Jurak et al. 

2010, Umbach et al. 2008). One of the roles for these miRNAs may be to monitor 

the cell for sporadic lytic transcript expression and their degradation. The miRNAs 

can indeed reduce the protein levels of ICP0, ICP4 and ICP34.5 (Tang et al. 2013, 

Umbach et al. 2008). The LAT transcript can prevent the neuron from entering 

apoptosis during latency (Branco & Fraser 2005, Perng et al. 2000). 

The HSV-1 genome is immediately modified after entering the nucleus. The 

genome is associated with histones as early as 1 hpi. Later on (5 dpi) the amount of 

histones increases. During latency the histones often carry repressive modifications. 

For lytic genes, repressively modified histones are more abundant during latency 

but are removed during reactivation. LAT region, however, exhibits increased 

activation and less repression during latency. LAT transcript seems to guide the 

modifications of the lytic gene areas during latency (Bloom et al. 2010, Watson et 

al. 2013).  

The host is also efficient in keeping the virus in control. In patient samples 

CD8+ cells have been shown to infiltrate in ganglia that have been latently infected 

with HSV-1 (Derfuss et al. 2007). These cytotoxic lymphocytes (CTLs) are also 

able to prevent HSV spread from a reactivated neuron to other neurons by 

granzyme A (Pereira et al. 2000). Granzyme B, in turn, can cleave ICP4 

(Knickelbein et al. 2008). Interferon γ can reduce ICP0 promoter activity (Decman 

et al. 2005).  

Already decades ago it was noted that herpetic lesions can be induced by 

cutting a nerve which innervates the area (Carton & Kilbourne 1952). The reason 

for this phenomenon seems to be the discontinuation in nerve growth factor (NGF) 

signaling (Wilcox & Johnson 1987). NGF signaling pathway leads to Tropomyosin 

receptor kinase A (TrkA) activation and phosphorylation of Akt via the 

phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) pathway. This in turn leads 

to the activation of eukaryotic translation initiation factors 4E (eIF4E) and 

continuing translation (Chuluunbaatar et al. 2010). A blockage in this pathway in a 

latently infected neuron leads to reactivation of the virus (Camarena et al. 2010). 
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2.4.1 Reactivation 

Clinical reactivation can be induced by multiple triggers such as fever, UV light, 

stress and hormonal changes (Roizman et al. 2007). Numerous studies have 

concentrated on investigating the mechanism at the cellular level. Early studies 

indicate that stress or trauma can lead to NGF deprivation in the neuron (Wilcox & 

Johnson 1987). Histone demethylases are then required to remove repressive 

histone marks from the lytic gene areas (Messer et al. 2015). A concurrent 

derepression of all gene classes follows (Du et al. 2011, Kim et al. 2012). This 

phase I is independent of viral protein synthesis (Kim et al. 2012). At the same time 

LAT RNA and miRNAs are actively degraded by a viral gene product (Du et al. 

2011). After the initial unordered phase I, a more ordered phase II follows. Phase 

II requires VP16 transactivator protein and cellular Oct-1. Blockage in the NGF 

signaling pathway also leads to nuclear relocalization of HCF-1. The interaction of 

HCF-1, Oct-1 and VP16 leads to disruption of the HCLR complex and activation 

of α gene expression followed by ordered gene expression such as occurs during 

acute infection (Kim et al. 2012). ICP0 is also required for efficient reactivation 

(Halford & Schaffer 2001). In a recent study it was shown that inhibition of 

p300/CBP histone acetyl transferase can block reactivation and degradation of the 

LAT and miRNAs. The same study also indicated that STAT3 signaling is important 

for keeping the latent virus in control (Du et al. 2013).  

Even in the presence of a strong stimulus, all latent viruses do not reactivate 

(Halford et al. 1996, Sawtell & Thompson 1992). This poses several questions: Are 

some neurons more efficient in keeping the virus latent? Does the viral strain play 

a role? What is the role of adaptive immunity? Studies indicate that the virus is able 

to reactivate only in a small portion of the latently infected neurons. Some neuronal 

subtypes are more prone to latent infection. Neurons identified by A5 monoclonal 

antibody, which recognizes Galβ1-4GlcNAc-R epitopes on cell surfaces, are 

nonpermissive for HSV-1 productive infection and reactivation, and the specificity 

is controlled by LAT region (Bertke et al. 2011). It is noteworthy that A5+ neurons 

are NGF responsive. The genome copy number present in the latently infected 

neuron also seems to play a role, and the copy number is virus strain specific 

(Sawtell 1998, Sawtell et al. 1998). Adaptive immune functions are also able to 

block reactivation, reduce spread and prevent the neuron from cell death (Decman 

et al. 2005, Knickelbein et al. 2008, Ramachandran et al. 2010).  

In some humans, viral reactivation can be very frequent, and the shedding is 

often continuous and asymptomatic. Viral replication is thought to lead to death of 
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the host cell, and it seems unlikely that neurons could survive reactivation 

(Roizman & Whitley 2013). It has also been proposed that neurons might possess 

unique properties which would help them survive after viral replication or that viral 

gene products could enhance neuronal survival during reactivation (Himmelein et 

al. 2015, Perng & Jones 2010). Nevertheless, even frequent viral shedding does not 

lead to anesthesia of the innervated areas. Whether this is due to adjacent neurons 

that project into the area, replacement of the neurons by neuronal stem cells or 

survival of the neurons is unclear at the moment (Roizman & Whitley 2013).  

2.4.2 Cell culture models for the study of HSV-1 latency 

HSV latency is most often studied using animal models such as mice and rabbits. 

(Webre et al. 2012). However, it is difficult to study the virus-host interactions at 

cellular and molecular level in vivo. In order to study reactivation at ganglionic 

level, the trigeminal ganglion of latently infected animals can be dissected and 

plated on permissive cells (Stevens & Cook 1971). It is also possible to culture the 

pre-infected, dissected ganglion alone and study the events within it (Du et al. 

2011). In the often used mouse footpad model, HSV-1 is inoculated into the footpad 

of a mouse which leads to lytic infection followed by a latent infection of the dorsal 

root ganglia (DRGs). The DRGs can be dissected and cultured to study HSV-1 

reactivation (Stevens & Cook 1971). The early events, such as the primary infection 

of the ganglionic cells and establishment of latency, and the role of non-neuronal 

cells present within the ganglion are hard to monitor using these models. 

A cell culture model would be a solution to the aforementioned problems. A 

model that was created by Wilcox & Johson in the 1980’s has so far been the most 

widely used model. It utilizes prenatal or neonatal rat superior cervical ganglion 

(SCG) neurons. The dissociated SCG neurons are plated on rat- tail collagen, 

treated with fluorodeoxyuridine for 10 to 12 days and then with aciclovir (ACV) 

from 24 hours before until 7 days post-infection. The cultures are infected with 

wild-type HSV-1(F) and after 14 days the virus is reactivated with anti-NGF 

antibody (Wilcox & Johnson 1987, Wilcox & Johnson 1988). An advanced SCG 

model has recently been developed and used successfully to study HSV-1 latency 

and reactivation. In this model the SCG neurons are plated on rat tail collagen or 

matrigel and dividing cells eliminated by treatment with aphidicolin and 5-

fluorouracil for 6 days. The cells are treated with ACV from 24 hour before until 6 

days post-infection, and the virus is reactivated using chemical inducers such as 
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PI3-K inhibitor (Camarena et al. 2010, Kim et al. 2012, Kim et al. 2014, Kobayashi 

et al. 2012a, Kobayashi et al. 2012b).  

Other neuronal culture methods that have been used to study HSV-1 latency 

include neonatal rat dorsal root ganglion (DRG) neurons (Arthur et al. 2001), adult 

mouse trigeminal ganglia (TG) neurons (Bertke et al. 2011) and whole non-

dissociated embryonic TGs of chicken (Hafezi et al. 2012). When HSV-1 latency 

is studied in cultured cells, ACV is most often used to limit the spread of productive 

infection and neuronal death (Svennerholm et al. 1981). Replication defective HSV 

mutants (Arthur et al. 2001), human IgG (Bertke et al. 2011) and 

compartmentalization by chamber systems (Hafezi et al. 2012) have also been used 

to limit the harmful effects of viral infection and spread. 

2.5 Neurovirulence 

The term neurovirulence encompasses both the neuroinvasiveness from a 

peripheral site and the ability to replicate in neurons. Neurovirulence is a property 

which requires an orchestrated function of several genes, but it is accepted that the 

main neurovirulence factor of HSV-1 is the γ134.5 protein (Roizman et al. 2007). 

Other viral factors that have been linked to neurovirulence include Us3, LAT 

miRNA-H2 (miR-H2) and viral glycoproteins. Us3 prevents apoptosis of neurons 

and thus confers to neurovirulence (Mori 2012). The LAT miR-H2 decreases HSV 

neurovirulence in vivo by controlling the amount of ICP0 produced in the neurons 

(Jiang et al. 2015a). Several viral glycoproteins (gB, gC, gD and gK and gB) also 

affect neuroinvasiveness (Mott et al. 2009, Ramachandran et al. 2010, Rozenberg 

& Lebon 1996, Sunstrum et al. 1988). 
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Fig. 3. Life cycle of HSV-1. 1. The virus attaches to cell-surface glycoaminoglycans. 2. 

The envelope fuses with the plasma membrane. 3a. The capsid is transported to the 

nuclear pore and the genome is released into the nucleus, where it circularizes and 

associates with histones. 3b. Tegument proteins are released into the cytoplasm. VP16 

translocates to the nucleus together with HCF-1 and binds to Oct-1 and HSV-1 DNA to 

derepress the viral genome. 4. The α genes are transcribed by host RNA polymerase II 

and the mRNAs localize to cytosol. 5. The α proteins are translated in the cytosol. 6. 

The α proteins translocate to nucleus and induce the transcription of β genes. 7. The β 

proteins are translated in the cytosol. The β proteins promote 8a. the expression of γ 

genes and 8b. replication of the HSV-1 genome. 9. The γ proteins are translated in the 

cytosol. 10. The γ proteins promote the assembly of the capsid, packaging of the 

genome and viral egress. 11. The virus obtains its envelope by a complex journey 

through the cell. Final envelopment takes part in the Golgi network. 12. The mature 

virion is released into the extracellular space through the plasma membrane. 13. The 

daughter virions can then infect the innervating sensory neuron axons. 14 a. The capsid 

is transported to the cell soma and the genome is released into the nucleus. 14 b. The 

transport of VP16 tegument protein is slow in neurons and thus VP16 is not present to 

promote viral gene expression in the nucleus. 15. The viral genome remains associated 

with histones, and HDACs remodel the histones with repressive modifications. Thus, 

the genome is silenced. Only the area of LAT promoter remains active and no lytic 

proteins are made. This quiescent state is called latency. Reactivation may occur as 

follows: 16. An activating stimulus alters the cellular environment. 17. All lytic gene 

classes are simultaneously de-repressed and transcribed in a VP16-independent 

fashion. 18. A normal VP16-dependent cascade of viral replication then follows. 19. New 

progeny viruses are assembled and released from the neuron. 20. This may lead to a 

new lytic infection at the epithelia, viral shedding and possibly a recurrent infection.  

2.5.1 The γ134.5 neurovirulence gene 

The deletion of the γ134.5 gene severely impairs the ability of HSV to both invade 

and replicate in the CNS. For this reason, γ134.5 is often deleted from gene therapy 

vectors. These deletion vectors have been safely used in clinical trials, showing no 

toxicity to the patients (Harrow et al. 2004). When human neuroblastoma cells are 

infected with a Δγ134.5 virus, all HSV-1 gene classes are transcribed, but after γ 

gene expression a complete cessation of protein synthesis occurs (Chou & Roizman 

1992). The γ134.5 deletion viruses are highly neuroattenuated, but can replicate in 

ependymal cells and some neurons in vivo if inoculated at high multiplicity of 

infection (Kesari et al. 1998).  

However, the γ134.5 null mutants are virulent in pkr-/- mice (Leib et al. 2000). 

HSV infection activates protein kinase R (PKR). The activated form of PKR then 



32 

phosphorylates the alpha subunit of translation initiator factor 2 (eIF2-α) thus 

inhibiting translation and replication of HSV. The product of γ134.5 protein can 

bind to the alpha subunit of protein phosphatase 1 (PP1α) and bridge it to eIF2α. 

eIF2α is then dephosphorylated and protein synthesis and viral replication can 

proceed (He et al. 1997, Li et al. 2011). A Δγ134.5 virus with a second-site mutation 

leading to immediate early expression of Us11 reacquires the ability to grow in 

nonpermissive cells. Nevertheless, these mutants remain neuroattenuated (Mohr et 

al. 2001). ICP34.5 can also inhibit autophagy. Autophagy is a catabolic process by 

which the cell degrades and recycles its constituents in a controlled fashion (Ferraro 

& Cecconi 2007). The inhibition of autophagy is mediated by ICP34.5 binding to 

Beclin 1 protein. When the Beclin 1 binding amino acids of ICP34.5 are mutated, 

the virus is rendered non-neurovirulent in wild-type mice. Once again the mutant 

is able to grow in pkr-/- mice (Orvedahl et al. 2007). ICP34.5 has also been shown 

to inhibit innate immune responses by sequestering TBK-1 (Verpooten et al. 2009) 

and by inhibiting the activation of NF-κB (Jin et al. 2011). Two micro-RNAs 

(miRNAs) are also expressed opposite the HSV-1 γ134.5 gene region (Jurak et al. 

2010, Tang et al. 2013, Umbach et al. 2008), and one of them can inhibit γ134.5 

gene expression (Flores et al. 2013). 

2.6 Innate Immunity  

the immune response against pathogens consists of two parts: innate immunity and 

adaptive immunity. Innate immunity is often referred to as the first line of defense 

against invading pathogens. It is rapidly activated and functions to limit the spread 

of the pathogens before the onset of more specific adaptive immune responses. 

Innate immunity uses germ-line coded receptors that are not produced by somatic 

recombination to recognize structures that are shared by pathogens and are absent 

in healthy host cells. Innate immunity activation leads to the production of 

interferons and other cytokines that mediate cellular responses and activate 

adaptive immunity. 

2.6.1 Innate immune signaling during HSV-1 infection  

At first, HSV-1 is recognized by Toll-like receptors (TLR) and cytosolic receptors. 

These receptors are called pattern recognition receptors (PRR) and they recognize 

pathogen associated molecular patterns (PAMP) such as nucleic acids and proteins. 

Different PRRs localize to different cellular compartments and they survey the cell 
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for HSV-1 derived PAMPs (Melchjorsen 2012). Once the receptors are engaged 

with a ligand they signal through down-stream adaptor proteins, such as 

Toll/interleukin 1 receptor domain-containing adaptor inducing IFN-β (TRIF), 

myeloid differentiation primary response proteins 88 (MyD88), stimulator of 

interferon genes (STING aka MITA ) and mitochondrial antiviral signaling protein 

(MAVS aka IPS-1). The signaling cascade continues with activation of classical 

inhibitor of κB (IκB) kinase (IKK) complex and TANK-binding kinase 1 (TBK1) 

and inducible IKK-i kinase. IKK phosphorylates IκB which leads to the release and 

nuclear translocation of a transcription factor nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB). NF-κB induces the expression of 

inflammatory cytokines. TBK-1 and IKK-i complex activate IRF-3 and IRF-7, 

which induce the expression of interferons α and β and inflammatory cytokines. 

Recognition of HSV-1 can also activate MAPK signaling, which leads to activator 

protein 1 (AP-1) activated expression of genes involved in cell cycle progression, 

differentiation, and apoptosis. Some HSV recognizing receptors activate 

inflammasomes which control caspase-1 activation and IL-1β and IL-18 responses 

(Kumari et al. 2015, Ma & He 2014, Miettinen et al. 2012).  

The secreted cytokines bind to heterodimeric interferon-α/β receptor (IFNAR) 

on the cell-surface of adjacent cells. The signaling is mediated by Janus kinases, 

and by a complex called ISGF3, which is composed of signal transducer and 

activator of transcription 1 and 2 (STAT1 and STAT2) and p48 proteins. ISGF3 

binds to an IFN-stimulated response element (ISRE) and induces the transcription 

of several interferon stimulated genes (ISGs) such as protein kinase R (PKR), 

oligoadenylate synthase (OAS), interferon γ-inducible protein 16 (IFI16), Z-DNA 

binding protein 1 (ZBP1), myxovirus resistance A (MxA, also known as IFI76), 

ISG54 and ISG56 and thus creates an antiviral state (Kumari et al. 2015). 

2.6.2 HSV-1 recognition by innate immunity 

HSV-1 has been shown to be recognized by multiple PRRs. TLR2 recognizes HSV 

glycoproteins (Leoni et al. 2012). In addition, ανβ3-integrins can interact with 

HSV’s glycoproteins and activate innate immunity (Gianni et al. 2012). TLR3 is 

important especially in the nervous system in protection against HSV-1 (Reinert et 

al. 2012). TLR3 deficient patients are more prone to herpes simplex encephalitis 

(HSE) (Lim et al. 2014). TLR9 recognizes double-stranded CpG DNA and is 

indispensable for induction of interferon responses against HSV-1 and HSV-2 in 

murine plasmocytoid dendritic cells (pDCs) (Krug et al. 2004).  
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Cytosolic RNA-detecting retinoic acid-inducible gene 1 (RIG-I) and 

melanoma differentiation associated gene 5 (MDA-5) are induced in response to 

HSV-1 infection in a cell type specific manner (Crill et al. 2015, Melchjorsen et al. 

2010).  

There are many cellular DNA sensors which have been shown to recognize 

HSV-1. ZBP1 or DAI was the first to be published (Takaoka et al. 2007). RNA 

polymerase III (RNAPolIII) can recognize HSV DNA and transcribe it to RNA to 

be recognized with RNA receptors (Chiu et al. 2009). IFI16 recognizes HSV-1 

DNA both in the cytosol and in the nucleus (Knipe 2015). Cyclic guanosine 

monophosphate-adenosine monophosphate synthase (cGAS) is required for IRF-3 

signaling and IFN-β induction during HSV infection (Wu et al. 2013). Other DNA 

sensors that recognize HSV-1 include Ku70, DEAD box Proteins 60 (DDX60) and 

9 (DHX9) (Ma & He 2014).  

2.6.3 Innate immune evasion by HSV-1 

After detection of HSV-1 many cellular responses are activated in the cell including 

induction of antiviral genes, translational arrest and apoptosis. This way the cell 

aims to restrict viral replication and spread. HSV, however, has developed many 

ways to evade the innate immune responses. Infected cell protein 0 (ICP0) is a 

potent inhibitor of innate responses. ICP0 targets IFI16, MyD88, MyD88-adapter-

like (Mal) and IRF-3 for degradation and thus prevents activation of ISGs (Melroe 

et al. 2006, Orzalli et al. 2012, van Lint et al. 2010). ICP34.5 protein in turn 

precludes PKR mediated translational arrest and inhibits TANK-binding kinase 1 

(TBK-1) activity and autophagy (Li et al. 2011, Orvedahl et al. 2007, Verpooten et 

al. 2009). The functions of ICP34.5 were discussed in detail in paragraph 2.4.1. 

The virion host shutoff protein (vhs, product of UL41 gene) attenuates IFN and ISG 

induction most likely by degrading host RNAs and inhibits stress granule formation 

during infection (Dauber et al. 2011, Pasieka et al. 2008). Us3 viral protein kinase 

inhibits apoptosis, promotes translation by mimicking Akt, inhibits IRF-3 and NF-

κB induced antiviral gene expression and stabilizes STING and IFI16 during HSV-

1 infection (Chuluunbaatar & Mohr 2011, Jerome et al. 1999, Kalamvoki & 

Roizman 2014, Wang et al. 2013, Wang et al. 2011). Us3 is discussed in more detail 

in chapter 2.7. Us11 inhibits PKR- mediated translational arrest, inhibits 2’-

5’oligoadenylate synthase and down-regulates RLR-signaling (Poppers et al. 2000, 

Sanchez & Mohr 2007, Xing et al. 2012). Us11 also binds to RIG-I and melanoma 

differentiation-associated antigen 5 (MDA-5) and thus inhibits IFN-β production 
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(Xing et al. 2012). ICP27 prevents translational shut-off, dampens IRF-3 and NF-

κB signaling, down-regulates STAT-1 activation and is involved in the regulation 

of apoptosis (Sandri-Goldin 2011). The mechanisms by which HSV-1 evades host 

responses are summarized in figure 4. 

 

Fig. 4. Evasion of host immunity by HSV-1. HSV-1 evades the host responses by 

multiple mechanisms. HSV-1 proteins involved in the evasion process include ICP0, 

γ134.5, Us3, ICP27, Us11 and vhs. See chapter 2.5.3 for further details. 

2.6.4 Z-DNA binding protein 

Z-DNA binding protein (ZBP1) aka DNA-dependent activator of IFN regulatory 

factors (DAI) is a cytosolic pattern recognition receptors that recognizes double-

stranded DNA. ZBP1 contains two Z-form DNA binding domains, named Zα and 

Zβ, in its C-terminus and a DNA-binding D3 domain in the middle region of the 

protein (Takaoka et al. 2007). The ZBP1 gene consists of 10 exons. The splicing 

variants are very heterogeneous and 50% of variants lack the Zα domain 

(Rothenburg et al. 2002). All DNA binding domains are needed for full activation 

of the mouse IFN-response, but only D3 seems to be essential for DNA binding 

(Wang et al. 2008). The ZBP1 promoter area also contains an ISRE element, and 
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the protein is, indeed, interferon induced (Takaoka et al. 2007). When DAI becomes 

activated it dimerizes, which leads to activation of the immune responses. It has 

been suggested that Zα and Zβ promote the conformational change which allows 

the multimerization of ZBP1s and down-stream signaling (Ha et al. 2008). ZBP1 

signals through TBK-1 and STING to activate IRF-3 and through receptor-

interacting proteins 1 and 3 (RIP1/RIP3) to activate NF- κB (DeFilippis et al. 2010, 

Kaiser et al. 2008, Takaoka et al. 2007).  

Immunofluorescent stainings of full-length ZBP1 reveal a finely punctate 

cytoplasmic staining. In response to stress, however, ZBP1 localizes to stress 

granules (Deigendesch 2006). In IFN treated cells, DAI occasionally localizes to 

nuclear foci which overlap PML bodies. The ΔZα protein is more often associated 

with these bodies (Pham et al. 2006). The Zα also appears to be responsible for the 

translocation of ZBP1 to stress granules and the localization is dependent on DNA 

binding amino acids in Zα (Ng et al. 2013). 

2.6.5 ZBP1 and HSV-1 

ZBP1 was the first cytosolic receptor that was reported to recognize HSV and 

induce interferon responses during HSV-1 infection in mouse embryonic 

fibroblasts (MEFs) (Takaoka et al. 2007). ZBP1 is not, however, essential for IFN-

β production in response to DNA in MEFs, since there are redundant DNA-

recognition pathways in these cells (Kaiser et al. 2008). ZBP1 is required for HSV-

1 induced cytokine production in murine microglia and astrocytes and its 

expression is significantly elevated in the murine model of HSE (Furr 2011). ZBP1 

has also been shown to be more frequently expressed in latently infected murine 

neurons (Ma et al. 2014). Human ZBP1 can repress HSV-1 growth and ICP0 

promoter activation in hepatic cells, but this effect is not related to DNA sensing 

and interferon induction (Pham et al. 2013). ZBP1 is involved in stabilizing IFI16, 

perhaps by regulating ICP0, which is known to degrade IFI16 (Orzalli et al. 2012, 

Pham et al. 2013). Zβ and D3 domains are responsible for the effect ZBP1 has on 

ICP0 promoter and HSV-1 growth (Pham et al. 2013).  

2.7 Stress granules  

The cell is the ultimate survivalist. If something threatens its homeostasis, it 

responds fast and effectively. Stress granules (SG) are one of the mechanisms by 

which the cell responds to environmental stress. Rapid changes in environmental 
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conditions activate stress-sensing serine/threonine kinases, which leads to changes 

in the phosphorylation status of elongation initiation factors. This results in inactive, 

stalled 48S preinitiaton complexes that are bound to mRNA (48S mRNP), but are 

unable to bind to the 60S ribosomal subunit and thus initiate translation (Anderson 

& Kedersha 2002). These 48 S mRNP structures then function as nuclei of stress 

granule assembly.  

At the second stage of SG assembly is the binding of additional SG nucleating 

proteins such as T-cell internal antigen 1 (TIA-1), and Ras-Gap Binding protein 3 

(G3BP1). After this the SGs continue to assemble to a fairly uniform composition 

of proteins which condense into dynamic, microscopically visible stress granules. 

Other proteins are recruited into SGs through protein-protein interactions. The SGs 

are centers for mRNA triage. In the SGs the mRNAs are sorted, and some are sent 

to disposal, whereas others are stabilized for export or storage (Anderson & 

Kedersha 2008). Certain transcripts are even reconverted to active polysomes. In 

addition, SGs also function as emergency signaling centers of the cells (Kedersha 

et al. 2013). 

2.7.1 TIA-1  

T-cell-restricted intracellular antigen-1 (TIA-1) and TIA-1 related protein (TIAR) 

have been shown to control many cellular processes such as mRNA splicing, 

translation and stability and the stress response and induction of cell death. These 

proteins share a similar domain composure, tissue distribution and subcellular 

localization, and they both shuttle between nucleus and cytoplasm (Ivanov et al. 

2011). In normal conditions TIA-1 and TIAR localize to the nucleus and are 

translocated to the cytoplasm in response to stress (Kedersha et al. 2000). During 

stress, stalled initiation complexes form, and they are recognized and assembled 

into stress granules by TIA-1/TIAR binding. TIA-1/TIAR alone can serve as a 

nucleus for SG assembly (Kedersha et al. 2002). TIA-1 mediates and suppresses 

mRNA translation by binding AU-rich elements (AREs) in the cytoplasm (de 

Silanes 2005). TIAR has been shown to move from nuclear fraction to cytoplasmic 

fraction after apoptosis induction (Taupin et al. 1995). TIA-1 can induce apoptosis 

by alternative splicing of Fas (Izquierdo et al. 2005). The spliced Fas then activates 

FAST kinase, which in turn phosphorylates TIA-1 (Tian et al. 1995). Interestingly, 

HSV-1 replication is better in TIA-1 or TIAR deficient MEFs (Li et al. 2002).  
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2.7.2 Stress granules and HSV 

HSV very proficiently prevents the formation of stress granules. Both HSV-1 and 

HSV-2 can inhibit stress granule formation in the cell at 8 - 12 hpi and HSV-2 can 

even reduce SG numbers as early as 30 minutes post infection (mpi) (Dauber et al. 

2011, Finnen et al. 2012). Virion host shutoff protein (vhs), the product of UL41 

gene, selectively degrades cellular mRNAs early in the infection. If vhs is deleted 

from HSV-1, stress granules start to assemble in cells late in the infection. This 

seems to be due to clustering of cellular and viral transcripts (Dauber et al. 2014). 

Exogenous expression of HSV-1 ICP8 can block SG induction in cells (Panas et al. 

2015).  

2.8 The Us3 protein kinase 

The serine/threonine kinase Us3 is a multi-functional protein. Us3 phosphorylates 

several viral and cellular target proteins and it is involved in the egress of virions 

from the nucleus, prevention of apoptosis and regulation on innate immune 

responses (Roizman et al. 2007). The Us3 deletion viruses are attenuated in growth, 

but viable and infectious (Purves et al. 1987).  

Us3 is required for efficient nuclear egress of assembled virions. In the 

presence of Us3, UL31 and UL34 localize to the nuclear rim. Us3 phosphorylates 

UL34 which is then required to proper localization of UL31. In the cells Us3 

localizes to the nuclear membranes and to membranous cytosolic organelles. It is 

also associated with viral particles at the plasma membrane and also with 

extracellular virions (Reynolds et al. 2002). The removal of Us3 leads to large 

nuclear membrane invaginations which contain viral particles. UL34 and Us3 

together are required for controlled disruption of the lamins and capsid access into 

the perinuclear space (Bjerke & Roller 2006). Us3 is required for proper 

localization of PKC to the nuclear membrane. PKC is needed for phosphorylation 

of lamins (Park & Baines 2006). The Us3-UL34-PKC complex 

hyperphosphorylates emerin, a protein which binds to lamins, in order to disrupt 

nuclear lamina (Leach et al. 2007). Recent data suggests that ΔUs3 capsids are able 

to bud through the inner nuclear membrane, but are unable to exit the perinuclear 

space. In spite of this, the ΔUs3 virions are infective (Wild et al. 2014). 

Us3 can block apoptosis induced by several factors such as UV light, anti-fatty 

acid synthase (FAS) antibody, osmotic shock and overexpression of pro-apoptotic 

protein Bcl-2-inhibitor of cell death (BAD) (Jerome et al. 1999, Munger & 
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Roizman 2001). The domains needed for inhibition of apoptosis are the N-terminal 

domain and a catalytic domain near the C terminus (Poon & Roizman 2007). Us3 

inactivates pro-apoptotic protein Bad by phosphorylation (Munger & Roizman 

2001), and phosphorylates Bid and thus prevents its clevage and induction of 

apoptosis (Cartier et al. 2003). Us3 can also block caspase 3 activation (Hagglund 

et al. 2002). HSV-2 Us3 can also block the c-Jun N-terminal protein kinase (JNK) 

signal transduction pathway activation (Mori et al. 2003). US3 also retains 

programmed cell death protein 4 (PDCD4) in the nucleus (Wang et al. 2011). 

Continuous Akt signaling is important for the cell, since Akt regulates diverse 

cellular functions including metabolism, growth, proliferation, survival, 

transcription and protein synthesis. Us3 masquerades as Akt and phosphorylates an 

Akt substrate mTORC1 which leads to the initiation of translation (Chuluunbaatar 

& Mohr 2011). Us3 also suppresses ERK signaling and thus prevents antiviral 

responses (Chuluunbaatar et al. 2012). Us3 has been shown to phosphorylate IRF-

3 in order to block IFNβ production and p65/Rel to dampen NF-κB activated 

antiviral gene induction (Peri et al. 2008, Wang et al. 2014, Wang et al. 2013). Us3 

can also block TCR signaling in T-cells which leads to reduced interleukin 

production (Yang et al. 2015). Us3 also stabilizes STING and IFI16 during HSV-1 

infection (Kalamvoki & Roizman 2014). Us3 has been shown to post-

translationally modify HDAC1 and HDAC2 and reduce the amount of HDAC1 in 

cells (Poon et al. 2006). 
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3 Aims of the study 

This thesis consists of three consecutive projects dealing with HSV-1 infection and 

the cellular responses to HSV. HSV-1 is very proficient at controlling immune 

responses aimed against it. We set out to explore the functions of γ134.5 and Us3, 

two proteins that are known to modify immune responses, in different phases of 

HSV-1 life cycle in different cell types. 

3.1 Formulation of the scientific problem 

When the study presented in article I was initiated very little was known about TLR 

responses during HSV-1 infection. Therefore, I aimed at studying the TLR 

responses and viral evasion of them in cells most likely capable of TLR gene 

expression. The U937 cells were a well characterized human monocytic cell line 

which was known to be susceptible to HSV-1 infection in our laboratory. In my 

work it became evident that the Us3 protein kinase of HSV contributed to the 

inhibition of TLR signaling and the resulting interferon response. 

Another HSV virulence factor, the product of the γ134.5 neurovirulence gene, 

was described to prevent interferon responses and other aspects of innate immunity. 

In this context it is important to know how the deletion of γ134.5 affects the 

replication and latency of HSV in neuronal cells. My long-term goal has been to 

develop an in vitro model for HSV latency in order to study the HSV infection and 

host responses at the cellular level. This was the aim of the second part of this thesis 

(article II). 

It was clear that there had to be other pattern-recognition molecules in the cells 

than just the TLRs in order to detect cytoplasmic HSV DNA in the infected cells. 

During my studies reports accumulated on a pattern recognition receptor ZBP1 

(DAI/DLM-1), which could act as a sensor for HSV DNA. In order to study 

whether ZBP1 affects HSV infection, and whether the HSV virulence factors 

interfere with its signaling as well, I aimed to construct a human cell line 

overexpressing ZBP1 so I would be able to study the cellular responses during 

infections with wild-type HSV-1 and the Us3 deletion mutant. Viral infection 

activates many stress-related pathways in the cell, which can lead to the formation 

of structures called stress granules. Not much is known about stress granule 

responses during HSV-1 infection. Since both ZBP1 and Us3 have been linked to 

stress granules, I chose to concentrate on this aspect in study III.  



42 

3.2 Specific aims of each study 

I  To study how the deletion of HSV Us3 kinase affects Toll-like receptor 

responses in U937 monocytic cells 

II  To create a neuronal cell culture model for the study of HSV-1 latency and 

long-term infections and to study how the deletion of γ134.5 affects different 

phases of HSV-1 latency in neurons 

III  To evaluate how the pattern recognition receptor ZBP1 and Us3 protein kinase 

affect stress granule responses during HSV-1 infection 
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4 Materials and Methods 

4.1 Cells and cell lines (I – III) 

Human monocytic U937 cells, alveolar basal epithelial A549 cells and African 

green monkey kidney Vero cells were all obtained from the American Type Culture 

Collection (ATCC). U937 cells were cultured in RPMI 1640 medium, 10% fetal 

calf serum (FCS), 1% glutamine and gentamicin and were maintained at 37°C in 

5% CO2. A549 cells and Vero cells were cultured in Dulbecco’s modified Eagles 

medium (DMEM) containing 10% FCS, 100 U/ml penicillin/streptomycin and 2 

mM L-glutamine. All cell culture reagents were obtained from Sigma-Aldrich. 

4.2 Construction of 3fD and Us3A cell lines (III) 

4.2.1 Us3 Vector Plasmid Construction 

The Us3 gene was amplified from the HSV-1(17+) genome by PCR with the 
following primers: forward (5’ GGCAGAATTCATGGCCTGTCGTAAGTTTTG -
3’) and reverse (5’ATTAATGGTACCTTCATTTCTGTTGAAACAGCGC 3’). 
EcoRI and KpnI restriction enzymes were used to cut the PCR product, and it was 
cloned into pFLAG-CMV-5a plasmid (Sigma-Aldrich). The flag-tagged Us3 gene 
was amplified with primers: forward (5’ TTAAATGGGCCCGTGCGACAGT-
CAGATCACC 3’) reverse (5’ CCAGATGAATTCCTACTTGTCATCGTCGTCC-
TT 3’). The product was cut with ApaI and EcoRI restriction enzymes and cloned 
into pBABE-puro plasmid (a gift from. Aki Manninen) to create the pBABE-
US3flag plasmid. 

4.2.2 ZBP1 Vector Plasmid Construction 

The ZBP1 ORF was PCR amplified from pRevTRE plasmid containing human 

ZBP1 (a kind gift from prof. Victor DeFilippis, Oregon Health & Science 

University) using the following primers: forward (5’ GCGGCCGCGCCCAGGC-

TCCTGCTGAC 3’) and reverse (5’ GGTACCCTAAATCCCACCTCCCCACCA 

3’). NotI and KpnI restriction enzymes were used to cut the PCR product and it was 

inserted into p3xFLAG-CMV plasmid (Sigma-Aldrich). The flag-tagged ZBP1 was 

amplified with the following primers: forward (5’ GGATCCATGGACTACA-

AAGACCATGACG 3’) reverse (5’ GTCGACCTAAA-TCCCACCTCCCCAC 3’). 
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BamHI and SalI restriction enzymes were used to cut the PCR product, and the 

flag-tagged ZBP1 was cloned into pBABE-puro plasmid to create the pBABE-

3xflag-hZBP1 plasmid. 

4.2.3 Retrovirus Production  

The retroviruses were produced as described earlier (Schuck et al. 2004). Shortly: 
10 cm dishes of the human Phoenix gag-pol packaging cells (ATCC) were grown 
in DMEM (4.5 g/liter glucose, 10% FCS, 2 mM glutamine, and 100 units/ml 
penicillin/streptomycin) to 70% confluency. Phoenix cells were transfected with 
2.4 μg of VSV-G (obtained from Aki Manninen) and 24 μg of pBABE-puro 
retroviral vectors using Lipofectamine 2000 (Invitrogen) to generate pBABE-
3xflag-hZBP1 or pBABE-US3-flag viruses. The next day the medium was replaced 
with low-glucose DMEM and the dishes were transferred to +32 °C. The medium 
was then collected once a day for up to 5 days and the supernatant was centrifuged 
for 5 min at 200 ×g , divided in 1 ml aliquots, and frozen in liquid nitrogen. The 
viruses were stored at -80 °C.  

4.2.4 Target Cell Transduction  

A549 cells were transduced with pBABE-3xflag-hZBP1 or pBABE-US3-flag 
viruses to create Us3A and 3fD cell lines, respectively. A549 cells were grown on 
3 cm plates to 50% confluency in DMEM. The retroviruses were thawed quickly 
and the whole 1 ml of virus was added on the cells in the presence of 4 μg/ml 
polybrene (Sigma-Aldrich) and the cells were kept at 37 °C for 1 hour after which 
0,5 ml of fresh DMEM (10% FCS) was added onto the cells. The transduction was 
repeated on the following two days. Six hours after the last transduction, fresh 
DMEM containing 10% FCS, 100 U/ml penicillin/streptomycin, 2 mM L-
glutamine and 4 µg/ml puromycin (Sigma-Aldrich) was added onto the cells. On 
the next day the cells were washed with PBS and fresh selection medium was added. 
The selection was let to continue for 72 hours, and the expression of the desired 
transgene was assessed using quantitative RT-PCR and western detection.  

4.3 Dorsal Root Ganglion Model for HSV-1 Latency (II) 

The DRG cultures were established as described previously (Päiväläinen et al. 

2008). Shortly, C57BL/6 mouse embryonic day 13.5 (E13.5) embryos were cut out 

of their embryonic sacs, the DRGs were placed on a petri dish and incubated for 45 
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min at +37 °C in 2 mL of L15 medium (Gibco) containing 2 μg/mL dispase (Gibco). 

Dispase (Gibco) was inactivated by Horse serum (HS, Gibco), and the DRGs were 

washed with L15 medium containing 10% HS and centrifuged (190 ×g for 5 min). 

The washing was repeated three times and the last wash was done with DRG 

Growth medium [EMEM with 4 g/L D-glucose, 50 ng/mL NGF (R & D Systems), 

10% HS 2 mM L-glutamine, 100 U/mL penicillin/streptomycin]. The washed 

DRGs were then seeded at a density of one DRG/ well in DRG Growth Medium 

onto 3-D Matrigel (BD Biosciences) coated 96-well plastic culture plates. 

Proliferating non-neuronal cells were eliminated with mitotic inhibitors as follows: 

The DRGs were kept in DRG Purification Medium (EMEM with 4 g/L D-glucose, 

10 μM uridine, 10 μM 5’-fluoro-2’-deoxyuridine, 50 ng/mL NGF, 1×N2 

supplement, 2 mM L-glutamine, 100 U/mL penicillin/streptomycin) for 3 days and 

then for 2 days in DRG Growth Medium. The purification procedure was repeated 

2 more times. If not noted otherwise, the reagents were purchased from Sigma-

Aldrich. 

4.4 Herpes simplex viruses (I – III) 

The R7041 virus is based on HSV-1(F) (ATCC), and it has a deletion in the Us3 

gene. The Us3 deletion has been repaired in the R7306 virus (Purves et al. 1987). 

Both R7041 and R7306 were generously provided by Dr. Bernard Roizman 

(University of Chicago). The d120 virus is based on HSV-1(KOS) and both copies 

of the ICP4 gene and the US3 gene have been deleted from it (DeLuca et al. 1985). 

These viruses were a kind gift from Dr. Neal DeLuca (University of Pittsburgh). 

The BAC-constructed, GFP-expressing wild-type-like HSV1 (17+)Lox-

PmCMVGFP virus (in short LoxGFP) was a gift from Prof. Beate Sodeik 

(Hannover Medical School). The construction of the GFP and LUC-expressing, 

γ134 deletion virus H1052 virus is described in chapter 4.10. Schematic 

representations of the viruses are presented in figure 5. The viruses were propagated 

in Vero cells and infection titers were quantified using a plaque assay (Nygårdas et 

al. 2013) or IPS detection (Ziegler et al. 1988).  

4.4.1 Construction of H1052 (II) 

The construction of HSV1 (17+)Lox-PmCMVGFP (in short LoxGFP), a wild-type-

like GFP-expressing herpes simplex virus, using the BAC technology has been 

previously described (Nygårdas et al. 2013, Snijder et al. 2012). The HSV-vector 
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H1052 lacks both copies of the neurovirulence gene (γ134.5). The addition of 

PmCMVGFP-cassette in place of the left copy of γ134 gene in H1052 was 

performed as described for LIF-cassette insertion (Nygårdas et al. 2013). The 

primers used for insertion amplification were PMCMV-GFP γ134.5KO-L (5’-

CCCGGGCCCACGGGCGCCGTCCCAACCGCACAGTCCCAGGTAACCAA

CTCCGCCCGTTTTATGAC-3’) and PMCMV-GFP γ134.5KO-R (5’-AGGCCG 

CCTCGGGTGTAACGTTAGACCGAGTTCGCCGGGCCGGCTCCGCGGACA

TGATAAGATACATTGA-3’). In between the reading frames for UL55 and UL56, 

H1052 has a PhCMV-Luciferase cassette. H1052 was also plaque purified three 

times based on GFP expression.  

 

Fig. 5. Viruses used in the studies. The exact deletion sequences of d120 are not known. 
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4.5 Infections 

4.5.1 Infection of U937 cells (I) 

U937 cells were infected with wild-type HSV-1 (F), R7041, R7306, d120, HSV-

1(KOS) at a multiplicity (moi) of infection of 1 and 5. After infections the cells 

were washed three times in PBS, and the infections were let to proceed in RPMI 

1640 medium with 10% FCS and 1% glutamine and gentamicin at 37 °C at 5% 

CO2.  

4.5.2 Infection of DRGs (II) 

The Purification medium was replaced with DRG Growth Medium one day before 

the infection in order to let the DRGs recover. The DRGs were infected with 50 000 

PFU / well (5 MOI) of the LoxGFP or H1052 viruses in fresh DRG Growth medium 

for 2 h at 37 oC, 5% CO2. After two hours the medium was carefully replaced with 

fresh DRG growth medium. After 21 days the virus was reactivated by adding a 

PI3 kinase inhibitor LY294002 (Sigma-Aldrich) (20 µM for 2,5 hours). 

4.5.3 Infection of A549, 3fD and Us3A cells (III) 

A549 cells, 3fD cells or Us3A cells were infected with HSV-1(F) or R7041 at 5 

MOI for 2 hours. At 2 hpi the cells were washed twice with PBS, and the infection 

medium was replaced with fresh DMEM (10% FCS, 100 U/ml 

penicillin/streptomycin and 2 mM L-glutamine). The infections were let to proceed 

at +37 °C with 5% CO2. 

4.6 RNA extraction, production of cDNA and quantitative real-time 

PCR (I – III) 

RNA was extracted from 2 × 106 of U937 cells at 5 and 24 h p.i (I), from DRGs at 

days 2, 7, 14 and 21 post infection and 20 h, 2 days, 3 days and 4 days post 

reactivation (II) or from confluent 3 cm dishes of A549, 3fD or Us3A cells (III). 

RNA was extracted using the TRIZOL reagent (Invitrogen) or TriPure reagent 

(Roche). The cDNA was synthesized using M-MLV reverse transcriptase (Promega) 

and random hexamer primers for 1 h at 37°C (I) or with random hexamer primers 

using High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems) with 
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equal volumes of the total RNA as a template in all reactions (II, III). The total 

RNA was dissolved into 14 µl of RNAse-free water and treated with DNAse I (New 

England Biolabs) (III). Quantitative real-time PCR was done with Rotor-Gene™ 

6000 instrument (Corbett Life Science) using QuantiTect™ SYBR® Green system 

(Qiagen) (I) or Maxima SYBR Green qPCR Master Mix (Thermo Scientific) (II, 

III), forward and reverse primers for each target of interest, and 2 μl of the template 

DNA. The PCR protocol: initial incubation for 15 min at 95 °C, PCR cycling using 

a three step cycle at 95 °C for 15 sec, at 60 °C (or 55 °C for MyD88) for 30 sec and 

at 72 °C for 45 sec for a total of 40 cycles. The cellular β-actin or GAPDH mRNA 

was used as a control for cellular mRNA changes during the HSV infections. 

External quantity standards of each gene were constructed from the cDNA 

transcripts of RNA isolated from cultures of stimulated human or mouse peripheral 

blood mononuclear cells, U937 cells or HSV-1(F) genomic DNA. A standard series 

ranging from 100 to 107 copies per reaction were used for each PCR run. The PCR 

results represent three to ten separate experiments. The primers used for each 

transcript are listed in Appendix 1.  

4.7 Total DNA isolation (II) 

Viral DNA from the DRGs (II) was extracted at days 2, 7, 14 and 21 days post 

infection using ZR Viral DNA/RNA Kit (Zymo Research) according to the 

manufacturer’s protocol (Ver. 1.0.2). 

4.8 Following the course of latency in DRGs (II) 

4.8.1 Monitoring of GFP expression 

The DRGs were infected with GFP-expressing viruses LoxGFP (wild-type) or a 

γ134.5 deletion virus H1052. The GFP expression was studied by Axio Vert A 1 

microscope (Zeiss). Imaging was done with ZEN 2011 software. The GFP 

expression in the ganglia was followed throughout the experiments, and the 

presence of GFP expression was assessed. If any of the cells in a ganglion expressed 

GFP, the ganglion was considered to be GFP positive. For each time point the 

number of GFP-positive DRGs was compared to the overall number of surviving 

DRGs.  
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4.8.2 Detection of viral shedding into medium 

Medium samples were collected as the DRGs were provided with fresh DRG 

Growth medium on 2 dpi and later twice a week. After reactivation at 21 dpi, 

medium samples were collected at 20 hours post reactivation (hpRE) and 2, 3 and 

4 days post reactivation (dpRE). The presence of infective virions in the collected 

medium samples was determined on 24-well plates of Vero cells. If even one plaque 

could be observed, the sample was considered HSV positive. 

4.9 Western blot for detection of transgene expression (III) 

6-wells of confluent A549, Us3A and 3fD cells were first washed with PBS and 

then scraped into ice-cold RIPA buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% 

NP-40, 0,5% Sodium deoxycholate, 0.1% SDS) containing cOmplete Ultra 

protease inhibitor tablets (Roche). The samples were incubated for 25 min at +4 °C 

at 1400 rpm and homogenized by pulling through a needle (18 G, 15 times). The 

samples were then centrifuged at 16 000 x g for 15 min. The protein-containing 

supernatants were stored at -20 °C. NuPaGE loading buffer (Life technologies) and 

β-mercaptoethanol (to 10 %) were added to the samples, which were then denatured 

at 70 oC for 10 min. The samples were loaded on 4-12 % NuPAGE Novex Bis-Tris 

gels (Life technologies) and run in NuPAGE MOPS SDS Running buffer (50 mM 

MOPS, 50 mM Tris base, 0,1 % SDS, 1 mM EDTA, pH 7.7) for 1 h at 200V. 

Proteins were transferred to a Hybond nitrocellulose membrane (GE Healthcare 

Life Sciences) for 1 h at 30 V in NuPAGE Transfer Buffer (25 mM Bicine, 25 mM 

Bis-Tris, 1 mM EDTA pH 7.2). A solution of 3% fish gelatin/TBST was used for 

blocking the membranes for 1h at RT. The blots were probed with antibodies 

against ZBP1 (ProSci 4401, 1:250) and flag (Sigma-Aldrich f3165, 1:1000). Anti-

rabbit-IgG-Alexa Fluor 680 (Life Technologies A-21109) and anti-mouse-IgG-

IRDye800 (Li-Cor 926-32210) were used as secondary antibodies, both at a 

concentration of 0,5 µg/ml. Imaging was done using Odyssey infrared scanner (Li-

Cor). 

4.10 Native western blot for the detection of monomeric and 

dimerized IRF-3 (I) 

Two million U937 cells were infected as described above. Proteins were extracted 

with ProteoJET™ Mammalian Cell Lysis Reagent (Fermentas). The protein 



50 

samples were then loaded on native 10 % polyacrylamide gel and electrophoresed 

with NuPAGE Electrophoresis System (Life technologies) in Tris-Glycine native 

running buffer (25 mM Tris base, 192 mM Glycine, pH 8.3) at 150 V for 2.5 h. 

Proteins were transferred to Hybond ECL nitrocellulose membrane (Amersham 

Biosciences) using NuPAGE Transfer buffer (25 mM Bicine, 25 mM Bis-Tris, 1 

mM EDTA, pH 7.2) at 30 V for 75 min. 5% milk-TBS-T was used for blocking. 

The IRF-3 was detected with IRF-3 polyclonal antibody (Santa Cruz Biotechnology, 

1:1000) and with secondary HRP-conjugated goat anti-rabbit antibody (Jackson 

ImmunoResearch, 1:3300). Equal protein loading was confirmed by blotting for 

GAPDH. 

4.11 Intracellular TLR3 and MxA expression (I) 

For each staining 1 × 106 of U937 cells were infected as described earlier. The cells 

were collected at 24 hpi and fixed with 3% paraformaldehyde for 15 min. The cells 

were permeabilized with 0, 1% Triton-X for 5 min and were washed with 0.5% 

bovine serum albumin (BSA) in phosphate buffered saline. The cells were stained 

either with monoclonal antibody to TLR3 (Axxora 1:100) or with a rabbit anti-MxA 

serum (Ronni et al. 1993) at the dilution 1:1000. The secondary antibodies were 

Alexa Fluor 488 goat anti-mouse IgG (Invitrogen Molecular Probes, 1:200) and 

Fluorescein conjugated goat F(ab')2 anti-rabbit IgG (Caltag Laboratories, 1:670 ). 

FACScan® flow cytometer (Becton Dickinson Biosciences) was used to collect 10 

000 cells for analysis and the results were analyzed with Cell Quest™ software. 

The data represent three separate experiments. 

4.12 Determination of apoptosis (I) 

To measure the number of apoptotic cells at time points 5 hpi and 24 hpi, the U937 

cells were washed and stained at +4 °C for 15 min with Annexin-V-Fluos (Becton 

Dickinson, 1:100) and propidium iodide with the concentration of 50 μg/ ml in 

Hepes buffer. Using the double-staining it is possible to differentiate between 

apoptotic (Annexin V) and necrotic cells (propidium iodide). A group of 10 000 

cells was scanned with FACScan® flow cytometer (Becton Dickinson) and 

analyzed with Cell Quest™ software. The data represents three separate 

experiments. 
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4.13 Stress granule induction (III) 

The induction of stress granules was done by incubating the A549, Us3A or 3fD 
cells grown on coverslips in normal growth medium with 1 mM sodium arsenite 
for 30 minutes. To analyze how HSV-1(F) and R7041 infections affect stress 
granule formation, the infected cells were treated with sodium arsenite at 10 hours 
post infection. Fluorescent microscopy was used to study the stress granule 
responses in the cells. 

4.14 Fluorescence microscopy (III)  

The cells were fixed with 4% PFA for 15 min at +4 oC. Then they were quenched 

in 0,2M glycine for 30 min and permeabilized with 0,1% Triton-X for 15 min. Cells 

were blocked in 0,5% fish skin gelatin in PBS for 30 min. Then the cells were 

incubated in primary antibodies for 1h at RT. Primary antibodies used for stress 

granule detection were rabbit anti-TIA-1/TIAR (sc-28237, 1:100) and mouse anti-

HuR (sc-56709, 1:100). Anti-ICP8 antibody (sc-53329, 1:100) was used for 

detection of HSV-1 infected cells. The cells were incubated for 45 min with Donkey 

anti-mouse IgG Alexa Fluor 488 (ab150076, 1:500) and donkey anti-rabbit IgG 594 

(ab150105, 1:1000) secondary antibodies. Hoechst 33258 (Sigma-Aldrich) was 

used to stain the nuclei. T cells were mounted on coverslips with Shandon 

Immumount (Thermo-Scientific) and let to dry overnight. The imaging was done 

with Olympus Fluoview FV1000 and the image analysis was done with Fiji 

software. 

4.15 Statistical analyses (I – II) 

The statistical analyses were done with the non-parametric one-way analysis of 

variance and Wilcoxon scores for quantitative real-time PCR analyses (I), with 

Student's t-test for FACS analyses (I) and Kruskal-Wallis nonparametric 1-way 

ANOVA test for the DRG analyses with IBM SPSS Statistics (II). When P < 0.05 

values were considered statistically significant. 
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5 Results 

5.1 Us3 deletion virus R7041 and Us3/ICP4 double-deletion virus 

d120 influence Toll-Like Receptor responses in human 

monocytes (I) 

Toll-like receptors elicit innate responses against HSV-1. We studied how the 

deletion of Us3 and/or ICP4 from HSV-1 affects TLR responses in the human 

monocytic cell line U937. When the study was initiated not much was known about 

TLR responses during HSV-1 infection. It was thought that TLR expression occurs 

mostly in antigen presenting cells. U937 cells were a well characterized human 

monocytic cell line which was known to be susceptible to HSV-1 infection. We 

were interested in the innate responses that Us3-negative viral vectors evoked in 

cells. We infected U937 cells with wild-type HSV-1(F), an HSV-1(F) based Us3 

deletion virus R7041, its repair virus R7306, wild-type HSV-1(KOS) or a HSV-

1(KOS)-based Us3/ICP4 double-deletion mutant d120. The cells were infected at 

1 or 5 MOI and samples were collected at 5 hpi or 24 hpi. The results of the study 

are summarized in Figure 6. 

5.1.1 Expression of Toll-like Receptor mRNA 

The mRNA expression of TLR2, TLR3, TLR4 and TLR9 were studied by 

quantitative RT-PCR (qRT-PCR) analysis. At 5 hpi d120 infection significantly 

increased TLR3 expression compared to the parental HSV-1(KOS) (5 MOI, p = 

0.033). At 24 hpi R7041 infection significantly increased TLR3 expression 

compared to the parental virus HSV-1(F) (1 MOI, p = 0.021). A significant increase 

in TLR3 expression could also be observed at 24 hpi when comparing the 

uninfected U937 cells to d120 infected cells (1 MOI, p = 0.009), to R7041 infected 

cells (5 MOI, p = 0.045) or to HSV-1(F) infected cells (5 MOI, p = 0.043) (I, Fig. 

1A).  

In contrast, d120 infection reduced the mRNA levels of TLR4 at 24 hpi when 

compared to its parental virus HSV-1(KOS) (1 MOI, p = 0.024 and 5 MOI p = 

0.024). When compared to uninfected cells, TLR4 expression was decreased d120 

infected cells at 24 hpi (1 MOI, p = 0.025 and 5 MOI, p = 0,015) and in R7041 

infected cells at 5 hpi (5 MOI, p = 0.045). The HSV-1(KOS) infection, however, 

increased TLR4 expression at 5 hpi (1 MOI, p = 0.039) (I, Fig. 1B). No significant 
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changes in TLR2 or TLR9 expression could be observed (data not shown and I, Fig. 

1C.  

5.1.2 Intracellular expression of TLR3 protein 

To study the intracellular expression of TLR3 protein, U937 cells were infected at 

MOI 5 and fixed at 24 hpi, and the expression was studied by fluorescence activated 

cell sorter (FACS). The intracellular expression of TLR3 was significantly 

increased after infection with the Us3 and ICP4 double-deletion virus d120 when 

compared to uninfected cells (p = 0.001) or to the parental virus HSV-1(KOS) (p = 

0.002). The Us3 deletion virus R7041 infection increased the expression of TLR3 

protein when compared to uninfected cells (p < 0.001), the repair virus R7306 (p < 

0.001) or with the parental virus HSV-1(F) (p < 0.001) (I, Fig. 2). 

5.1.3 Activation of IRF-3 

To study IRF-3 activation, U937 cells were infected at 5 MOI and protein samples 

were collected at 5 hpi. A native western blot was run and probed for IRF-3. When 

activated, IRF-3 dimerizes, which can be observed as a slower migrating, bigger 

band on the blot. Strong dimerization of IRF-3 could be observed when the cells 

were infected with d120 or R7041. Very weak activation of IRF-3 could also be 

observed with R7306 infection (I, Fig. 3).  

5.1.4 Expression of type I interferons 

Next we used qRT-PCR to study the induction of type I interferon and IFN- induced 

intracellular MxA mRNA by qRT-PCR. U937 cells were infected at 1 or 5 MOI and 

samples were collected at 5 hpi or 24 hpi. The infection with d120 increased IFN-

β expression when compared to the parental virus HSV-1(KOS) at 5 hpi (5 MOI, p 

= 0.017) and 24 hpi (5 MOI, p = 0.024). R7041 infection increased IFN-β 

expression compared to HSV-1(F) at 24 hpi (1 MOI, p = 0.0016). When compared 

to uninfected cells the IFN-β expression was increased in infections with d120 at 5 

hpi (5 MOI, p < 0.001) and 24 hpi (1 MOI, p = 0,015 and 5 MOI, p < 0.001), R7041 

at 24 hpi (1 MOI, p < 0.001 and 5 MOI p 0.007) and HSV-1(F) at 24 hpi (5 MOI, 

p <0.001) (I, Fig. 4A). The IFN α mRNA levels were significantly increased at 24 

hpi in d120 (1 MOI, p = 0.001 and 5 MOI, p = 0.003), R7041 (1 MOI, p = 0.031) 
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and HSV-1(F)-infected (5 MOI, p = 0.025) cells when compared to uninfected (I, 

Fig. 4B)  

 

Fig. 6. The deletion of Us3 protein kinase influences TLR responses in U937 cells. A 

significant increase is denoted by an upward pointing arrow (mRNA level ↑, protein level 

↑), a significant decrease by a downward pointing arrow (mRNA ↓), a not significant 

change by a dash (—) and those not determined by nd. The changes in innate immunity 

during Us3 and Us3/ICP4 double deletion mutant virus infections were compared to 

parental virus infected or uninfected cells. It was clear that Us3 deletion led to increased 

expression of TLR3, interferons α and β and MxA. IRF3 activation was also increased 

when cells were infected with the deletion viruses. See chapters 5.1.1 – 5.1.5 for further 

details.  

5.1.5 Induction of MxA protein levels 

In order to find out whether the increased type I interferon levels resulted in ISG 

induction, the intracellular levels of MxA protein were studied by FACS at 24 hpi. 

The levels of MxA were significantly increased in d120 infected cells when 

compared to the parental virus (5 MOI, p = 0.012). R7041 infection increased the 

levels of MxA protein expression when compared to its parental virus HSV-1(KOS) 

(1 MOI, p = 0.003 and 5 MOI, p = 0.033), the rescue virus R7306 (5 MOI, p < 

0.001) or uninfected cells (5 MOI, p = 0.040) (I, Fig. 4C). 
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5.1.6 Level of apoptosis 

Finally, we set out to study the level of apoptosis in infected cells. Neither of the 

parental viruses or the rescue virus increased the levels of apoptosis in the cells. 

Compared to the uninfected cells, both of the deletion viruses increased the level 

of apoptosis at 24 hpi significantly; R7041 (1 MOI, p = 0,006 and 5 MOI, p = 0.003) 

and d120 (1 MOI, p = 0.04 and 5 MOI, p = 0.034). The level of apoptosis was also 

significantly increased in d120 infections compared to the parental virus HSV-

1(KOS) (1 MOI, p = 0.003 and 5 MOI p = 0.040). Apoptosis was also increased in 

R7041 infections compared to the parental virus HSV-1(F) (1 MOI, p = 0.010 and 

5 MOI p = 0.003) or the rescue virus R7306 (1 MOI p = 0.07 and 5 MOI p = 0.07) 

(I, Fig. 5). 

5.2 Embryonic mouse dorsal root ganglion based model for 

studying HSV-1 latency (II) 

In order to study the long-term effects of HSV-based gene therapy vectors, we set 

out to establish a neuron culture model for the study of HSV-1 latency. Dorsal root 

ganglia (DRG) of C57BL/6 mouse embryos of embryonic day 13.5 (E13.5) were 

plated on 3-D matrigel coated 96-well plates one DRG/ well. To eliminate dividing 

non-neuronal cells, such as satellite glial cells and Schwann cells, the DRGs were 

grown in DRG purification medium containing the mitotic inhibitor 5'-fluoro-2'-

deoxyuridine for 2-3 days. After the purification step, the DRGs were let to recover 

in DRG growth medium for 2-3 days. The purification was repeated three times 

and after the last elimination step no cell proliferation could be observed. The 

purification medium was replaced with DRG growth medium at least 24 hour 

before infection.  

The DRG neurons were then infected with HSV-1 at 5 MOI. The growth 

medium was replaced 2 days post infection (dpi) and thereafter twice a week. The 

bulk of the viral shedding ceased by 11 dpi. To simulate the phases of in vivo latency 

experiments in mice, reactivation was induced at 21 dpi. Reactivation was induced 

by adding PI3 kinase inhibitor LY294002 to the growth medium. We infected the 

DRGs with several HSV-1 strains, such as HSV-1(F) , HSV-1(17+) (data not shown) 

and GFP-expressing mutant viruses HSV-1 (17+)Lox-PmCMVGFP (in short 

LoxGFP) and H1052, which all replicated well in the neurons. All the wild-type 

viruses and the wild-type like virus LoxGFP were able to reactivate in the DRG 

neurons.  
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5.3 The γ134.5 protein is required for reactivation of latent HSV-1 in 

the DRGs (II) 

The γ134.5 gene is usually deleted from HSV-1 based gene therapy vectors. We set 

out to study how the deletion of γ134.5 affects HSV-1 latency and reactivation. The 

DRGs were infected at 50 000 PFU/well (5 MOI) either with a GFP-expressing 

wild-type like virus LoxGFP or a HSV-1(17+)-based BAC-generated γ134.5 

deletion mutant H1052, which both express GFP under PmCMV promoter (II, 

Fig.1).  

5.3.1 GFP expression 

GFP expression in the DRG neurons was followed throughout the experiment and 

images were captured at regular intervals. In the first few days GFP expression 

could mainly be detected in the outermost neurons of the DRG, and the expression 

then spread inwards (II, Fig. 2A). At 7 dpi, 140 of 142 LoxGFP infected DRGs 

contained GFP positive neurons. At this time in most of the DRGs nearly every cell 

appeared green, whereas in others only a few GFP positive neurons were observed. 

This indicates that the DRG neurons differ in their susceptibility to HSV-1 infection. 

The strong GFP expression continued for approximately two weeks. Afterwards a 

proportion of the DRGs remained GFP positive (28 ± 13%), indicating that they 

contained at least one GFP positive neuron. Sporadical reinitiation of GFP 

expression could be observed in individual neurons between days 14 to 21(II, Fig. 

2C). The GFP expression in γ134.5 deletion virus H1052 infected DRGs followed 

the same pattern as with LoxGFP. At 2 dpi, GFP expression could be detected in 

99±2% of the H1052 infected ganglia and in 29 ± 9% by 21 dpi. H1052 thus seems 

able to invade and express genes in the embryonic mouse DRG neurons (II, Fig. 

2B and 2C). 

On average, GFP expression was either very low or completely absent in most 

of the ganglia by 21 dpi (II, Fig. 3A). Reactivation was then induced by adding a 

PI3-K inhibitor LY294002. Three days post reactivation induction (dpRE) 86% of 

the wild-type like virus LoxGFP infected ganglia were GFP-positive compared to 

28 ± 13% before reactivation. With H1052 the effect was similar: at 21 dpi 29 ± 9% 

of H1052-infected ganglia were GFP- positive, and 82 ± 10% three days after 

reactivation (II, Fig. 2C). However, the number of cells within a ganglion that 

expressed GFP was most often low for both viruses (II, Fig. 3A). Hence, even 
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though most of the neurons expressed GFP at 7 dpi, the virus was able to reactivate 

in a very small fraction of them.  

The GFP expression signals derepression of the HSV-1 genome and especially 

the mouse cytomegalovirus immediate early promoter area under which the GFP 

reading frames (ORFs) of LoxGFP and H1052 reside. Most of the neurons 

expressed GFP at 2 dpi, after which the expression faded and never re-emerged 

after reactivation. In a small subgroup of cells, GFP expression was first detectable, 

then absent and after reactivation reignited again. In some cells GFP expression 

could not be detected at any time-point before reactivation, but the expression 

started after a reactivating stimulus (II, Fig. 3B).  

5.3.2 Determination of virus production 

The presence of infective virions was quantified by plaque titration of medium 

samples. At 4 dpi and 7 dpi the DRGs produced high numbers of infective virions. 

By 14 dpi the viral production had reached a stable level where approximately 20% 

of the DRGs produced infective virions. The level stayed constant until 21 dpi, 

when reactivation was induced. In five days most of the LoxGFP-infected DRGs 

has started to produce viruses. In H1052 infected DRGs, however, the production 

of infective virions failed to be reinitiated. The results were similar with HSV-1(F) 

based viruses (II, Fig. 4).  

5.3.3 Viral genome copy number 

Viral DNA samples were collected on days 2, 7, 14 and 21 post-infection. At 2 dpi 

the numbers of HSV-1 genomes were equal for both of the viruses (about a million 

copies/ ganglion). At 7 dpi the number of LoxGFP genomes was at its highest, as 

was virus replication and the lytic gene expression. Thereafter the number of 

genomes significantly declined to 0,1 million copies/ ganglion at day 21 pi (p = 

0.001). In contrast, the number of H1052 genomes did not decline significantly by 

21 dpi (II, Fig. 5). 

5.3.4 Expression of viral transcripts 

The RNA samples were collected on days 2, 7, 14 and 21 pi and 20 h, 2 days, 3 

days and 4 days pRE. Perhaps due to the variability in susceptibility to infection 

between DRGs, the variation was high. Samples were chosen for analysis based on 
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two criteria: (1) mouse GAPDH mRNA copies had to be present at a minimal 

meaningful level of ca. 500 copies/ sample, and (2) an HSV-1 transcript had to be 

detectable.  

The lytic transcripts UL54, UL29, UL48 could be detected in every sample at 2 

dpi and their expression peaked at 7 dpi. Thereafter the lytic transcript expression 

decreased until day 21 pi, when reactivation was induced. All transcripts showed 

increased expression after reactivation (data not significant). For UL48 the increase 

between 21 dpi and 3 dpRe was significant (p = 0.025) (II, Fig. 6A). The increased 

lytic mRNA expression at 3 dpRE was in line with the GFP expression. For H1052 

no significant changes in lytic transcript expression could be observed at any time 

point. 

However, when the lytic transcript copy numbers were compared to the 

corresponding LAT transcript copy numbers it was clear that the lytic:LAT 

transcript – ratios of the γ134.5 deletion mutant H1052 and wild-type like LoxGFP 

diverged from each other (II, Fig. 6B). At 2 dpi the ratios did not differ between the 

viruses. At 7 and 14 dpi the lytic gene:LAT-ratios of the wild-type virus were much 

higher than those of deletion mutants. At 21 dpi the lytic gene: LAT ratios were low 

for both of the viruses, as a sign of a low lytic gene expression and a high LAT 

expression. After reactivation the lytic gene: LAT- ratios of H1052 infected DRGs 

remained unaltered, whereas in the LoxGFP infected ganglia, the lytic gene 

expression exceeded LAT expression from 3 dpRE onwards. At 3 dpRE the 

production of infective viruses had also started to increase in LoxGFP infected 

ganglia. 

5.4 The HSV-1 Us3 Protein kinase and human ZBP1 influence the 

formation of TIA-1/TIAR containing cytoplasmic granules in 

cells (III) 

Not much is known about stress granule formation during HSV-1 infection. Both 

Us3 and ZBP1 have been linked to stress granule responses. To study the effect of 

Us3 and ZBP1 proteins during HSV-1 infection two transgene expressing cell lines 

were constructed by retroviral transduction. The cell lines were based on A549 

adenocarcinoma human alveolar basal epithelial cells: the Us3A cells expressed 

Us3 and the 3fD cells expressed human ZBP1 in high copy numbers (III, Fig. 1).  
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5.4.1 Replication of HSV-1 in transduced cells 

To evaluate the effect these transgenes have on HSV-1 growth, one-cycle growth 

curves were constructed for each cell line. The cells were infected with either wild-

type HSV-1(F) or a Us3 deletion mutant R7041. The growth medium was collected 

at six-hour intervals (6 hpi, 12 hpi, 18 hpi and 24 hpi). The medium samples were 

then plaque titrated to define how much virus was produced. It was clear that HSV-

1(F) replicated better than the Us3 deletion mutant R7041 in A549 and 3fD cells. 

In Us3A cells however, R7041 replicated much more efficiently than HSV-1(F). It 

was also notable that HSV-1(F) seemed to replicate poorly in Us3A cells (III, Fig. 

2). 

5.4.2 The effect of HSV-1 Us3 and ZBP1 on stress granule formation 

in uninfected cells 

To study the effect Us3 and ZBP1 overexpression has on stress granules (SG), the 

cells were exposed to oxidative stress by 1 mM sodium arsenite for 30 min. The 

cells were then fixed and stained with anti-TIA-1/TIAR antibody (III, Fig. 3A). Fiji 

software was used to quantify the size and number of granular structures in the cells 

(III, Fig. 4). After oxidative stress A549 cells contained an average of 17,8 ± 7,5 

SGs/ cell, Us3A cells 20,9 ± 9,1 SGs/ cell and 3fD cells had 22,7 ± 9,0 SGs/ cell. 

The difference was significant between A549 cells and 3fD cells (III, Fig. 4A). The 

sizes of the granules also differed between the cells. The granules in 3fD cells were 

significantly smaller than those of A549 or Us3A (III, Fig. 4B). A second stress 

granule protein HuR co-localized with TIA-1/TIAR in these granules, indicating 

that they are indeed stress granules.  

5.4.3 The effect of HSV-1 infection on stress granule formation 

The effect of HSV-1 infection on stress granule formation was studied in the cells 

as well. The cells were infected with 5 MOI HSV-1(F) and treated with sodium 

arsenite at 10 hpi. After 30 min the cells were fixed. HSV-1 efficiently prevented 

stress granule formation in all the cell lines. The number of TIA-1/TIAR positive 

granules was significantly lowered in all the cells compared to uninfected. The 

number of stress granules in infected cells did not significantly differ between cell 

lines proving that wild-type HSV-1 is very efficient in preventing stress granule 
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formation. HSV-1 also significantly reduced the size of stress granules in all the 

cell lines (III, Fig. 5).  

HSV-1 ICP8 localizes to the nucleus during infection. From the few stress 

granule containing HSV-1(F)-infected cells, we could detect several in which HSV-

1 ICP8 protein could also be detected in the cytoplasm. The ICP8 protein localized 

in speckles that also stained positive for TIA-1/TIAR (III, Fig. 6). 

5.4.4 TIA-1/TIAR localization changes in Us3 deletion mutant 

infected cells  

During an infection with HSV-1(F), TIA-1/TIAR (or HuR) very rarely localized to 

granular structures in the cytosol. In the ICP8 positive cells, granular structures 

could be observed only occasionally. However, when cells were infected with an 

Us3 deletion mutant virus R7041, TIA-1/TIAR localization changed dramatically. 

Large structures that bore no resemblance to stress granules could be observed 

when the R7041-infected cells were stained with anti-TIA-1/TIAR antibody (III, 

Fig. 7). These structures could occasionally be detected in individual wild-type 

infected cells also. The structures were very common in R7041-infected A549, 

Us3A or 3fD cells. In A549 and 3fD cells, the TIA-1/TIAR staining was more 

widely spread within the nucleus, whereas in Us3A cells the localization was more 

concentrated to specific foci. This may be due to the preceding Us3 overexpression 

in the cells. However, exogenous Us3 expression was not able to prevent the 

formation of these structures. To further investigate these structures, we stained the 

cells with a cis-Golgi protein GM130 antibody. In R7041 infected cells, that were 

treated with sodium arsenite TIA-1/TIAR co-localized almost completely with 

GM130 (III, Fig. 8). This indicates that in the absence of Us3, TIA-1/TIAR localize 

to the Golgi apparatus during HSV-1 infection.  
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6 Discussion 

6.1 Us3 and Toll-like Receptor responses 

TLR3 is important, particularly in the nervous system, to protect against HSV-,1 

and TLR3 deficient patients are more prone to herpes simplex encephalitis (HSE) 

(Lim et al. 2014). We showed that TLR3 expression was increased in infections 

with Us3 deletion and Us3/ICP4 deletion mutant viruses and that this led to 

dimerization of IRF-3, type I IFN induction and induction of ISGs. This suggests 

that Us3 and perhaps also ICP4 may function as inhibitors of TLR3 signaling. Other 

viruses such as West Nile virus and Kaposi’s sarcoma herpesvirus also encode 

inhibitors of the TLR3 pathway (Jacobs et al. 2013, Wilson et al. 2008). Recently 

it was indeed reported that Us3 directly phosphorylates IRF-3 atypically in order 

to block dimerization and IFNβ production, and p65/Rel to dampen NF-κB 

activated antiviral signaling (Wang et al. 2013, Wang et al. 2011). This, however, 

does not explain why HSV-1 Us3 decreases TLR3 expression, while TLR2 or TLR9 

do not.  

This specific destabilizing effect of Us3 on TLR3 mRNA and protein expression 

needs further exploration. Us3 is known to phosphorylate a wide and varying 

selection of cellular and viral substrates. Perhaps Us3 phosphorylates some 

transcriptional regulator specific for TLR3 induction. The HSV-1 mediated 

induction of TLR3 responses also seems to be cell-type specific, since no 

differences in TLR3 or IFN responses were seen in similar experiments using a B-

lymphoblast cell line (RPMI-8226).  

TLR3 signaling has also been linked to cell death. It is possible that TLR3 

signaling is also involved in controlling HSV-1 induced apoptosis.TLR3 activation 

has been shown to induce apoptosis in a manner which requires TRIF, NF-κB and 

type I IFN in cancer cells and to lead to caspase activation (Salaun et al. 2006). On 

the other hand it has also been reported that TLR3 activation prevents apoptosis of 

the brain cells of mice in vivo by binding Fas and thus inhibiting FasL and caspase 

activation (Zhang et al. 2015). The role of TLR3 signaling in HSV-1 induced 

apoptosis remains to be solved.  
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6.2 DRG model for studying HSV-1 latency 

Many different neuronal cell culture models have been created and used for studies 

of HSV-1 latency (Arthur et al. 2001, Bertke et al. 2011, Camarena et al. 2010, 

Wilcox & Johnson 1987). All of these models use antiviral agents such as acyclovir 

or anti-HSV antibodies to limit the harmful effects of HSV-1 in the cell. That 

approach, even though it enhances the survival of the host neurons, makes the 

quiescent infection somewhat artificial. We have used embryonic mouse dorsal root 

ganglion neurons to study HSV-1 latency. We do not use acyclovir in our system 

and the DRG neurons survive lytic infection nonetheless and harbor latent HSV. It 

has been reported that chick TG compartmentalization by chamber system and viral 

entry via axonal termini leads to latently infected neurons and that somal entry of 

the virus leads to lytic infection (Hafezi et al. 2012). The somas of neurons in our 

system reside inside a connective tissue capsule, which might protect them from 

direct entry of the virus.  

We use dorsal root ganglia instead of trigeminal ganglion. Besides trigeminal 

ganglion, the most common place of latency following oral infection, HSV-1 can 

establish latency in sacral dorsal root ganglion. Latent HSV-1 can sometimes also 

be detected in nodose ganglia and the vagus nerve (Perng & Jones 2010). In the 

often used mouse footpad model, the site of HSV-1 latency is the DRGs and it has 

been proven that HSV-1 can reactivate from mouse DRGs (Stevens & Cook 1971a). 

The high variation in gene expression during latent infection is, in fact, in line 

with other studies showing that lytic gene expression is frequent also during latency 

(Harkness et al. 2014, Ma et al. 2014). As for reactivation, we use PI-3 kinase 

inhibitor as described by Camarena et al. (Camarena et al. 2010). We do not remove 

NGF from the culture medium after reactivation, which might be one reason for the 

high variation after reactivation, since the remaining NGF might be sufficient to 

sustain latent infection in some cells.  

We could observe that the GFP expression profiles were different between 

infected cells. Three main profiles could be separated: 1. Cells which expressed 

GFP during the two first weeks of infection but in which GFP was non-detectable 

at 21 dpi and after reactivation, 2. cells in which GFP expression was first 

detectable within the first two weeks, then absent, and then again detectable after 

reactivation and 3. cells which did not express GFP at any time-point before 

reactivation but were nevertheless able to initiate GFP expression after reactivation.  

The first group was the most prevalent and it possibly consisted of neurons that 

were more able to control the lytic infection or reactivation or perhaps these cells 
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are less susceptible to the latent form of infection. There are reports suggesting that 

different subtypes of neurons do differ in their susceptibility to latent infection 

because TrkA positive neurons are more prone to latent infection in mice in vivo 

and less susceptible to lytic infection in vitro (Bertke et al. 2011, Ma et al. 2014). 

In human TG samples LAT mRNA was, in contrast, less often associated with 

TrkA+ neurons, and more often with ret or calcitonin gene related peptide (CGRP) 

neurons (Flowerdew et al. 2013). The cells in our second group seem to support 

the findings which propose that lytic gene expression can precede the establishment 

of latency. It has been shown that IE promoter activation can precede latency in at 

least 30% of infected rat DRGs (Proença et al. 2011). The GFP cassette is under 

the control of the immediate early promoter of MCMV so its activation prior to 

latency establishment is in line with these results. Our DRG group three represents 

the “classic” mode of latency where lytic genes are immediately repressed and in 

the absence of viral activators latency is established. 

6.3 γ34.5 and Reactivation 

In our studies we noted that the γ134.5 deletion viruses were unable to reactivate in 

the embryonic mouse dorsal root ganglion model. These deletion viruses have been 

shown as ineffective in establishment and reactivation of latency in vivo. The main 

reason for this was most likely the fact that the mutants were unable to spread from 

the initial site of infection to the ganglion (Whitley et al. 1993). In our studies the 

neurons were provided with ample amounts of the deletion virus (5 MOI). When 

the γ134.5 deletion virus H1052 was added directly onto the neurons, they 

replicated as efficiently as the wild-type virus, judged by virus production and GFP 

expression from the genome. The HSV-1 genome copy numbers were equal for 

both of the viruses at 2 dpi and the number of H1052 genomes was high even at 21 

dpi. However, the deletion mutant failed to initiate virus production, even though 

GFP expression could be restarted. This indicates that at least the mCMV promoter 

area in the deletion virus genome was derepressed and genes were expressed. No 

changes in the HSV-1 lytic gene expression or LAT transcript expression could, 

however, be detected after the induction of reactivation in the case of the H1052 

virus. In the wild-type LoxGFP infected cells the expression ratio of lytic genes vs. 

LAT transcript was, in contrast, increased, suggesting that the LoxGFP virus was 

able to reactivate normally in the DRGs.  

The γ134.5 protein is required for inhibition of the cessation of translation by 

PKR during HSV-1 infection (He et al. 1997). ICP34.5 also inhibits innate immune 
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responses by sequestering TBK-1 (Verpooten et al. 2009) and by inhibiting the 

activation of NF-κB (Jin et al. 2011). It is possible that in the absence of γ134.5 

protein the neurons may be able to induce stronger innate responses against the 

reactivating virus and clear it more efficiently. It has been reported that γ134.5 

deletion viruses are cleared more quickly from the brain of infected mice 

(Markovitz et al. 1997). A recent study showed that in LAT positive neurons which 

express lytic genes, antiviral genes are more active than in cells which only express 

LAT, and it is postulated that reactivation is possibly often detected and interrupted 

by host responses (Ma et al. 2014). The γ134.5 deletion viruses are also unable to 

inhibit autophagy in neurons (Orvedahl et al. 2007). HSV-1 virions have been 

detected in autophagosomes, and it is likely that autophagy functions as an antiviral 

mechanism which degrades viral particles (Tallóczy et al. 2006), controls IFN 

expression (Rasmussen et al. 2011) and inhibits neuronal apoptosis (Maiuri et al. 

2007).  

6.4 The roles of Us3 and ZBP1 in formation of stress granules 

6.4.1 HSV-1 growth in transduced cell lines 

Both Us3 protein kinase and ZBP1 have been reported to localize in stress granules 

(Finnen et al. 2014 ,Deigendesch et al. 2006, Pham et al. 2006). We constructed 

cell lines that stably expressed these proteins. A549 cells were transduced with 

retroviral vectors to construct human 3xflag- ZBP1 protein expressing 3fD cell line 

and C-terminally flag-tagged HSV-1(17+) Us3 protein kinase expressing Us3A cell 

line. The transgene expression was confirmed by RT-PCR and western blot. Anti-

flag antibody was able to detect both of the proteins by western blot, but did not 

function in immunofluorescence due to unspecific staining. The expression of 

ZBP1 could in addition be confirmed by blotting with an anti-ZBP1 antibody, 

which could also detect a weak endogenous expression of ZBP1. Alas, this antibody 

also performed weakly in immunofluorescence detection (as do most of the ZBP1 

antibodies we have tested so far). 

The growth of wild-type HSV-1(F) and the Us3 deletion mutant virus R7041 

was studied in the cell lines. It became apparent that R7041 replicated poorly in 

A549 and 3fD cells, but overexpression of Us3 in Us3A cells could restore the 

mutant’s ability to replicate in Us3A cells. Interestingly, wild-type HSV-1(F) 

replicated inefficiently in Us3A cells. High amounts of transduced Us3 have been 
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shown to be toxic to cells (Poon et al. 2006). Us3 expression alone disrupts the 

nuclear lamina of the cells (Bjerke & Roller 2006), which may explain why 

untreated Us3A cells are less viable than A549 cells. The restricted growth of HSV-

1(F) in Us3A cells may be a result of a too high and dysregulated expression of 

Us3, when both the cells and the virus produce Us3.  

6.4.2 Stress granule responses in the cells 

The A549, Us3A and 3fD cells were treated with sodium arsenite and the amount 

and size of stress granules were studied in the cells. The ZBP1 expressing cells 

contained significantly more, but smaller TIA-1/TIAR-containing granules than the 

A549 or Us3A cells. These granules also often contained another stress granule 

protein, HuR, which confirmed that these granules are, in fact, stress granules. 

However, we were unable to detect ZBP1 in the granules, largely due to the poor 

quality of antibodies available for detection of ZBP1. ZBP1 has been shown to 

localize to stress granules (Deigendesch et al. 2006, Pham et al. 2006) and perhaps 

the larger amount of ZBP1 can function as nuclei for stress granule formation. This 

would lead to a bigger number of smaller stress granules, since there would be less 

stress granule components available for an individual granule. 

Us3 protein kinase of HSV-2 has been detected in HSV-2 induced stress 

granules. We wanted to study whether the over-expression of Us3 would affect 

stress granule formation. Overexpression of Us3 alone in the Us3A cells did not 

significantly affect the number or size of the stress granules in the cells, compared 

to the A549 cells. It seems that Us3 does not prevent or increase the formation of 

stress granules in vitro. 

6.4.3 The effect of HSV-1 infection on stress granule formation 

Cells were infected with wild-type HSV-1(F) and treated at 10 hpi with sodium 

arsenite. The amount and size of the stress granules was assessed after that. HSV-

1(F) significantly reduced the amount and size of the stress granules in all the cell 

lines. After infection there were no significant changes in the size or number of 

stress granules between the cell lines. Overexpression of ZBP1 or Us3 does not 

interfere with this inhibition of stress granule formation. ZBP1 is known to 

recognize HSV-1 and elicit immune responses against it (Takaoka et al. 2007). It 

has also been shown to localize to stress granules. What ZBP1 does in stress 

granules and what its role in stress granule formation is, are still unknown. It has 
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been proposed that stress granules intercept cellular signaling molecules in order to 

control signaling during stress (Kedersha et al. 2013). As an example, inactivated 

TORC1 is localized to stress granules (Takahara & Maeda 2012). As Us3 is known 

to activate TORC1 (Chuluunbaatar et al. 2010), it would be convenient for it to 

localize to stress granules and activate TORC1 there, which would lead to release 

of TORC1 from stress granules and activation of translation. We also observed that 

ICP8 co-localized with TIA-1/TIAR in some cells. ICP8 has been shown to bind 

stress granule protein G3BP1 and to prevent stress granule formation (Panas et al. 

2015), so it is not surprising that ICP8 could be localized in stress granules. 

When we infected the cells with a Us3 deletion mutant virus 7041, we noticed 

that TIA-1/TIAR relocalized into large perinuclear structures. To further 

characterize the granules we stained the cells with anti-GM130 antibodies. GM130 

is a cis-Golgi protein. We noticed that TIA-1/TIAR co-localized almost completely 

with GM130 in R7041 infected cells. Morphological changes in the Golgi 

apparatus during Us3 deletion mutant infection have also been noted elsewhere. At 

12 hpi the Golgi complex of R7041-infected cells comprised of multiple stacks 

with thick electron dense membranes (Wild et al. 2014). Our results indicate that 

TIA-1/TIAR localizes or ends up in these disrupted Golgi stacks in the absence of 

Us3. The overexpression of Us3 could not prevent the disruption of Golgi 

completely, but the TIA-1/TIAR staining was more concentrated to specific foci. 

Whether the phenomenon is a sign of ongoing apoptosis in cells remains to be 

elucidated. However, it can be observed in most R7041-infected cells, which do not 

all undergo apoptosis. 

6.5 Remaining questions and future prospects 

HSV-1 has adapted to the different cellular environments present in various cell 

types. This requires a finely orchestrated expression of factors that both control the 

host cell responses and help the virus adapt to the specific cellular environment 

present in the cells. Us3 is a serine-threonine protein kinase, that phosphorylates 

many cellular and viral proteins. Us3 has proven to be an important viral factor 

with a large palette of diverse functions that promote viral growth and survival. Us3 

can prevent the cell from activating antiviral signaling pathways which would 

ultimately lead to disposal of the infected cell. Us3 is involved in regulation of 

apoptosis, stress granule formation, TLR-signaling, IRF-3 activation and in the 

promotion of the AKT-signaling pathway and thus translation (Chuluunbaatar & 

Mohr 2011, Finnen et al. 2014, Jerome et al. 1999, Peri et al. 2008, Wang et al. 
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2013). The results presented in this thesis support the idea that Us3 is one of the 

major innate immune evasion factors of HSV-1.  

As the reservoir of the latent HSV-1 virus, neurons are key players of HSV-1 

biology. A neuronal cell culture model in which HSV-1 proceeds through the 

different phases of infection - including latency - in a manner resembling in vivo 

settings is a valuable tool. Cell lines that have been used in the laboratories for 

decades may have changed over the years, whereas primary cells retain their 

original characteristics. We showed that γ134.5 protein is needed for an efficient 

reactivation of the HSV-1 virus in DRG neurons. The exact mechanism of how the 

γ134.5 protein functions during latency still remains unknown. It is known that the 

γ134.5 deletion viruses are attenuated in wild-type mice and that in IFNR -/- mice 

their growth properties are restored (Leib et al. 1999). The γ134.5 can inhibit TBK-

1 and NF-κB function and thus reduce the expression of antiviral factors (Jin et al. 

2011, Verpooten et al. 2009). Cytokine treatments can inhibit HSV-1 reactivation 

(Decman et al. 2005). It is plausible that the γ134.5 deletion viruses induce stronger 

interferon responses than the wild-type viruses. The changes in pattern recognition 

receptor expression and activation, and interferon signaling will be assessed in our 

DRG model during different phases of wild-type HSV-1 and γ134.5 deletion virus 

infections in the future. 

Our research group aims at developing gene therapy for demyelinating 

autoimmune disease utilizing neuroattenuated HSV-derived vectors. Oncolytic 

γ134.5 negative HSV vectors have already proven safe in clinical trials, and one 

such vector is undergoing the approval process in the European Medicines Agency 

and in the FDA for treatment of melanoma (Sheridan 2013). In order to improve 

safety and efficacy of the HSV vectors, it may be necessary to further attenuate the 

virus by removing additional virulence genes, such as Us3. The DRG model can be 

used to study the long-term effects of, and gene expression from, HSV-1 and HSV-

1-based gene therapy vectors, since the neurons have a lifespan of nine weeks after 

dissection and plating. It is important to study the effects of the gene deletions in 

vitro before in vivo experiments. Many questions need to be answered. Does 

deleting Us3 from a vector affect the vector’s abilities to infect neurons? How do 

gene deletions affect acute replication of the virus in neurons? What are the long-

term effects of Us3 deletion on gene expression, latency establishment or 

reactivation? Would an Us3/γ134.5 double deletion vector induce detrimentally 

high antiviral responses in neuronal cells?  
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7 Conclusions 

Herpes simplex virus type 1 is able to proliferate and flourish in several cell types 

despite the host responses mounted against it. First the virus efficiently multiplies 

in the epithelia to amounts high enough for efficient establishment of latency in the 

innervating neuron. Environments in different cell types differ from each other, and 

the virus has to be able to adjust to those environments. HSV-1 codes for at least 

84 proteins, most of which are multi-functional. In this study we focused on two 

HSV-1 virulence proteins, Us3 and γ134.5. The main findings were: 

I  The deletion of Us3 affects TLR3 responses in U937 monocytic cells. The 

deletion of Us3 increased TLR3 expression at both the mRNA and protein 

levels. Us3 deletion led to increased activation of IRF-3, increased expression 

of type I interferon mRNAs and increased expression of interferon stimulated 

MxA protein. This shows that TLR3 is involved in the regulation of innate 

immune responses against HSV-1 and that Us3 regulates the phosphorylation 

status of IRF-3.  

II  HSV-1 is able to replicate, establish latency and reactivate in embryonic mouse 

dorsal root ganglia. The γ134.5 protein is required for efficient reactivation of 

HSV-1 in murine DRG neurons. 

III  The pattern recognition receptor ZBP1 affects stress granule formation, since 

human ZBP1 overexpression increased the number and reduced the size of 

TIA-1/TIAR-containing cytoplasmic granules. HSV-1 Us3 protein kinase 

impacts TIA-1/TIAR localization in the cells. Infection with Us3 deletion 

mutant virus relocates TIA-1/TIAR to the Golgi apparatus. Overexpression of 

Us3 has no significant effect on stress granules.  

 
  



72 

 



73 

Appendix I 

Table 1. Primers used in the studies. 

Primer name Primer Sequence Reference 

mouse GAPDH sense GTGGTTCACACCCATCACAA Publication II 

mouse GAPDH antisense GGTGCTGAGTATGTCGTGGA Publication II 

Human GAPDH sense TGGAAGGACTCATGACCACA Manuscript III 

Human GAPDH antisense TTCAGCTCAGGGATGACCTT Manuscript III 

Human TLR2 sense CAGGGCTCACAGAAGCTGTAA Publication I 

Human TLR2 antisense GCCCAGGGAAGAAAAAGAATC Publication I 

Human TLR3 sense TAGCAGTCATCCAACAGAATCAT Publication I 

Human TLR3 antisense AATCTTCTGAGTTGATTATGGGTAA Publication I 

Human TLR3 sense TAGCAGTCATCCAACAGAATCAT Publication I 

Human TLR3 antisense AATCTTCTGAGTTGATTATGGGTAA Publication I 

Human TLR4 sense ACACAGAAGAGCTGGCATGA Publication I 

Human TLR4 antisense GGTTGTCGGGGATTTTGTAG Publication I 

Human TLR9 sense CTTCCCTGTAGCTGCTGTCC Publication I 

Human TLR9 antisense CCTGCACCAGGAGAGACAG Publication I 

Human IFN-α(1/13) sense TGGCTGTGAAGAAATACTTCCG Publication I 

Human IFN-α(1/13) antisense TGTTTTCATGTTGGACCAGATG Publication I 

Human IFN-β sense  TCTCCACGACAGCTCTTTCCA Publication I 

Human IFN-β antisense  ACACTGACAATTGCTGCTTCTTTG Publication I 

Human MyD88 sense TGGCACCTGTGTCTGGTCTA Publication I 

Human MyD88 antisense ACATTCCTTGCTCTGCAGGT Publication I 

Human IRF-3 sense GTTCTGTGTGGGGGAGTCAT Publication I 

Human IRF-3 antisense CTGTTGGAAATGTGCAGGTC Publication I 

Human TRIF sense  CCTCCTCCTCCTCCTTCATC Publication I 

Human TRIF antisense GCGTGGAGGATCACAAAGTT Publication I 

Human DAI sense ACATTGGTCAGCCCATCACT Publication I 

Human DAI antisense CCACATAGTGGCTGCCTTCT Publication I 

HSV-1 Us3 sense AGGTCCACGTTGACGAGTTT Manuscript III 

HSV-1 Us3 antisense GGGCTTTGCAAACCAGATATT Manuscript III 

UL 29 sense AAGCTGGTTGCGTTGGAG Romanovskaya et al. 2012 

UL 29 antisense TTTCTGCTGAAGCAGTTC CA Romanovskaya et al. 2012 

UL 54 sense GTCCTGCGCTCCATCTCC Paavilainen et al. 2015 

UL 54 antisense GTCGTGCATGACCTGTGC Paavilainen et al. 2015 

VP16 sense TTTGACCCGCGAGATCCTAT Broberg et al. 2003 

VP16 antisense GCTCCGTTGACGAACATGAA Broberg et al. 2003 

LAT sense GTGCCTGGCTCTCTATGCTT Publication II 

LAT antisense TCCTCCGTATCCTCGCTTTA Publication II 

HSV-1 gD sense ATCACGGTAGCCCGGCCGTGTGACA Hukkanen et al. 2000 

HSV-1 gD antisense CATACCGGAACGCACCACACAA Hukkanen et al. 2000 

HSV-1 Us3 sense AGGTCCACGTTGACGAGTTT Manuscript III 

 



74 

  



75 

References 

Aarnisalo J, Ilonen J, Vainionpaa R, Volanen I, Kaitosaari T & Simell O (2003) 
Development of antibodies against cytomegalovirus, varicella-zoster virus and herpes 
simplex virus in Finland during the first eight years of life: a prospective study. Scand 
J Infect Dis 35(10): 750-753.  

Anderson P & Kedersha N (2008) Stress granules: the Tao of RNA triage. Trends Biochem 
Sci 33(3): 141-150.  

Anderson P & Kedersha N (2002) Stressful initiations. J Cell Sci 115(16): 3227-3234.  
Arthur JL, Scarpini CG, Connor V, Lachmann RH, Tolkovsky AM & Efstathiou S (2001) 

Herpes simplex virus type 1 promoter activity during latency establishment, 
maintenance, and reactivation in primary dorsal root neurons in vitro. J Virol 75(8): 
3885-3895.  

Belshe RB, Leone PA, Bernstein DI, Wald A, Levin MJ, Stapleton JT, Gorfinkel I, Morrow 
RLA, Ewell MG, Stokes-Riner A, Dubin G, Heineman TC, Schulte JM & Deal CD 
(2012) Efficacy Results of a Trial of a Herpes Simplex Vaccine. N Engl J Med 366(1): 
34-43.  

Bertke AS, Swanson SM, Chen J, Imai Y, Kinchington PR & Margolis TP (2011) A5-
positive primary sensory neurons are nonpermissive for productive infection with 
herpes simplex virus 1 in vitro. J Virol 85(13): 6669-6677.  

Bjerke SL & Roller RJ (2006) Roles for herpes simplex virus type 1 UL34 and US3 proteins 
in disrupting the nuclear lamina during herpes simplex virus type 1 egress. Virology 
347(2): 261-276.  

Bloom DC, Giordani NV & Kwiatkowski DL (2010) Epigenetic regulation of latent HSV-1 
gene expression. BBA - Gene Regul Mech 1799(3–4): 246-256.  

Boissière SL, Hughes T & O'Hare P (1999) HCF‐dependent nuclear import of VP16. EMBO 
J 18(2): 480-489.  

Bradley H, Markowitz LE, Gibson T & McQuillan GM (2014) Seroprevalence of herpes 
simplex virus types 1 and 2—United States, 1999–2010. J Infect Dis 209(3): 325-333.  

Branco FJ & Fraser NW (2005) Herpes simplex virus type 1 latency-associated transcript 
expression protects trigeminal ganglion neurons from apoptosis. J Virol 79(14): 9019-
9025.  

Broberg EK, Nygardas M, Salmi AA & Hukkanen V (2003) Low copy number detection of 
herpes simplex virus type 1 mRNA and mouse Th1 type cytokine mRNAs by Light 
Cycler quantitative real-time PCR. J Virol Methods 112(1-2): 53-65.  

Camarena V, Kobayashi M, Kim JY, Roehm P, Perez R, Gardner J, Wilson AC, Mohr I & 
Chao MV (2010) Nature and duration of growth factor signaling through receptor 
tyrosine kinases regulates HSV-1 latency in neurons. Cell Host Microbe 8(4): 320-330.  

Cartier A, Broberg E, Komai T, Henriksson M & Masucci MG (2003) The herpes simplex 
virus-1 Us3 protein kinase blocks CD8T cell lysis by preventing the cleavage of Bid by 
granzyme B. Cell Death Differ 10(12): 1320-1328.  

Carton CA & Kilbourne ED (1952) Activation of latent herpes simplex by trigeminal 
sensory-root section. N Engl J Med 246(5): 172-176.  



76 

Chiu Y, MacMillan JB & Chen ZJ (2009) RNA polymerase III detects cytosolic DNA and 
induces type I interferons through the RIG-I pathway. Cell 138(3): 576-591.  

Chou J & Roizman B (1992) The gamma 1(34.5) gene of herpes simplex virus 1 precludes 
neuroblastoma cells from triggering total shutoff of protein synthesis characteristic of 
programed cell death in neuronal cells. P Natl Acad Sci USA 89(8): 3266-3270.  

Chuluunbaatar U & Mohr I (2011) A herpesvirus kinase that masquerades as Akt. Cell Cycle 
10(13): 2064-2068.  

Chuluunbaatar U, Roller R & Mohr I (2012) Suppression of extracellular signal-regulated 
kinase activity in herpes simplex virus 1-infected cells by the Us3 protein kinase. J Virol 
86(15): 7771-7776.  

Chuluunbaatar U, Roller R, Feldman ME, Brown S, Shokat KM & Mohr I (2010) 
Constitutive mTORC1 activation by a herpesvirus Akt surrogate stimulates mRNA 
translation and viral replication. Gene Dev 24(23): 2627-2639.  

Connolly SA, Jackson JO, Jardetzky TS & Longnecker R (2011) Fusing structure and 
function: a structural view of the herpesvirus entry machinery. Nat Rev Micro 9(5): 
369-381.  

Crill EK, Furr-Rogers SR & Marriott I (2015) RIG-I is required for VSV-induced cytokine 
production by murine glia and acts in combination with DAI to initiate responses to 
HSV-1. Glia 63(12): 2168-80.  

Dauber B, Pelletier J & Smiley JR (2011) The herpes simplex virus 1 vhs protein enhances 
translation of viral true late mRNAs and virus production in a cell type-dependent 
manner. J Virol 85(11): 5363-5373.  

Dauber B, Saffran HA & Smiley JR (2014) The herpes simplex virus 1 virion host shutoff 
protein enhances translation of viral late mRNAs by preventing mRNA overload. J 
Virol 88(17): 9624-9632.  

Decman V, Kinchington PR, Harvey SA & Hendricks RL (2005) Gamma interferon can 
block herpes simplex virus type 1 reactivation from latency, even in the presence of late 
gene expression. J Virol 79(16): 10339-10347.  

DeFilippis VR, Alvarado D, Sali T, Rothenburg S & Früh K (2010) Human Cytomegalovirus 
Induces the Interferon Response via the DNA Sensor ZBP1. J Virol 84(1): 585-598.  

Deigendesch N, Koch-Nolte F & Rothenburg S (2006) ZBP1 subcellular localization and 
association with stress granules is controlled by its Z-DNA binding domains. Nucleic 
Acids Res 34(18): 5007-5020.  

DeLuca N, McCarthy A & Schaffer P (1985) Isolation and characterization of deletion 
mutants of herpes simplex virus type 1 in the gene encoding immediate-early regulatory 
protein ICP4. J Virol 56: 558-570.  

Derfuss T, Segerer S, Herberger S, Sinicina I, Hüfner K, Ebelt K, Knaus H, Steiner I, Meinl 
E, Dornmair K, Arbusow V, Strupp M, Brandt T & Theil D (2007) Presence of HSV-1 
immediate early genes and clonally expanded T-cells with a memory effector phenotype 
in human trigeminal ganglia. Brain Pathol 17(4): 389-398.  

Du T, Zhou G & Roizman B (2011) HSV-1 gene expression from reactivated ganglia is 
disordered and concurrent with suppression of latency-associated transcript and 
miRNAs. P Natl Acad Sci USA 108(46): 18820-18824.  



77 

Du T, Zhou G & Roizman B (2013) Modulation of reactivation of latent herpes simplex 
virus 1 in ganglionic organ cultures by p300/CBP and STAT3. P Natl Acad Sci USA 
110(28): E2621-E2628.  

Ferraro E & Cecconi F (2007) Autophagic and apoptotic response to stress signals in 
mammalian cells. Arch Biochem Biophys 462(2): 210-219.  

Finnen RL, Hay TJ, Dauber B, Smiley JR & Banfield BW (2014) The herpes simplex virus 
2 virion-associated ribonuclease vhs interferes with stress granule formation. J Virol 
88(21): 12727-12739.  

Finnen RL, Pangka KR & Banfield BW (2012) Herpes simplex virus 2 infection impacts 
stress granule accumulation. J Virol 86(15): 8119-8130.  

Flores O, Nakayama S, Whisnant AW, Javanbakht H, Cullen BR & Bloom DC (2013) 
Mutational inactivation of herpes simplex virus 1 microRNAs identifies viral mRNA 
targets and reveals phenotypic effects in culture. J Virol 87(12): 6589-6603.  

Flowerdew SE, Wick D, Himmelein S, Horn AK, Sinicina I, Strupp M, Brandt T, Theil D 
& Hufner K (2013) Characterization of neuronal populations in the human trigeminal 
ganglion and their association with latent herpes simplex virus-1 infection. PLoS One 
8(12): e83603.  

Gianni T, Leoni V, Chesnokova LS, Hutt-Fletcher LM & Campadelli-Fiume G (2012) 
Alphavbeta3-integrin is a major sensor and activator of innate immunity to herpes 
simplex virus-1. Proc Natl Acad Sci U S A 109(48): 19792-19797.  

Gu H, Liang Y, Mandel G & Roizman B (2005) Components of the REST/CoREST/histone 
deacetylase repressor complex are disrupted, modified, and translocated in HSV-1-
infected cells. P Natl Acad Sci USA 102(21): 7571-7576.  

Gu H & Roizman B (2009) The two functions of herpes simplex virus 1 ICP0, inhibition of 
silencing by the CoREST/REST/HDAC complex and degradation of PML, are executed 
in tandem. J Virol 83(1): 181-187.  

Ha SC, Kim D, Hwang HY, Rich A, Kim YG & Kim KK (2008) The crystal structure of the 
second Z-DNA binding domain of human DAI (ZBP1) in complex with Z-DNA reveals 
an unusual binding mode to Z-DNA. Proc Natl Acad Sci U S A 105(52): 20671-20676.  

Hafezi W, Lorentzen EU, Eing BR, Muller M, King NJ, Klupp B, Mettenleiter TC & Kuhn 
JE (2012) Entry of herpes simplex virus type 1 (HSV-1) into the distal axons of 
trigeminal neurons favors the onset of nonproductive, silent infection. PLoS Pathog 8(5): 
e1002679.  

Hagglund R, Munger J, Poon APW & Roizman B (2002) US3 protein kinase of herpes 
simplex virus 1 blocks caspase 3 activation induced by the products of US1.5 and UL13 
genes and modulates expression of transduced US1.5 open reading frame in a cell type-
specific manner. J Virol 76(2): 743-754.  

Halford WP, Gebhardt BM & Carr DJ (1996) Mechanisms of herpes simplex virus type 1 
reactivation. J Virol 70(8): 5051-5060.  

Halford WP & Schaffer PA (2001) ICP0 is required for efficient reactivation of herpes 
simplex virus type 1 from neuronal latency. J Virol 75(7): 3240-3249.  



78 

Harkness JM, Kader M & DeLuca NA (2014) Transcription of the Herpes Simplex Virus 1 
Genome during Productive and Quiescent Infection of Neuronal and Nonneuronal Cells. 
J Virol 88(12): 6847-6861.  

Harrow S, Papanastassiou V, Harland J, Mabbs R, Petty R, Fraser M, Hadley D, Patterson 
J, Brown SM & Rampling R (2004) HSV1716 injection into the brain adjacent to 
tumour following surgical resection of high-grade glioma: safety data and long-term 
survival. Gene Ther 11(22): 1648-1658.  

Hayward GS, Jacob RJ, Wadsworth SC & Roizman B (1975) Anatomy of herpes simplex 
virus DNA: evidence for four populations of molecules that differ in the relative 
orientations of their long and short components. Proc Natl Acad Sci U S A 72(11): 
4243-4247.  

He B, Gross M & Roizman B (1997) The γ134.5 protein of herpes simplex virus 1 complexes 
with protein phosphatase 1α to dephosphorylate the α subunit of the eukaryotic 
translation initiation factor 2 and preclude the shutoff of protein synthesis by double-
stranded RNA-activated protein kinase. P Natl Acad Sci USA 94(3): 843-848.  

Himmelein S, Lindemann A, Sinicina I, Strupp M, Brandt T & Hüfner K (2015) Latent 
herpes simplex virus 1 infection does not induce apoptosis in human trigeminal ganglia. 
J Virol 89(10): 5747-5750.  

Hukkanen V, Seppänen M, Lautenschlager I & Ojala P (2011) Herpesvirusten ryhmä. In: 
Hedman K, Heikkinen T, Huovinen P, Järvinen A, Meri S & Vaara M (eds) 
Mikrobiologia, Immunologia ja Infektiosairaudet. Helsinki, Kustannus Oy Duodecim: 
524-568.  

Hukkanen V, Paavilainen H & Mattila RK (2010) Host responses to herpes simplex virus 
and herpes simplex virus vectors. Future Virol 5(4): 493-512.  

Hukkanen V, Rehn T, Kajander R, Sjöroos M & Waris M (2000) Time-resolved fluorometry 
PCR assay for rapid detection of herpes simplex virus in cerebrospinal fluid. J Clin 
Microbiol 38(9): 3214-3218.  

Ivanov P, Kedersha N & Anderson P (2011) Stress puts TIA on TOP. Genes Dev 25(20): 
2119-2124.  

Izquierdo JM, Majós N, Bonnal S, Martínez C, Castelo R, Guigó R, Bilbao D & Valcárcel J 
(2005) Regulation of Fas alternative splicing by antagonistic effects of TIA-1 and PTB 
on exon definition. Mol Cell 19(4): 475-484.  

Jacobs SR, Gregory SM, West JA, Wollish AC, Bennett CL, Blackbourn DJ, Heise MT & 
Damania B (2013) The viral interferon regulatory factors of kaposi's sarcoma-
associated herpesvirus differ in their inhibition of interferon activation mediated by toll-
like receptor 3. J Virol 87(2): 798-806.  

Jerome KR, Fox R, Chen Z, Sears AE, Lee H & Corey L (1999) Herpes simplex virus 
inhibits apoptosis through the action of two genes, Us5 and Us3. J Virol 73(11): 8950-
8957.  

Jiang X, Brown D, Osorio N, Hsiang C, BenMohamed L & Wechsler SL (2015a) Increased 
neurovirulence and reactivation of the herpes simplex virus type 1 latency-associated 
transcript (LAT)-negative mutant dLAT2903 with a disrupted LAT miR-H2. J 
Neurovirol .  



79 

Jiang X, Brown D, Osorio N, Hsiang C, Li L, Chan L, BenMohamed L & Wechsler S (2015b) 
A herpes simplex virus type 1 mutant disrupted for microRNA H2 with increased 
neurovirulence and rate of reactivation. J Neurovirol 21(2): 199-209.  

Jin H, Yan Z, Ma Y, Cao Y & He B (2011) A herpesvirus virulence factor inhibits dendritic 
cell maturation through protein phosphatase 1 and IκB kinase. J Virol 85(7): 3397-3407.  

Jurak I, Kramer MF, Mellor JC, van Lint AL, Roth FP, Knipe DM & Coen DM (2010) 
Numerous conserved and divergent microRNAs expressed by herpes simplex viruses 1 
and 2. J Virol 84(9): 4659-4672.  

Kaiser WJ, Upton JW & Mocarski ES (2008) Receptor-interacting protein homotypic 
interaction motif-dependent control of NF-kappa B activation via the DNA-dependent 
activator of IFN regulatory factors. J Immunol 181(9): 6427-6434.  

Kalamvoki M & Roizman B (2014) HSV-1 degrades, stabilizes, requires, or is stung by 
STING depending on ICP0, the US3 protein kinase, and cell derivation. Proc Natl Acad 
Sci U S A 111(5): E611-7.  

Kalamvoki M & Roizman B (2010) Circadian CLOCK histone acetyl transferase localizes 
at ND10 nuclear bodies and enables herpes simplex virus gene expression. P Natl Acad 
Sci USA 107(41): 17721-17726.  

Katan M, Haigh A, Verrijzer CP, van der Vliet ,P.C. & O'Hare P (1990) Characterization of 
a cellular factor which interacts functionally with Oct-1 in the assembly of a 
multicomponent transcription complex. Nucleic Acids Res 18(23): 6871-6880.  

Kedersha N, Cho MR, Li W, Yacono PW, Chen S, Gilks N, Golan DE & Anderson P (2000) 
Dynamic shuttling of TIA-1 accompanies the recruitment of mRNA to mammalian 
stress granules. J Cell Biol 151(6): 1257-1268.  

Kedersha N, Chen S, Gilks N, Li W, Miller IJ, Stahl J & Anderson P (2002) Evidence that 
ternary complex (eIF2-GTP-tRNAi Met)–deficient preinitiation complexes are core 
constituents of mammalian stress granules. Molecular Biology of the Cell 13(1): 195-
210.  

Kedersha N, Ivanov P & Anderson P (2013) Stress granules and cell signaling: more than 
just a passing phase? Trends Biochem Sci 38(10): 494-506.  

Kesari S, Lasner TM, Balsara KR, Randazzo BP, Lee VM, Trojanowski JQ & Fraser NW 
(1998) A neuroattenuated ICP34.5-deficient herpes simplex virus type 1 replicates in 
ependymal cells of the murine central nervous system. J Gen Virol 79 ( Pt 3)(Pt 3): 525-
536.  

Kim JY, Mandarino A, Chao MV, Mohr I & Wilson AC (2012) Transient reversal of 
episome silencing precedes VP16-dependent transcription during reactivation of latent 
HSV-1 in neurons. PLoS Pathog 8(2): e1002540.  

Kim JY, Shiflett LA, Linderman JA, Mohr I & Wilson AC (2014) Using homogeneous 
primary neuron cultures to study fundamental aspects of HSV-1 latency and 
reactivation. Methods Mol Biol 1144: 167-179.  

Knickelbein JE, Khanna KM, Yee MB, Baty CJ, Kinchington PR & Hendricks RL (2008) 
Noncytotoxic lytic granule–mediated CD8+ T cell inhibition of HSV-1 reactivation 
from neuronal latency. Science 322(5899): 268-271.  



80 

Knipe DM (2015) Nuclear sensing of viral DNA, epigenetic regulation of herpes simplex 
virus infection, and innate immunity. Virology 479–480(0): 153-159.  

Kobayashi M, Kim JY, Camarena V, Roehm PC, Chao MV, Wilson AC & Mohr I (2012a) 
A primary neuron culture system for the study of herpes simplex virus latency and 
reactivation. J Vis Exp (62). pii: 3823. doi(62): 10.3791/3823.  

Kobayashi M, Wilson AC, Chao MV & Mohr I (2012b) Control of viral latency in neurons 
by axonal mTOR signaling and the 4E-BP translation repressor. Genes and 
Development 26(14): 1527-1532.  

Kristie TM, LeBowitz JH & Sharp PA (1989) The octamer-binding proteins form multi-
protein--DNA complexes with the HSV alpha TIF regulatory protein. EMBO J 8(13): 
4229-4238.  

Krug A, Luker GD, Barchet W, Leib DA, Akira S & Colonna M (2004) Herpes simplex 
virus type 1 activates murine natural interferon-producing cells through toll-like 
receptor 9. Blood 103(4): 1433-1437.  

Kumari P, Narayanan S & Kumar H (2015) Herpesviruses: interfering innate immunity by 
targeting viral sensing and interferon pathways. Rev Med Virol 25(3): 187-201.  

Laine RF, Albecka A, van dL, Rees EJ, Crump CM & Kaminski CF (2015) Structural 
analysis of herpes simplex virus by optical super-resolution imaging. Nat Commun 6.  

Leach N, Bjerke SL, Christensen DK, Bouchard JM, Mou F, Park R, Baines J, Haraguchi T 
& Roller RJ (2007) Emerin is hyperphosphorylated and redistributed in herpes simplex 
virus type 1-infected cells in a manner dependent on both UL34 and US3. J Virol 81(19): 
10792-10803.  

Leib DA, Harrison TE, Laslo KM, Machalek MA, Moorman NJ & Virgin HW (1999) 
Interferons regulate the phenotype of wild-type and mutant herpes simplex viruses in 
vivo. J Exp Med 189(4): 663-672.  

Leib DA, Machalek MA, Williams BRG, Silverman RH & Virgin HW (2000) Specific 
phenotypic restoration of an attenuated virus by knockout of a host resistance gene. P 
Natl Acad Sci USA 97(11): 6097-6101.  

Leoni V, Gianni T, Salvioli S & Campadelli-Fiume G (2012) Herpes simplex virus 
glycoproteins gH/gL and gB bind toll-like receptor 2, and soluble gH/gL is sufficient to 
activate NF-κB. J Virol 86(12): 6555-6562.  

Li W, Li Y, Kedersha N, Anderson P, Emara M, Swiderek KM, Moreno GT & Brinton MA 
(2002) Cell proteins TIA-1 and TIAR interact with the 3' stem-loop of the west nile 
virus complementary minus-strand RNA and facilitate virus replication. J Virol 76(23): 
11989-12000.  

Li Y, Zhang C, Chen X, Yu J, Wang Y, Yang Y, Du M, Jin H, Ma Y, He B & Cao Y (2011) 
ICP34.5 protein of herpes simplex virus facilitates the initiation of protein translation 
by bridging eukaryotic initiation factor 2a (eIF2a) and protein phosphatase 1. J Biol 
Chem 286(28): 24785-24792.  

Liang Y, Vogel JL, Narayanan A, Peng H & Kristie TM (2009) Inhibition of the histone 
demethylase LSD1 blocks Î±-herpesvirus lytic replication and reactivation from latency. 
Nat Med 15(11): 1312-1317.  



81 

Lim HK, Seppanen M, Hautala T, Ciancanelli MJ, Itan Y, Lafaille FG, Dell W, Lorenzo L, 
Byun M, Pauwels E, Ronnelid Y, Cai X, Boucherit S, Jouanguy E, Paetau A, Lebon P, 
Rozenberg F, Tardieu M, Abel L, Yildiran A, Vergison A, Roivainen R, Etzioni A, 
Tienari PJ, Casanova JL & Zhang SY (2014) TLR3 deficiency in herpes simplex 
encephalitis: high allelic heterogeneity and recurrence risk. Neurology 83(21): 1888-
1897.  

Loret S, Guay G & Lippé R (2008) Comprehensive characterization of extracellular herpes 
simplex virus type 1 virions. J Virol 82(17): 8605-8618.  

Ma JZ, Russell TA, Spelman T, Carbone FR & Tscharke DC (2014) Lytic gene expression 
is frequent in HSV-1 latent infection and correlates with the engagement of a cell-
Intrinsic transcriptional response. PLoS Pathog 10(7): e1004237.  

Ma Y & He B (2014) Recognition of herpes simplex viruses: toll-like receptors and beyond. 
J Mol Biol 426(6): 1133-1147.  

Maiuri MC, Zalckvar E, Kimchi A & Kroemer G (2007) Self-eating and self-killing: 
crosstalk between autophagy and apoptosis. Nat Rev Mol Cell Biol 8(9): 741-752.  

Mäki J, Paavilainen H, Grénman S, Syrjänen S & Hukkanen V (2015) Carriage of herpes 
simplex virus and human papillomavirus in oral mucosa is rare in young women: A 
long-term prospective follow-up. J Clin Virol 70: 58-62.  

Mark KE, Wald A, Magaret AS, Selke S, Kuntz S, Huang ML & Corey L (2010) Rapidly 
cleared episodes of oral and anogenital herpes simplex virus shedding in HIV-infected 
adults. J Acquir Immune Defic Syndr 54(5): 482-488.  

Markovitz NS, Baunoch D & Roizman B (1997) The range and distribution of murine central 
nervous system cells infected with the gamma(1)34.5- mutant of herpes simplex virus 
1. J Virol 71(7): 5560-5569.  

Maul GG (1998) Nuclear domain 10, the site of DNA virus transcription and replication. 
Bioessays 20(8): 660-667.  

Maul GG & Everett RD (1994) The nuclear location of PML, a cellular member of the 
C3HC4 zinc-binding domain protein family, is rearranged during herpes simplex virus 
infection by the C3HC4 viral protein ICP0. J Gen Virol 75(6): 1223-1233.  

McAllister SC & Schleiss MR (2014) Prospects and perspectives for development of a 
vaccine against herpes simplex virus infections. Expert Rev Vaccines 13(11): 1349-
1360.  

McGeoch DJ, Dalrymple MA, Davison AJ, Dolan A, Frame MC, McNab D, Perry LJ, Scott 
JE & Taylor P (1988) The complete DNA sequence of the long unique region in the 
genome of herpes simplex virus type 1. J Gen Virol 69(7): 1531-1574.  

McGeoch DJ, Dolan A, Donald S & Brauer DHK (1986) Complete DNA sequence of the 
short repeat region in the genome of herpes simplex virus type 1. Nucleic Acids Res 
14(4): 1727-1745.  

Melchjorsen J (2012) Sensing herpes: more than toll. Rev Med Virol 22(2): 106-121.  
Melchjorsen J, Rintahaka J, Søby S, Horan KA, Poltajainen A, Østergaard L, Paludan SR & 

Matikainen S (2010) Early innate recognition of herpes simplex virus in human primary 
macrophages is mediated via the MDA5/MAVS-dependent and MDA5/MAVS/RNA 
polymerase III-independent pathways. J Virol 84(21): 11350-11358.  



82 

Melroe GT, Silva L, Schaffer PA & Knipe DM (2006) Recruitment of activated IRF-3 and 
CBP/p300 to herpes simplex virus ICP0 nuclear foci: potential role in blocking IFN-
beta induction. Virology 360(2): 305-321.  

Messer HG, Jacobs D, Dhummakupt A & Bloom DC (2015) Inhibition of H3K27me3-
specific histone demethylases JMJD3 and UTX blocks reactivation of herpes simplex 
virus 1 in trigeminal ganglion neurons. J Virol 89(6): 3417-3420.  

Miettinen JJ, Matikainen S & Nyman TA (2012) Global secretome characterization of 
herpes simplex virus 1-infected human primary macrophages. J Virol 86(23): 12770-
12778.  

Mohr I, Sternberg D, Ward S, Leib D, Mulvey M & Gluzman Y (2001) A herpes simplex 
virus type 1 γ34.5 second-site suppressor mutant that exhibits enhanced growth in 
cultured glioblastoma cells is severely attenuated in animals. J Virol 75(11): 5189-5196.  

Mori I (2012) Herpes simplex virus US3 protein kinase regulates host responses and 
determines neurovirulence. Microbiol Immunol 56(6): 351-355.  

Mori I, Goshima F, Koshizuka T, Koide N, Sugiyama T, Yoshida T, Yokochi T, Kimura Y 
& Nishiyama Y (2003) The US3 protein kinase of herpes simplex virus attenuates the 
activation of the c-Jun N-terminal protein kinase signal transduction pathway in 
infected piriform cortex neurons of C57BL/6 mice. Neurosci Lett 351(3): 201-205.  

Mott KR, Chentoufi AA, Carpenter D, BenMohamed L, Wechsler SL & Ghiasi H (2009) 
The role of a glycoprotein K (gK) CD8+ T-cell epitope of herpes simplex virus on virus 
replication and pathogenicity. Invest Ophthalmol Vis Sci 50(6): 2903-2912.  

Munger J & Roizman B (2001) The US3 protein kinase of herpes simplex virus 1 mediates 
the posttranslational modification of BAD and prevents BAD-induced programmed cell 
death in the absence of other viral proteins. P Natl Acad Sci USA 98(18): 10410-10415.  

Narayanan A, Ruyechan WT & Kristie TM (2007) The coactivator host cell factor-1 
mediates Set1 and MLL1 H3K4 trimethylation at herpesvirus immediate early 
promoters for initiation of infection. P Natl Acad Sci USA 104(26): 10835-10840.  

Ng SK, Weissbach R, Ronson GE & Scadden AD (2013) Proteins that contain a functional 
Z-DNA-binding domain localize to cytoplasmic stress granules. Nucleic Acids Res 
41(21): 9786-9799.  

Nygårdas M, Paavilainen H, Mäther N, Nagel C, Röyttä M, Sodeik B & Hukkanen V (2013) 
A Herpes Simplex Virus-Derived Replicative Vector Expressing LIF Limits 
Experimental Demyelinating Disease and Modulates Autoimmunity. PLoS ONE 8(5): 
e64200.  

Orvedahl A, Alexander D, Tallóczy Z, Sun Q, Wei Y, Zhang W, Burns D, Leib DA & Levine 
B (2007) HSV-1 ICP34.5 confers neurovirulence by targeting the Beclin 1 autophagy 
protein. Cell Host Microbe 1(1): 23-35.  

Orzalli MH, DeLuca NA & Knipe DM (2012) Nuclear IFI16 induction of IRF-3 signaling 
during herpesviral infection and degradation of IFI16 by the viral ICP0 protein. Proc 
Natl Acad Sci U S A 109(44): E3008-17.  

Paavilainen H, Romanovskaya A, Nygardas M, Bamford DH, Poranen MM & Hukkanen V 
(2015) Innate responses to small interfering RNA pools inhibiting herpes simplex virus 
infection in astrocytoid and epithelial cells. Innate immun 21(4): 349-357.  



83 

Päiväläinen S, Nissinen M, Honkanen H, Lahti O, Kangas SM, Peltonen J, Peltonen S & 
Heape AM (2008) Myelination in mouse dorsal root ganglion/Schwann cell cocultures. 
Mol Cell Neurosci 37(3): 568-578.  

Panas MD, Schulte T, Thaa B, Sandalova T, Kedersha N, Achour A & McInerney GM (2015) 
Viral and cellular proteins containing FGDF motifs bind G3BP to block stress granule 
formation. PLoS Pathog 11(2): e1004659.  

Park R & Baines JD (2006) Herpes simplex virus type 1 infection induces activation and 
recruitment of protein kinase C to the nuclear membrane and increased phosphorylation 
of lamin B. J Virol 80(1): 494-504.  

Pasieka TJ, Lu B, Crosby SD, Wylie KM, Morrison LA, Alexander DE, Menachery VD & 
Leib DA (2008) Herpes simplex virus virion host shutoff attenuates establishment of 
the antiviral state. J Virol 82(11): 5527-5535.  

Pebody RG, Andrews N, Brown D, Gopal R, de Melker H, François G, Gatcheva N, 
Hellenbrand W, Jokinen S, Klavs I, Kojouharova M, Kortbeek T, Kriz B, Prosenc K, 
Roubalova K, Teocharov P, Thierfelder W, Valle M, Van Damme P & Vranckx R (2004) 
The seroepidemiology of herpes simplex virus type 1 and 2 in Europe. Sex Transm Dis 
80(3): 185-191.  

Pereira RA, Simon MM & Simmons A (2000) Granzyme A, a noncytolytic component of 
CD8+ cell granules, restricts the spread of herpes simplex virus in the peripheral 
nervous systems of experimentally infected mice. J Virol 74(2): 1029-1032.  

Peri P, Mattila R, Kantola H, Broberg E, Karttunen H, Waris M, Vuorinen T & Hukkanen 
V (2008) Herpes simplex virus type 1 Us3 gene deletion influences Toll-like receptor 
responses in cultured monocytic cells. Virol J 5(1): 140.  

Perng GC, Dunkel EC, Geary PA, Slanina SM, Ghiasi H, Kaiwar R, Nesburn AB & 
Wechsler SL (1994) The latency-associated transcript gene of herpes simplex virus type 
1 (HSV-1) is required for efficient in vivo spontaneous reactivation of HSV-1 from 
latency. J Virol 68(12): 8045-8055.  

Perng GC & Jones C (2010) Towards an understanding of the herpes simplex virus type 1 
latency-reactivation cycle. Interdiscip Perspect Infect Dis 2010: 262415.  

Perng GC, Jones C, Ciacci-Zanella J, Stone M, Henderson G, Yukht A, Slanina SM, Hofman 
FM, Ghiasi H, Nesburn AB & Wechsler SL (2000) Virus-induced neuronal apoptosis 
blocked by the herpes simplex virus latency-associated transcript. Science 287(5457): 
1500-1503.  

Pham HT, Park M, Kim KK, Kim Y & Ahn J (2006) Intracellular localization of human 
ZBP1: Differential regulation by the Z-DNA binding domain, Zα, in splice variants. 
Biochem Bioph Res Co 348(1): 145-152.  

Pham TH, Kwon KM, Kim YE, Kim KK & Ahn JH (2013) DNA sensing-independent 
inhibition of herpes simplex virus 1 replication by DAI/ZBP1. J Virol 87(6): 3076-3086.  

Poon APW, Gu H & Roizman B (2006) ICP0 and the US3 protein kinase of herpes simplex 
virus 1 independently block histone deacetylation to enable gene expression. P Natl 
Acad Sci USA 103(26): 9993-9998.  



84 

Poon APW & Roizman B (2007) Mapping of key functions of the herpes simplex virus 1 
US3 protein kinase: the US3 protein can form functional heteromultimeric structures 
derived from overlapping truncated polypeptides. J Virol 81(4): 1980-1989.  

Poppers J, Mulvey M, Khoo D & Mohr I (2000) Inhibition of PKR activation by the proline-
rich RNA binding domain of the herpes simplex virus type 1 Us11 protein. J Virol 
74(23): 11215-11221.  

Proença JT, Coleman HM, Nicoll MP, Connor V, Preston CM, Arthur J & Efstathiou S 
(2011) An investigation of herpes simplex virus promoter activity compatible with 
latency establishment reveals VP16-independent activation of immediate-early 
promoters in sensory neurones. J Gen Virol 92(11): 2575-2585.  

Purves FC, Longnecker RM, Leader DP & Roizman B (1987) Herpes simplex virus 1 protein 
kinase is encoded by open reading frame US3 which is not essential for virus growth in 
cell culture. J Virol 61(9): 2896-2901.  

Ramachandran S, Davoli KA, Yee MB, Hendricks RL & Kinchington PR (2010) Delaying 
the expression of herpes simplex virus type 1 glycoprotein B (gB) to a true late gene 
alters neurovirulence and inhibits the gB-CD8+ T-cell response in the trigeminal 
ganglion. J Virol 84(17): 8811-8820.  

Rasmussen SB, Horan KA, Holm CK, Stranks AJ, Mettenleiter TC, Simon AK, Jensen SB, 
Rixon FJ, He B & Paludan SR (2011) Activation of autophagy by alpha-herpesviruses 
in myeloid cells is mediated by cytoplasmic viral DNA through a mechanism dependent 
on stimulator of IFN genes. J Immunol 187(10): 5268-5276.  

Reinert LS, Harder L, Holm CK, Iversen MB, Horan KA, Dagnaes-Hansen F, Ulhoi BP, 
Holm TH, Mogensen TH, Owens T, Nyengaard JR, Thomsen AR & Paludan SR (2012) 
TLR3 deficiency renders astrocytes permissive to herpes simplex virus infection and 
facilitates establishment of CNS infection in mice. J Clin Invest 122(4): 1368-1376.  

Reynolds AE, Wills EG, Roller RJ, Ryckman BJ & Baines JD (2002) Ultrastructural 
localization of the herpes simplex virus type 1 UL31, UL34, and US3 proteins suggests 
specific roles in primary envelopment and egress of nucleocapsids. J Virol 76(17): 
8939-8952.  

Roizman B, Knipe DM & Whitley RJ (2007) Herpes Simplex Viruses. In: Fields BN, Knipe 
DM & Howley PM (eds) Fields Virology. New York, NY, Lippincott, Williams & 
Wilkins: 2501-2601.  

Roizman B (2011) The checkpoints of viral gene expression in productive and latent 
infection: the role of the HDAC/CoREST/LSD1/REST repressor complex. J Virol 
85(15): 7474-7482.  

Roizman B & Whitley RJ (2013) An inquiry into the molecular basis of HSV latency and 
reactivation. Annu Rev Microbiol 67: 355-374.  

Roizman B, Zhou G & Du T (2011) Checkpoints in productive and latent infections with 
herpes simplex virus 1: conceptualization of the issues. J Neurovirol 17(6): 512-517.  

Romanovskaya A, Paavilainen H, Nygardas M, Bamford DH, Hukkanen V & Poranen MM 
(2012) Enzymatically produced pools of canonical and Dicer-substrate siRNA 
molecules display comparable gene silencing and antiviral activities against herpes 
simplex virus. PLoS One 7(11): e51019.  



85 

Ronni T, Melén K, Malygin A & Julkunen I (1993) Control of IFN-inducible MxA gene 
expression in human cells. J Immunol 150(5): 1715-1726.  

Rothenburg S, Schwartz T, Koch-Nolte F & Haag F (2002) Complex regulation of the 
human gene for the Z-DNA binding protein DLM-1. Nucleic Acids Res 30(4): 993-
1000.  

Rozenberg F & Lebon P (1996) Analysis of herpes simplex virus type 1 glycoprotein D 
nucleotide sequence in human herpes simplex encephalitis. J Neurovirol 2(4): 289-295.  

Salaun B, Coste I, Rissoan M, Lebecque S & Renno T (2006) TLR3 can directly trigger 
apoptosis in human cancer cells. J Immunol 176: 4894-4901.  

Sanchez R & Mohr I (2007) Inhibition of cellular 2'-5' oligoadenylate synthetase by the 
herpes simplex virus type 1 Us11 protein. J Virol 81(7): 3455-3464.  

Sandri-Goldin RM (2011) The many roles of the highly interactive HSV protein ICP27, a 
key regulator of infection. Future Microbiol 6(11): 1261-1277.  

Sawtell NM & Thompson RL (1992) Rapid in vivo reactivation of herpes simplex virus in 
latently infected murine ganglionic neurons after transient hyperthermia. J Virol 66(4): 
2150-2156.  

Sawtell NM (1998) The probability of in vivo reactivation of herpes simplex virus type 1 
increases with the number of latently infected neurons in the ganglia. J Virol 72(8): 
6888-6892.  

Sawtell NM, Poon DK, Tansky CS & Thompson RL (1998) The latent herpes simplex virus 
type 1 genome copy number in individual neurons is virus strain specific and correlates 
with reactivation. J Virol 72(7): 5343-5350.  

Schaftenaar E, Verjans GMGM, Getu S, McIntyre JA, Struthers HE, Osterhaus ADME & 
Peters RPH (2014) High seroprevalence of human herpesviruses in HIV-infected 
individuals attending primary healthcare facilities in rural South Africa. PLoS ONE 9(6): 
e99243.  

Schuck S, Manninen A, Honsho M, Füllekrug J & Simons K (2004) Generation of single 
and double knockdowns in polarized epithelial cells by retrovirus-mediated RNA 
interference. P Natl Acad Sci USA of the United States of America 101(14): 4912-4917.  

Sciortino MT, Suzuki M, Taddeo B & Roizman B (2001) RNAs extracted from herpes 
simplex virus 1 virions: apparent selectivity of viral but not cellular RNAs packaged in 
virions. J Virol 75(17): 8105-8116.  

Sheridan C (2013) Amgen announces oncolytic virus shrinks tumors. Nat Biotech 31(6): 
471-472.  

Snijder B, Sacher R, Ramo P, Liberali P, Mench K, Wolfrum N, Burleigh L, Scott CC, 
Verheije MH, Mercer J, Moese S, Heger T, Theusner K, Jurgeit A, Lamparter D, 
Balistreri G, Schelhaas M, De Haan CA, Marjomaki V, Hyypia T, Rottier PJ, Sodeik B, 
Marsh M, Gruenberg J, Amara A, Greber U, Helenius A & Pelkmans L (2012) Single-
cell analysis of population context advances RNAi screening at multiple levels. Mol 
Syst Biol 8: 579.  

Stanberry LR, Spruance SL, Cunningham AL, Bernstein DI, Mindel A, Sacks S, Tyring S, 
Aoki FY, Slaoui M, Denis M, Vandepapeliere P & Dubin G (2002) Glycoprotein-D–
adjuvant vaccine to prevent genital herpes. N Engl J Med 347(21): 1652-1661.  



86 

Stevens JG & Cook ML (1971) Latent herpes simplex virus in spinal ganglia of mice. 
Science 173(3999): 843-845.  

Stevens JG, Wagner EK, Devi-Rao GB, Cook ML & Feldman LT (1987) RNA 
complementary to a herpesvirus alpha gene mRNA is prominent in latently infected 
neurons. Science 235(4792): 1056-1059.  

Sunstrum JC, Chrisp CE, Levine M & Glorioso JC (1988) Pathogenicity of glycoprotein C 
negative mutants of herpes simplex virus type 1 for the mouse central nervous system. 
Virus Res 11(1): 17-32.  

Svennerholm B, Vahlne A & Lycke E (1981) Persistent reactivable latent herpes simplex 
virus infection in trigeminal ganglia of mice treated with antiviral drugs. Arch Virol 
69(1): 43-48.  

Takahara T & Maeda T (2012) Transient sequestration of TORC1 into stress granules during 
heat stress. Mol Cell 47(2): 242-252.  

Takaoka A, Wang Z, Choi MK, Yanai H, Negishi H, Ban T, Lu Y, Miyagishi M, Kodama 
T, Honda K, Ohba Y & Taniguchi T (2007) DAI (DLM-1/ZBP1) is a cytosolic DNA 
sensor and an activator of innate immune response. Nature 448(7152): 501-505.  

Tallóczy Z, Virgin I, H. & Levine B (2006) PKR-dependent xenophagic degradation of 
herpes simplex virus type 1. Autophagy 2(1): 24-29.  

Tang S, Guo N, Patel A & Krause PR (2013) Herpes simplex virus 2 expresses a novel form 
of ICP34.5, a major viral neurovirulence factor, through regulated alternative splicing. 
J Virol 87(10): 5820-5830.  

Taupin JL, Tian Q, Kedersha N, Robertson M & Anderson P (1995) The RNA-binding 
protein TIAR is translocated from the nucleus to the cytoplasm during Fas-mediated 
apoptotic cell death. Proc Natl Acad Sci U S A 92(5): 1629-1633.  

Tian Q, Taupin J, Elledge S, Robertson M & Anderson P (1995) Fas-activated 
serine/threonine kinase (FAST) phosphorylates TIA-1 during Fas-mediated apoptosis. 
J Exp Med 182(3): 865-874.  

Tuokko H, Bloigu R & Hukkanen V (2014) Herpes simplex virus type 1 genital herpes in 
young women: current trend in Northern Finland. Sex Transm Dis 90(2): 160-160.  

Umbach JL, Kramer MF, Jurak I, Karnowski HW, Coen DM & Cullen BR (2008) 
MicroRNAs expressed by herpes simplex virus 1 during latent infection regulate viral 
mRNAs. Nature 454(7205): 780-783.  

Välimaa H, Seppänen M & Hukkanen V (2013) Herpes simplex- virusinfektioiden nykykuva 
ja hoito. Duodecim 129(1): 31-40.  

Välimaa H, Waris M, Hukkanen V, Blankenvoorde MFJ, Nieuw Amerongen AV & Tenovuo 
J (2002) Salivary defense factors in herpes simplex virus infection. J Dent Res 81(6): 
416-421.  

van Lint AL, Murawski MR, Goodbody RE, Severa M, Fitzgerald KA, Finberg RW, Knipe 
DM & Kurt-Jones EA (2010) Herpes simplex virus immediate-early ICP0 protein 
inhibits Toll-like receptor 2-dependent inflammatory responses and NF-kappaB 
signaling. J Virol 84(20): 10802-10811.  



87 

Verpooten D, Ma Y, Hou S, Yan Z & He B (2009) Control of TANK-binding Kinase 1-
mediated Signaling by the γ134.5 Protein of Herpes Simplex Virus 1. J Biol Chem 
284(2): 1097-1105.  

Wang K, Ni L, Wang S & Zheng C (2014) Herpes simplex virus 1 protein kinase US3 
hyperphosphorylates p65/RelA and dampens NF-κB activation. J Virol 88(14): 7941-
7951.  

Wang S, Wang K, Lin R & Zheng C (2013) Herpes simplex virus 1 serine/threonine kinase 
US3 hyperphosphorylates IRF3 and inhibits beta interferon production. J Virol 87(23): 
12814-12827.  

Wang X, Patenode C & Roizman B (2011) US3 protein kinase of HSV-1 cycles between the 
cytoplasm and nucleus and interacts with programmed cell death protein 4 (PDCD4) to 
block apoptosis. Proc Natl Acad Sci U S A 108(35): 14632-14636.  

Wang Z, Choi MK, Ban T, Yanai H, Negishi H, Lu Y, Tamura T, Takaoka A, Nishikura K 
& Taniguchi T (2008) Regulation of innate immune responses by DAI (DLM-1/ZBP1) 
and other DNA-sensing molecules. Proc Natl Acad Sci U S A .  

Watson Z, Dhummakupt A, Messer H, Phelan D & Bloom D (2013) Role of polycomb 
proteins in regulating HSV-1 latency. Viruses 5(7): 1740-1757.  

Webre JM, Hill JM, Nolan NM, Clement C, McFerrin HE, Bhattacharjee PS, Hsia V, 
Neumann DM, Foster TP, Lukiw WJ & Thompson HW (2012) Rabbit and mouse 
models of HSV-1 latency, reactivation, and recurrent eye diseases. J Biomed Biotechnol 
2012: 612316.  

Whitley RJ, Kern ER, Chatterjee S, Chou J & Roizman B (1993) Replication, establishment 
of latency, and induced reactivation of herpes simplex virus gamma 1 34.5 deletion 
mutants in rodent models. J Clin Invest 91(6): 2837-2843.  

Wilcox CL & Johnson EM,Jr (1987) Nerve growth factor deprivation results in the 
reactivation of latent herpes simplex virus in vitro. J Virol 61(7): 2311-2315.  

Wilcox CL & Johnson EM,Jr (1988) Characterization of nerve growth factor-dependent 
herpes simplex virus latency in neurons in vitro. J Virol 62(2): 393-399.  

Wild P, Leisinger S, de Oliveira AP, Schraner EM, Kaech A, Ackermann M & Tobler K 
(2014) Herpes simplex virus 1 Us3 deletion mutant is infective despite impaired capsid 
translocation to the cytoplasm. Viruses 7(1): 52-71.  

Wilson AC, Cleary MA, Lai JS, LaMarco K, Peterson MG & Herr W (1993) Combinatorial 
control of transcription: the herpes simplex virus VP16-induced complex. Cold Spring 
Harb Symp Quant Biol 58: 167-178.  

Wilson AC & Mohr I (2012) A cultured affair: HSV latency and reactivation in neurons. 
Trends Microbiol 20(12): 604-611.  

Wilson JR, de Sessions PF, Leon MA & Scholle F (2008) West Nile Virus nonstructural 
protein 1 inhibits TLR3 signal transduction. J Virol 82(17): 8262-8271.  

Wu J, Sun L, Chen X, Du F, Shi H, Chen C & Chen ZJ (2013) Cyclic GMP-AMP is an 
endogenous second messenger in innate immune signaling by cytosolic DNA. Science 
339(6121): 826-830.  



88 

Xing J, Wang S, Lin R, Mossman KL & Zheng C (2012) Herpes simplex virus 1 tegument 
protein US11 downmodulates the RLR signaling pathway via direct interaction with 
RIG-I and MDA-5. J Virol 86(7): 3528-3540.  

Yang Y, Wu S, Wang Y, Pan S, Lan B, Liu Y, Zhang L, Leng Q, Chen D, Zhang C, He B 
& Cao Y (2015) The Us3 protein of herpes simplex virus 1 inhibits T Cell signaling by 
confining linker for activation of T cells (LAT) activation via TRAF6 protein. J Biol 
Chem 290(25): 15670-15678.  

Zhang X, Ha T, Lu C, Lam F, Liu L, Schweitzer J, Kalbfleisch J, Kao RL, Williams DL & 
Li C (2015) Poly (I:C) therapy decreases cerebral ischaemia/reperfusion injury via 
TLR3-mediated prevention of Fas/FADD interaction. J Cell Mol Med 19(3): 555-565.  

Zhou G, Du T & Roizman B (2013) The role of the CoREST/REST repressor complex in 
herpes simplex virus 1 productive infection and in latency. Viruses 5(5): 1208-1218.  

Zhou G, Te D & Roizman B (2010) The CoREST/REST repressor is both necessary and 
inimical for expression of herpes simplex virus genes. mBio 2(1): e00313-10.  

Ziegler T, Waris M, Rautiainen M & Arstila P (1988) Herpes simplex virus detection by 
macroscopic reading after overnight incubation and immunoperoxidase staining. J Clin 
Microbiol 26(10): 2013-2017.  

 

 



89 

Original Publications 

I  Peri P, Mattila RK, Kantola K, Broberg E, Karttunen H, Waris M, Vuorinen T & 
Hukkanen V (2008) Herpes Simplex Virus Type I Us3 Gene Deletion Influences Toll-
like Receptor Responses in Cultured Monocytic Cells. Virol J 5:140 

II  Mattila RK, Harila K, Kangas SM, Paavilainen H, Heape AM, Mohr IJ & Hukkanen V 
(2015) An investigation of herpes simplex virus type 1 latency in a novel mouse dorsal 
root ganglion model suggests a role for ICP34.5 in reactivation. J Gen Virol. J Gen Virol 
96: 2304 – 2313. 

III  Mattila RK, Harila K, Manninen A & Hukkanen V. Herpes simplex virus 1 Us3 protein 
kinase and human ZBP1 influence the formation of TIA-1/TIAR containing granules in 
A549 cells. Manuscript. 

Reprinted with permission from BioMed Cental ltd (I) and the Society for General 

Microbiology (II).  

Original publications are not included in the electronic version of the dissertation.  

  



90 

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

S E R I E S  D  M E D I C A

1318. Hannula, Virva (2015) The prevalence of diabetic retinopathy and its effect on
social well-being and health related quality of life in children and young adults
with type 1 diabetes

1319. Leppänen, Virpi (2015) Epävakaan persoonallisuuden hoitomallitutkimus Oulun
mielenterveyspalveluissa

1320. Piira, Olli-Pekka (2015) Effects of emotional excitement on cardiovascular
regulation

1321. Sonkajärvi, Eila (2015) The brain's electrical activity in deep anaesthesia : with
special reference to EEG burst-suppression

1322. Tirkkonen, Tiina (2015) Early attachment, mental well-being and development of
Finnish children at preschool age : twinship – risk or opportunity?

1323. Pylväs-Eerola, Marjo (2015) Oxidative stress in the pathogenesis and prognosis of
ovarian cancer

1324. Tokola, Heikki (2015) Mechanical stretch and peptide growth factors in the
regulation of the hypertrophic response of cardiomyocytes : ANP and BNP as
model genes

1325. Kinnunen, Eeva-Maija (2015) Perioperative bleeding and use of blood products in
coronary artery bypass grafting

1326. Emelyanova, Anastasia (2015) Cross-regional analysis of population aging in the
Arctic

1327. Hirvasniemi, Jukka (2015) Novel X-ray-based methods for diagnostics of
osteoarthritis

1328. Uusitalo, Jouko (2015) The role of drug metabolism in drug discovery and
development – Case Ospemifene

1329. Lantto, Marjo (2015) Childhood mortality in Finland

1330. Kerimaa, Pekka (2015) Magnetic resonance imaging-guided percutaneous
musculoskeletal biopsies and therapeutic bone drillings

1331. Holma, Tuomas (2015) Hearing among Finnish professional soldiers –
Epidemiological study

1332. Petrov, Petar (2015) Leukocyte protein Trojan, as a candidate for apoptotic
regulatory role



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Professor Esa Hohtola

University Lecturer Santeri Palviainen

Postdoctoral research fellow Sanna Taskila

Professor Olli Vuolteenaho

University Lecturer Veli-Matti Ulvinen

Director Sinikka Eskelinen

Professor Jari Juga

University Lecturer Anu Soikkeli

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-1045-2 (Paperback)
ISBN 978-952-62-1046-9 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1333

AC
TA

R
iikka M

attila

OULU 2015

D 1333

Riikka Mattila

THE ROLES OF VIRULENCE 
FACTORS US3 AND γ134.5 
DURING DIFFERENT PHASES 
OF HSV-1 LIFE CYCLE

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU, 
FACULTY OF MEDICINE;
MEDICAL RESEARCH CENTER OULU;
UNIVERSITY OF TURKU, 
DEPARTMENT OF VIROLOGY


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations
	Publications
	Table of Contents
	1 Introduction
	2 Review of Literature
	2.1 Herpes simplex virus type 1
	2.1.1 Clinical HSV-1 infection

	2.2 Structure of HSV-1
	2.2.1. The core and the genome
	2.2.2 The capsid
	2.2.3 The tegument
	2.2.4 The envelope

	2.3 Lytic infection
	2.3.1 Viral gene expression during lytic infection

	2.4 Latent infection
	2.4.1. Establishment of latency
	2.4.2. Maintenance of latency
	2.4.1 Reactivation
	2.4.2 Cell culture models for the study of HSV-1 latency

	2.5 Neurovirulence
	2.5.1 The γ134.5 neurovirulence gene

	2.6 Innate Immunity
	2.6.1 Innate immune signaling during HSV-1 infection
	2.6.2 HSV-1 recognition by innate immunity
	2.6.3 Innate immune evasion by HSV-1
	2.6.4 Z-DNA binding protein
	2.6.5 ZBP1 and HSV-1

	2.7 Stress granules
	2.7.1 TIA-1
	2.7.2 Stress granules and HSV

	2.8 The Us3 protein kinase

	3 Aims of the study
	3.1 Formulation of the scientific problem
	3.2 Specific aims of each study

	4 Materials and Methods
	4.1 Cells and cell lines (I – III)
	4.2 Construction of 3fD and Us3A cell lines (III)
	4.2.1 Us3 Vector Plasmid Construction
	4.2.2 ZBP1 Vector Plasmid Construction
	4.2.3 Retrovirus Production
	4.2.4 Target Cell Transduction

	4.3 Dorsal Root Ganglion Model for HSV-1 Latency (II)
	4.4 Herpes simplex viruses (I – III)
	4.4.1 Construction of H1052 (II)

	4.5 Infections
	4.5.1 Infection of U937 cells (I)
	4.5.2 Infection of DRGs (II)
	4.5.3 Infection of A549, 3fD and Us3A cells (III)

	4.6 RNA extraction, production of cDNA and quantitative real-time PCR (I – III)
	4.7 Total DNA isolation (II)
	4.8 Following the course of latency in DRGs (II)
	4.8.1 Monitoring of GFP expression
	4.8.2 Detection of viral shedding into medium

	4.9 Western blot for detection of transgene expression (III)
	4.10 Native western blot for the detection of monomeric and dimerized IRF-3 (I)
	4.11 Intracellular TLR3 and MxA expression (I)
	4.12 Determination of apoptosis (I)
	4.13 Stress granule induction (III)
	4.14 Fluorescence microscopy (III)
	4.15 Statistical analyses (I – II)

	5 Results
	5.1 Us3 deletion virus R7041 and Us3/ICP4 double-deletion virus d120 influence Toll-Like Receptor responses in human monocytes (I)
	5.1.1 Expression of Toll-like Receptor mRNA
	5.1.2 Intracellular expression of TLR3 protein
	5.1.3 Activation of IRF-3
	5.1.4 Expression of type I interferons
	5.1.5 Induction of MxA protein levels
	5.1.6 Level of apoptosis

	5.2 Embryonic mouse dorsal root ganglion based model for studying HSV-1 latency (II)
	5.3 The γ134.5 protein is required for reactivation of latent HSV-1 in the DRGs (II)
	5.3.1 GFP expression
	5.3.2 Determination of virus production
	5.3.3 Viral genome copy number
	5.3.4 Expression of viral transcripts

	5.4 The HSV-1 Us3 Protein kinase and human ZBP1 influence the formation of TIA-1/TIAR containing cytoplasmic granules in cells (III)
	5.4.1 Replication of HSV-1 in transduced cells
	5.4.2 The effect of HSV-1 Us3 and ZBP1 on stress granule formation in uninfected cells
	5.4.3 The effect of HSV-1 infection on stress granule formation
	5.4.4 TIA-1/TIAR localization changes in Us3 deletion mutant infected cells


	6 Discussion
	6.1 Us3 and Toll-like Receptor responses
	6.2 DRG model for studying HSV-1 latency
	6.3 γ34.5 and Reactivation
	6.4 The roles of Us3 and ZBP1 in formation of stress granules
	6.4.1 HSV-1 growth in transduced cell lines
	6.4.2 Stress granule responses in the cells
	6.4.3 The effect of HSV-1 infection on stress granule formation

	6.5 Remaining questions and future prospects

	7 Conclusions
	Appendix
	References
	Original Publications



