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Carl Sandburg, US biographer & poet (1878 - 1967)
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Chapter 1 

1 PSEUDORABIES VIRUS, AN ALPHAHERPESVIRUS 

1.1 HISTORICAL BACKGROUND 

Pseudorabies virus (PRV), also called suid herpesvirus type 1 (SuHV-1) or Aujeszky’s 

disease virus (ADV), causes Aujeszky’s disease in a broad host range of vertebrates except 

higher primates and humans. Pigs are the only susceptible animals that are able to survive a 

productive PRV infection and are therefore considered as the natural host and the natural 

reservoir of PRV (Gustafson, 1986; Pensaert & Kluge, 1989).  

The first reports that can be linked with PRV date from 1813 for the United States of America 

(USA) and from 1889 for Europe. The disease was first described as “mad itch” in cattle and 

was characterized by heavy itching (Hanson, 1954; Strebel, 1889). Only in 1902, the 

Hungarian veterinary surgeon Aládar Aujeszky was the first to demonstrate the infectious 

origin of the disease. Inoculation of rabbits with tissue suspensions from an ox, dog, or cat 

that died quickly after showing symptoms as nasal pruritus and convulsions resulted in 

disease transmission (Aujeszky, 1902). Because Aujeszky observed symptoms reminiscent 

but distinguishable from rabies, the disease was called pseudorabies. Later, the viral nature 

of the infectious agent causing pseudorabies was demonstrated based on ultrafiltration 

experiments, and PRV was identified as the cause of “mad itch” (Elford & Galloway, 1936; 

Schmiedhofer, 1910; Shope, 1931). The virus was visualized for the first time in 1952 via 

electron microscopy (Reagan et al., 1952).  

Until 1920, pseudorabies was mainly observed in cattle and dogs. However, from 1920 

onwards the disease has also been reported in pigs, albeit with a low prevalence (Wittmann 

& Rziha, 1989). Severe outbreaks of pseudorabies and a concomitant change in clinical 

symptoms have been observed in the USA and Europe in the 1960s and 1970s, correlating 

with the intensification of pig production (Kluge et al., 1999; Nauwynck et al., 2007). In order 

to reduce economic losses, eradication programs were set up worldwide, consisting of 

intensive vaccination with marker vaccines (to enable discrimination between vaccinated and 

infected animals; one of these vaccines was the first approved genetically modified live 

attenuated marker vaccine), selective culling of PRV-positive herds, restricted transport of 

animals, disinfection measurements, improved herd management practices such as avoiding 

contact with wild swine, and serological surveillance and monitoring (Muller et al., 2003; 

Pensaert & Morrison, 2000; Pomeranz et al., 2005; Zuckermann, 2000). These efforts 

resulted in the eradication of PRV in significant parts of the USA and Europe (Muller et al., 

2003; Nauwynck et al., 2007). Some PRV-free countries, including Belgium, recently stopped 

or are planning to stop vaccination programs while other countries are still far from PRV-free. 
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Therefore, strict prevention measures and continuous serological monitoring and surveillance 

are required to avoid new outbreaks due to re-infection of unvaccinated animals, especially 

in areas with a high density of pig farms and pig transport (Muller et al., 2003; Pensaert & 

Morrison, 2000). Furthermore, special attention should be drawn to wild boars and feral 

swine since these populations are still forming a PRV reservoir (Nauwynck et al., 2007).  

Although PRV eradication programs have been successful, PRV remains an interesting 

research topic since - for multiple reasons - it is an excellent tool to study alphaherpesvirus 

biology in general (comparative virology), neurobiology, cell biology, and immunology 

(discussed in section 1.4).  

 

1.2 PATHOGENESIS 

Natural infection occurs through the oronasal route. Hence, primary viral replication occurs 

mainly in the epithelium of the upper respiratory tract, i.e. the tonsils, the nasal cavity and 

oropharynx. Within 24 hours post inoculation (hpi), the virus crosses the basement 

membrane and infects all cell types in the underlying tissues in a plaque-wise manner 

(Nauwynck et al., 2007). Infection of sensory neurons innerving the infected epithelium 

results in infection of the trigeminal ganglion, where either a full replication cycle or latency is 

established (Jones, 2003). PRV is able to spread to the brain via the cranial nerves, and to 

internal organs, including the reproductive organs, via blood and lymph (either as cell-free 

virus or cell-associated virus in leukocytes). The brain and internal organs then function as 

secondary replication sites (Sabo et al., 1969; Wittmann & Rziha, 1989). Replication in the 

upper respiratory tract, the central nervous system and the reproductive organs is 

responsible for the respiratory, nervous and reproductive disorders, respectively, associated 

with PRV (Nauwynck et al., 2007; Nauwynck & Pensaert, 1995b).  

Morbidity and mortality in pigs widely vary with the age of the animals, but also the overall 

health status and genetics of the animal on the one hand, and the virus strain, the infectious 

dose, and the inoculation route on the other hand determine the outcome of an infection 

(Nauwynck et al., 2007; Pomeranz et al., 2005). Piglets are most severely affected displaying 

mainly central nervous system disorders (ataxia, paralysis) and high percentages of 

mortality, while older pigs survive the infection showing respiratory symptoms (sneezing, 

nasal discharge, coughing, difficult breathing) and sometimes reproductive disorders 

(abortion, stillbirths, mummified foetuses, weak piglets dying within 48h after birth) 

(Akkermans, 1976; Baskerville, 1973; Wittmann & Rziha, 1989).  

Infection of non-natural hosts like cattle, sheep, dogs, cats, rabbits, rodents, chickens, and 

guinea pigs is generally lethal for the infected animals. Symptoms before dying may include 

intense itching, scratching, ataxia, and paralysis (Pomeranz et al., 2005).  
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Chapter 1 

1.3 CLASSIFICATION 

PRV (SuHV-1, ADV) belongs to the family of the Herpesviridae, subfamily 

Alphaherpesvirinae, genus Varicellovirus. Based on biological (host range, duration of the 

productive replication cycle, latency site) and molecular characteristics, the herpesvirus 

family is divided in three subfamilies: Alphaherpesvirinae, Betaherpesvirinae, and 

Gammaherpesvirinae. Alphaherpesviruses have a broad host range, a short replication 

cycle, and generally establish latency in sensory neurons. Betaherpesviruses can infect a 

variety of cell types but are usually restricted to infections of their natural hosts, have a long 

replication cycle, and establish latency in a number of tissues and cells, including secretory 

glands, kidneys, and lymphoreticular cells. Gammaherpesviruses have a restricted host 

range, infect lymphoblastoid cells and are usually specific for T or B-lymphocytes, have a 

variable rate of replication, and establish latency in lymphoid organs (Roizman & Pellet, 

2001). Based on molecular criteria and sequence analysis, herpesvirus subfamilies are 

subdivided in genera.  

All herpesvirus subfamilies contain viruses of man and animal. Well known human 

herpesviruses are the alphaherpesviruses herpes simplex virus type 1 (HSV-1; cold sores), 

herpes simplex virus type 2 (HSV-2; genital ulcerae), and varicella-zoster virus (VZV; 

chickenpox, shingles), the betaherpesvirus human cytomegalovirus (HCMV; fatigue), and the 

gammaherpesviruses Epstein-Barr virus (EBV; mononucleosis) and Kaposi’s sarcoma- 

associated virus (KSHV; Kaposi’s sarcoma). Important animal herpesviruses are mainly 

found in the alphaherpesvirus subfamily: PRV, bovine herpes virus type 1 (BoHV-1) and type 

5 (BoHV-5), equine herpesvirus type 1 (EHV-1), and the avian herpesviruses Marek’s 

disease virus (MDV) and infectious laryngotracheitis virus (ILTV). An overview of some 

herpesviruses along with their genus and subfamily is given in Table 1.  
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Table 1. Taxonomy of some herpesviruses according to the International Committee on 
Taxonomy of Viruses (ICTV) (2009) (http://www.ncbi.nlm.nih.gov/ICTVdb/Ictv/index.htm). 

Subfamily Genus Species  

Simplexvirus human herpesvirus 1  
(herpes simplex virus type 1) 

HHV-1  
(HSV-1) 

 human herpesvirus 2  
(herpes simplex virus type 2) 

HHV-2  
(HSV-2) 

Varicellovirus bovine herpesvirus 1 BoHV-1 

 bovine herpesvirus 5 BoHV-5 

 canid herpesvirus 1 CaHV-1 

 equid herpesvirus 1 EHV-1 

 equid herpesvirus 4 EHV-4 

 felid herpesvirus 1 FeHV-1 

 human herpesvirus 3  
(varicella-zoster virus) 

HHV-3  
(VZV) 

 suid herpesvirus 1  
(pseudorabies virus, 
Aujeszky’s disease virus) 

SuHV-1  
(PRV, ADV)

Mardivirus Gallid herpesvirus 2  
(Marek’s disease virus) 

GaHV-2  
(MDV) 

 Gallid herpesvirus 3 GaHV-3  

A
lp

ha
he

rp
es

vi
rin

ae
 

Iltovirus Gallid herpesvirus 1 
(infectious laryngo-tracheitis virus) 

GaHV-1 
(ILTV) 

Cytomegalovirus human herpesvirus 5  
(human cytomegalovirus) 

HHV-5  
(HCMV) 

Muromegalovirus murid herpesvirus 1  
(murine cytomegalovirus) 

MuHV-1 
(MCMV) 

Roseolovirus human herpesvirus 6  HHV-6 

B
et

ah
er

pe
sv

iri
na

e 

 human herpesvirus 7 HHV-7 

Lymphocryptovirus human herpesvirus 4  
(Epstein-Barr virus) 

HHV-4  
(EBV) 

Rhadinovirus human herpesvirus 8  
(Kaposi’s sarcoma associated virus) 

HHV-8  
(KSHV) 

G
am

m
ah

er
pe

s-

vi
rin

ae
 

 murid herpesvirus 4  
(murine herpesvirus 68) 

MuHV-4 
(MHV-68) 
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1.4 PRV AS A MODEL FOR ALPHAHERPESVIRUSES 

As mentioned before, despite being (almost) eradicated in several countries, PRV remains 

an interesting research topic. Indeed, PRV is an interesting tool in comparative (molecular) 

virology, neurobiology, cell biology, and immunology (reviewed in (Aston-Jones & Card, 

2000; Enquist, 1999; Enquist & Card, 2003; Pomeranz et al., 2005)).  

Research on PRV has already provided considerable insight into general aspects of 

alphaherpesvirus basic biology and pathogenesis. Due to its broad host range in vertebrates 

with the exception of higher primates, a lot of animal models are available while PRV poses 

no risk to laboratory workers. Importantly, in contrast to other alphaherpesvirus prototypes 

like HSV and VZV, PRV can easily be studied in its natural host. Molecular tools for 

mutagenesis are well established, and quite a lot of mutants have been made during the last 

two decades. PRV grows to high virus titers in vitro which makes it easy to work with since 

no additional ultracentrifugation steps are needed (Enquist, 1999; Pomeranz et al., 2005). 

Purified DNA is infectious and bacterial artificial chromosomes (BACs) carrying the entire 

PRV genome have been constructed (Kopp et al., 2003; Smith & Enquist, 1999, 2000). 

Furthermore, the complete genome sequence has been unravelled (Klupp et al., 2004). 

Systematic functional analysis of every PRV gene, by establishing and characterizing null 

mutants in tissue culture and animal models, can be useful to enlarge our knowledge of other 

herpesviruses due to the quite well conserved genomic organisation and the significant 

homology between different members of the alphaherpesviruses. Research on immune-

evasion mechanisms developed by PRV can not only lead to new knowledge about 

interactions between alphaherpesviruses and host immunity, but also to new insights in the 

host immune system itself. Similarly, new cellular processes can be discovered by studying 

PRV-host cell interactions. General alphaherpesvirus knowledge achieved by PRV research 

can lead to direct practical applications in diagnostic testing, vaccine development, and 

antiviral drug therapy. The broad host range of PRV can be used to examine how host-

pathogen interactions lead to dramatically different outcomes of PRV infection in the natural 

and non-natural hosts. Progress in the understanding of molecular aspects of the latency 

phase of the viral life cycle could result in an even more efficient PRV eradication and new 

antiviral therapies against alphaherpesviruses in general (Enquist, 1999; Pomeranz et al., 

2005). 

In addition, due to its neurotropic character and broad host range, PRV can be used as a 

neuronal tracer in neuro-anatomical studies in order to identify the architecture of 

multisynaptic pathways. The vaccine strain PRV-Bartha is often used as a neuronal tracer to 

identify neuronal networks since it only displays retrograde transport, i.e. towards the 
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neuronal cell body via its axon (Aston-Jones & Card, 2000; Enquist, 1999; Enquist & Card, 

2003; Enquist et al., 1998).  

 

1.5 VIRION STRUCTURE  

All herpesviruses have a similar virion size (200 to 250 nm) and structure, consisting of four 

morphologically distinct structural components that will be briefly discussed below: the 

genome, the capsid, the tegument and the envelope (reviewed in (Mettenleiter, 2000; 

Pomeranz et al., 2005)). Fig. 1A shows a schematic representation and an electron 

microscopic photograph of a PRV virion.  

 

 
Figure 1. Structure of a PRV virion and organisation of the PRV genome. (A) Schematic 

representation (left panel; adapted from (Nauwynck et al., 2007)) and transmission electron 

microscopic image (right panel; adapted from (Mettenleiter, 2004)) of a PRV virion. (B) Organisation of 

the PRV genome. 

 

PRV has a large linear double-stranded (ds) DNA genome of approximately 143 kb (Ben-

Porat & Kaplan, 1985). The complete PRV genome has been sequenced in 2004 using 

sequence fragments from six different PRV strains (Klupp et al., 2004). It contains a high 

G+C content of approximately 73% and consists of two unique regions, a long (unique long, 

UL) and a short (unique short, US) one. The latter is flanked by inverted repeats: a terminal 

repeat sequence (TRS) at the 3’ end and an internal repeat sequence (IRS) at the 5’ end 

(Fig. 1B) (Ben-Porat & Kaplan, 1985). The different gene and protein names of 

herpesviruses consist of the two-letter code UL or US, depending whether the gene is 
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located in the UL or US region of the genome, followed by a number specifying the location of 

the gene within its specific region. However, protein nomenclature can vary widely. The 

genome of PRV is largely colinear with those of HSV-1 and other alphaherpesviruses, except 

for a large internal inversion (>40 kb) in the UL region between UL46 and UL26.5. To date, 

72 PRV open reading frames (ORFs) have been identified. Not all of them are found in HSV-

1, the prototype of the alphaherpesviruses, and vice versa. However, all PRV genes have 

orthologues in one or more related alphaherpesviruses. A set of 40 herpesvirus genes 

encoding proteins fundamental to viral replication are conserved among all herpesviruses, 

and these core genes are all located in the UL region of the genome. Nearly half of all the 

PRV gene products are structural components of the mature virion (Klupp et al., 2004; 

Mettenleiter, 2000; Pomeranz et al., 2005). 

 

The genome is surrounded by an icosahedral capsid of approximately 125 nm, together 

forming the nucleocapsid. The capsid consists of 162 capsomers: 150 hexons and 12 

pentons (Newcomb et al., 1993; Roizman & Pellet, 2001). One of the pentons forms a 

cylindrical channel allowing one copy of the viral genome to be packaged in newly formed 

capsids (Cardone et al., 2007; Newcomb et al., 2001). The major capsid protein VP5 is 

encoded by the UL19 gene and is conserved among herpesviruses. Other capsid proteins 

are UL6, UL18 (VP23), UL25, UL35 (VP26), and UL38 (VP19c) (Newcomb et al., 1999; 

Pomeranz et al., 2005).  

 

The space between the capsid and the viral envelope, the tegument, is composed of an 

electronic dense protein layer consisting of several viral proteins (UL11, UL13, UL16, UL21, 

UL41 [vhs], UL37, UL36 [VP1/2], UL46 [VP11/12], UL47 [VP13/14], UL48 [VP16], UL49 

[VP22], UL51, US3, US2) and cellular actin (del Rio et al., 2005; Mettenleiter, 2000; Michael 

et al., 2006; Pomeranz et al., 2005; Roizman & Pellet, 2001). The tegument consists of an 

inner layer that is tightly associated with the capsid, and an outer layer that interacts with the 

cytoplasmic domain of envelope proteins (Pomeranz et al., 2005). Tegument proteins enter 

the cell with the nucleocapsid and are involved in host cell take-over before any de novo viral 

protein synthesis occurs (UL41), preventing apoptosis (US3), virus replication (UL48), 

nuclear egress (US3), intracellular capsid transport during egress (UL36), secondary 

envelopment at the trans-Golgi network (TGN) (e.g. UL11, UL36, UL37, UL48), and cell-

associated spread between distant cells by the formation of cellular projections (US3) 

(Favoreel et al., 2005; Geenen et al., 2005; Luxton et al., 2006; Mettenleiter, 2002a, 2004, 

2006; Mettenleiter et al., 2009; Pomeranz et al., 2005). 

 

 8



Introduction 

The viral envelope is derived from intracellular membranes of TGN-vesicles, embedding 10 

viral glycoproteins (gB, gC, gD, gE, gH, gI, gK, gL, gM, gN) and some non-glycosylated viral 

proteins (US9, UL20, UL43, and possibly UL24). Glycoprotein gG is secreted during infection 

and is not incorporated into the virion. gB forms homodimers, while gE and gI, gM and gN, 

and gH and gL form heterodimers (Mettenleiter, 2000; Pomeranz et al., 2005). Envelope 

proteins are involved in virus entry, egress, cell-to-cell spread, syncytia formation, neuro-

invasion, and modulation of the immune response (Mettenleiter, 2000; Nauwynck et al., 

2007; Pomeranz et al., 2005). 

 

1.6 REPLICATION CYCLE 

The replication cycle of herpesviruses consists of several steps: virus entry, transport of 

nucleocapsids to the nucleus, transcription and DNA replication, and finally virion assembly 

and egress (Fig. 2). The overview of the PRV replication cycle given below is based on data 

obtained for PRV and HSV-1, the prototype of the alphaherpesvirus subfamily. 
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Figure 2. PRV replication cycle. Virions attach to (1) and fuse with (2) the plasma membrane. 

Nucleocapsids, along with their tegument, are released in the cytoplasm and subsequently transported 

along microtubuli towards the nuclear pore complex (3), where viral DNA is released into the nucleus 

(4). Following transcription of IE (5), E (6) and L (8) viral genes and genome replication (7), capsids 

are assembled (9) and PRV genomes are packaged into newly formed capsids (10). Nucleocapsids 

then bud into the nuclear membrane resulting in primary enveloped virions in the perinuclear space 

(11). Fusion with the outer nuclear membrane leads to de-envelopment of the primary enveloped 

virions and naked capsids are released into the cytoplasm (12). After acquiring an inner tegument 

layer  in the cytoplasm (13), an outer tegument layer and a secondary envelope is acquired by 

budding into the TGN (14). Exocytic vesicles with secondary, mature virions (15) finally fuse with the 

plasma membrane, releasing mature virions into the extracellular space by exocytosis (16) (adapted 

from (Mettenleiter, 2004)). 
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1.6.1 Entry  (Fig. 2, steps 1-2) 

Entry of herpesviruses into their host cell consists of 2 steps: attachment and fusion. First, 

virions form a gC-mediated labile binding with glycosaminoglycans, usually heparan sulfate, 

on cell surface proteoglycans. Although not required for infection, this primary attachment 

increases the entry efficiency (Herold et al., 1991; Karger & Mettenleiter, 1993; Karger et al., 

1995; Mettenleiter et al., 1990; WuDunn & Spear, 1989). Second, a stable virion-cell 

interaction occurs by binding of gD to at least one of its cellular receptors (Karger & 

Mettenleiter, 1993). To date, three cellular receptors for PRV entry, all belonging to the 

immunoglobulin superfamily, have been identified: nectin-1 (herpesvirus entry mediator C 

(HveC), poliovirus receptor-related protein-1 (PRR1)), nectin-2 (HveB, PRR2), and the 

poliovirus receptor CD155 (Spear et al., 2000). Interestingly, CD155 is not a receptor for 

HSV, while nectin-1 and nectin-2 are. Additional HSV receptors are the herpesvirus entry 

mediator (HVEM, HveA), a member of the tumor necrosis factor receptor family, and specific 

sites in heparan sulfate generated by certain isoforms of 3-O-sulfotransferases. In contrast to 

the labile binding of the virion to the heparan sulfate proteoglycans, this stable attachment is 

required for infection (Campadelli-Fiume et al., 2000; Mettenleiter, 2002b; Spear et al., 

2000). Recently, it has been reported that cellular receptors for both gB and gD are required 

for HSV-1 infection and that the paired immunoglobulin-like type 2 receptor PILRα plays an 

important role in HSV-1 infection as a coreceptor that associates with gB (Satoh et al., 2008). 

Finally, the essential proteins gB, gD, and gH/gL mediate fusion between the viral envelope 

and the plasma membrane, thereby releasing the nucleocapsid and tegument in the 

cytoplasm (Klupp et al., 1997; Mettenleiter, 2000; Peeters et al., 1992a; Peeters et al., 

1992b; Pomeranz et al., 2005; Rauh & Mettenleiter, 1991). It is noteworthy that gB, gH, and 

gL are conserved among all herpesviruses, which is not the case for gD (Mettenleiter, 2004; 

Spear et al., 2000).  

 

1.6.2 Transport of capsids to nucleus  (Fig. 2, steps 3-4) 

Upon entry of the nucleocapsid and tegument in the cytoplasm, tegument proteins of the 

outer layer (UL11, UL41, UL46, UL47, UL48, and UL49) quickly dissociate from the capsid 

(Granzow et al., 2005; Luxton et al., 2005). Capsids interact with dynein, a motor protein 

associated with microtubules, and are subsequently transported from the cell periphery 

towards the nucleus along microtubules (Dohner et al., 2002; Granzow et al., 1997; Sodeik et 

al., 1997). The proteins of the inner tegument layer (UL36, UL37, US3) remain associated to 

the capsid during this microtubule-based transport and are hence prime candidates for viral 

proteins interacting with cellular motor proteins (Granzow et al., 2005; Luxton et al., 2005). 
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Recently, it has been demonstrated that UL37 is required for efficient nuclear translocation of 

incoming nucleocapsids (Krautwald et al., 2009). The viral genome is then released into the 

nucleus through the nuclear pore complex (Granzow et al., 1997).  

 

1.6.3 Transcription and replication  (Fig. 2, steps 5-8) 

DNA replication and transcription of herpesvirus genomes is strictly temporally regulated and 

occurs in a cascade-like fashion (reviewed in (Cohen & Straus, 2001; Mettenleiter, 2000; 

Pomeranz et al., 2005; Roizman & Knipe, 2001)). Three classes of herpesvirus genes can be 

distinguished: immediate early (IE), early, and late genes. The latter are sometimes 

subdivided in early-late and true-late genes. Expression of IE and early genes occurs before 

viral DNA replication, expression of early-late genes starts before DNA replication but 

reaches a maximum level of transcripts during replication, and expression of true-late genes 

starts after DNA replication.  

 

IE gene products are expressed immediately after infection of the host cell and activate the 

viral transcription cascade. IE gene transcription does not require de novo viral protein 

synthesis since the promoters of the IE genes are recognized by cellular transcription factors 

and RNA polymerase II (Pomeranz et al., 2005). This process is at least partly mediated by 

interaction of the tegument protein UL48 with cellular transcription factors, a function that is 

conserved in several alphaherpesviruses (Batterson & Roizman, 1983; Campbell et al., 

1984; Fuchs et al., 2002b; Misra et al., 1994; Moriuchi et al., 1993; Stern et al., 1989). IE 

genes encode viral transcriptional regulatory proteins necessary for early and late gene 

expression. In contrast to most other herpesviruses, PRV contains only one IE gene, namely 

IE180, which is an HSV ICP4 orthologue (Cheung, 1989; Ihara et al., 1983; Taharaguchi et 

al., 1994; Vlcek et al., 1989). Five IE genes have been identified for HSV-1 (ICP0, ICP4, 

ICP22, ICP27, and ICP47) (Roizman & Knipe, 2001), and three for VZV (ORF4, IE62, and 

IE63; orthologues of ICP27, ICP4, and ICP22, respectively) (Cohen & Straus, 2001). PRV 

lacks an orthologue of the HSV-1 ICP47 protein, but does encode orthologues of HSV-1 

ICP0 (EP0), ICP22 (RSp40) and ICP27 (UL54). However, these proteins are expressed with 

early kinetics in PRV (Mettenleiter, 2000; Pomeranz et al., 2005). 

 

Early gene products are mainly involved in nucleotide metabolism (UL23, UL39/40, UL50) 

and DNA synthesis (UL5, UL8, UL9, UL29, UL30, UL42, UL52), e.g. viral thymidine kinase, 

ribonucleotide reductase, dUTPase, primase/helicase complex, and DNA-dependent DNA 

polymerase. These enzymes are necessary for growth in non-dividing and terminally 
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differentiated cells, but are largely dispensable in dividing cell cultures (Mettenleiter, 2000; 

Pomeranz et al., 2005; Roizman & Knipe, 2001).  

  

Once in the nucleus, the linear viral DNA genome circularises and serves as a template for 

DNA synthesis through a rolling circle mechanism, resulting in long linear concatemeric 

genomes that serve as substrate for genome encapsidation. Herpesviruses, like other 

viruses with a large genome (e.g. poxviruses), encode many of the enzymes required for 

viral DNA replication (Pomeranz et al., 2005). In addition to viral proteins, host proteins are 

likely required for PRV DNA replication. In HSV-1, cellular DNA polymerase alpha-primase, 

DNA ligase I, and topoisomerase II have all been suggested to participate in viral DNA 

synthesis (Boehmer & Lehman, 1997). 

  

Late genes encode proteins involved in virion assembly and egress, and hence encode 

mainly structural components of the virion like capsid, tegument and envelope proteins 

(Mettenleiter, 2000; Pomeranz et al., 2005; Roizman & Knipe, 2001). 

 

1.6.4 Virion assembly and egress           (Fig. 2, steps 9-16) 

Upon viral DNA replication and the formation of structural virion components, capsid 

constituents (UL38, UL35, UL25, UL19, UL18, and UL6) are imported into the nucleus, 

where capsids are built around two scaffolding proteins (UL26 and UL26.5). The scaffolding 

proteins are cleaved concomitant with the incorporation of newly formed genomic DNA into 

the preformed capsids and are not found in mature virions. DNA encapsidation requires 

cleavage of the replicated concatemeric DNA into monomeric units and packaging of these 

linear monomeric genomes into preformed capsids through a cylindrical pore formed by a 

penton consisting of UL6. DNA cleavage is dependent on capsid assembly (Cardone et al., 

2007; Homa & Brown, 1997; Ladin et al., 1980; Newcomb et al., 2001; Newcomb et al., 

1999; Steven & Spear, 1997).  

 

Nucleocapsids then undergo two envelopment processes and are finally released in the 

extracellular space (reviewed in (Mettenleiter et al., 2009)). This viral egress process of 

envelopment, de-envelopment and re-envelopment will be discussed in the next paragraphs. 

 

First, nucleocapsids acquire a primary envelope and primary tegument by budding through 

the inner nuclear membrane (INM) into the perinuclear space, a process requiring the 

UL31/UL34 complex at the INM in both PRV- and HSV-1-infected cells (Chang et al., 1997; 

Fuchs et al., 2002a; Klupp et al., 2000; Reynolds et al., 2002; Reynolds et al., 2001; Roller et 
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al., 2000; Ye & Roizman, 2000). Interestingly, UL31 and UL34 orthologues are found in all 

herpesvirus subfamilies, indicating that primary envelopment is a basic, conserved process 

in herpesvirus replication (Mettenleiter, 2006). The role of the US3 protein kinase in primary 

envelopment will be discussed below (see section 2.2.2), since it is the central protein in this 

thesis. Interestingly, expression of either HSV-1 UL31, UL34 or US3 at the INM alters the 

architecture of the nuclear lamina, thereby generating access for the nucleocapsids to the 

primary envelopment site, i.e. the INM (Bjerke & Roller, 2006; Mou et al., 2007; Reynolds et 

al., 2004; Simpson-Holley et al., 2004).  

 

Second, fusion of primary enveloped virus particles with the outer leaflet of the nuclear 

membrane results in de-envelopment of the primary enveloped virions and the release of 

naked capsids in the cytoplasm. At least in PRV and HSV-1, but not in VZV, this phase of the 

nuclear egress, which is fundamentally different from fusion during entry, appears to be 

partly mediated by the US3 protein kinase (Klupp et al., 2001; Reynolds et al., 2002; Schaap 

et al., 2005; Wagenaar et al., 1995). In contrast to UL31 and UL34, which are conserved 

among all herpesviruses, US3 orthologues are only conserved among alphaherpesviruses 

(Mettenleiter, 2002a). Together with its role in primary envelopment, the role of US3 in de-

envelopment will be discussed in section 2.2.2. In addition, gB and gH appear to be involved 

in the de-envelopment of primary enveloped HSV-1 but not PRV virions, acting in a 

redundant fashion (Farnsworth et al., 2007; Klupp et al., 2008). For PRV, however, 

glycoproteins required for fusion during viral entry appear, in contrast to several other 

herpesviruses, not present at the nuclear membrane or in primary enveloped virions and are 

hence not involved in fusion during nuclear egress (Klupp et al., 2008).  

 

Third, once in the cytoplasm, tegumentation, transport to the secondary envelopment site, 

and addition of more tegument occur. Secondary envelopment happens through budding into 

vesicles derived from the TGN, resulting in a mature virion within a secretory vesicle. 

Complex protein-protein interactions within the tegument layers, between the outer and inner 

tegument layer, and between outer tegument proteins and cytoplasmic domains of envelope 

proteins embedded in the TGN are thought to trigger this secondary envelopment. However, 

the exact mechanism is not fully characterized yet. Subfamily- and species-specific 

differences in the requirements for tegument and envelope proteins for virion formation have 

been reported, even in closely related herpesviruses (Mettenleiter, 2004). Based on data 

obtained for both PRV and HSV-1, UL11 is thought to influence secondary envelopment by 

directing tegument proteins and hence capsids to the TGN budding site, while gM may act by 

accumulating envelope glycoproteins at this site. Since UL11 and gM are conserved among 
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all herpesviruses, one can suggest that this mechanism is used by herpesviruses in general 

(Kopp et al., 2004; Kopp et al., 2003; Leege et al., 2009; Mettenleiter, 2004, 2006). 

 

The composition of primary and secondary virions is different since a mature tegument and a 

final envelope with (glyco)proteins are acquired after de-envelopment of primary enveloped 

virions. So far, the US3 tegument protein is the only protein that could be detected in both 

primary and secondary virions for both PRV and HSV-1  (Granzow et al., 2004; Reynolds et 

al., 2002). Whether US3 remains associated with the translocated capsid after de-

envelopment or whether it is lost and reacquired shortly thereafter is not clear yet 

(Mettenleiter, 2006). Other proteins are only present in primary enveloped virions (e.g. UL31 

and UL34) or vice versa (especially outer tegument proteins and envelope (glyco)proteins, at 

least for PRV) (Fuchs et al., 2002a; Fuchs et al., 2002b; Klupp et al., 2008; Klupp et al., 

2000, 2001; Reynolds et al., 2002).  

 

Finally, secondary enveloped, mature virions are released from the infected cell by 

exocytosis. Still little is known about the viral components involved in vesicle transport and 

fusion with the plasma membrane (Mettenleiter et al., 2009). For PRV, the UL20 and gK 

proteins seem to be involved in exocytosis of mature virions (Fuchs et al., 1997b; Klupp et 

al., 1998). It has also been suggested that gK prevents immediate reinfection of virus-

producing cells by newly formed PRV virions and hence stimulates infection of neighbouring, 

still uninfected cells (Klupp et al., 1998). Interestingly, gK requires UL20 for its correct 

processing and intracellular localisation (Foster et al., 2003). Concerning HSV-1, 

contradictory data have been published. Some groups report that HSV-1 gK and UL20 are, 

like the PRV orthologues, involved in exocytosis, while others suggest that these proteins 

function prior to or during secondary envelopment (Avitabile et al., 1994; Baines et al., 1991; 

Foster et al., 2004a; Foster et al., 2004b; Fulmer et al., 2007).   

 

1.7 INTERCELLULAR SPREAD OF PRV 

Spread of herpesviruses from infected to uninfected cells not only occurs via the release of 

progeny virus into the extracellular space followed by entry in a new host cell, but also via 

cell-associated spread. Different forms of direct cell-to-cell spread have been described 

depending on whether the infected and yet uninfected target cell are in close proximity or not.  

The viral glycoprotein gE plays an important role in direct cell-to-cell spread between 

neighbouring polarized epithelial cells by arranging nascent virions close to cell junctions 

(Johnson et al., 2001; Zsak et al., 1992). The presence of viral glycoproteins in the 

membrane of an infected cell and the respective receptors in the membrane of a 
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neighbouring uninfected cell can mediate fusion, resulting in the formation of a syncytium. 

For PRV, gB, gH/gL, and gK are essential for this fusion process, while gE/gI and gM have 

modulating functions (Nauwynck et al., 2007).  

Direct cell-to-cell spread is also possible between distant cells by either the formation of 

US3-induced cellular projections contacting distant, otherwise unconnected cells (Favoreel et 

al., 2005) or by a virus-mediated binding of an infected cell in suspension to and fusion with 

an uninfected cell, mainly as virus entry occurs (Hanssens et al., 1993; Van de Walle et al., 

2003). 
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2 ALPHAHERPESVIRUS US3 PROTEIN KINASE 

ORTHOLOGUES: CHARACTERISTICS AND FUNCTIONS 

Because the US3 protein kinase of PRV is the central viral protein in this thesis, some 

important characteristics and functions of this protein and its orthologues in other 

alphaherpesviruses are summarized below. 

 

2.1 INTRODUCTION 

The US3 protein is a multifunctional serine/threonine (S/T) kinase that is conserved among 

alphaherpesviruses (Frame et al., 1987; Hanks et al., 1988; Heineman et al., 1996; McGeoch 

& Davison, 1986; Mettenleiter, 2002a; Purves et al., 1987). In contrast to other 

alphaherpesviruses, except HSV-1, the PRV US3 gene has two transcriptional start sites and 

consequently encodes two isoforms: a minor long isoform (390 AA, 53 kDa) representing 

less than 5% of the US3 protein in infected cells and a major short isoform (336 AA, 41 kDa) 

representing more than 95% of the US3 protein in infected cells (van Zijl et al., 1990). 

Although both isoforms are expressed in infected cells, only the short isoform is incorporated 

into PRV virions (Klupp et al., 2001; Lyman et al., 2003; Zhang et al., 1990). The long 

isoform differs from the short one by the presence of an additional 54 AA N-terminal 

mitochondrial localisation signal (Calton et al., 2004; Van Minnebruggen et al., 2003). The 

carboxy-terminal 101 AA of both US3 isoforms comprises a membrane/vesicular localization 

domain, and the N-terminal 102 AA of the short isoform comprises a nuclear localization 

domain. The long isoform is predominantly located in the mitochondria, the plasma 

membrane and the cytoplasm, whereas the short isoform is mainly located in the nucleus. 

These different subcellular localisations may correlate with the different functions of US3 

(Calton et al., 2004). The PRV US3 protein shares homology with its HSV-1 US3 (McGeoch 

et al., 1985) and VZV ORF66 (Davison, 1983; Davison & Scott, 1986) orthologues. 

 

The HSV-1 US3 ORF has also been reported to encode two mRNAs: a full length and a 

truncated mRNA. As a consequence, the HSV-1 US3 ORF encodes two proteins, the 

predominant US3 protein which is synthesized in wild type (WT)-infected cells, and a 

truncated form of the US3 protein, designated US3.5, which accumulates in cells infected 

with an ICP22 deletion mutant. The US3.5 protein shares the C-terminal domain with US3 

and exerts some but not all functions of US3 (Poon & Roizman, 2005; Poon et al., 2006b). 
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In vitro biochemical studies characterized a PRV US3 kinase minimal consensus 

phosphorylation sequence as (R)n-X-(S/T)-Y-Y, where n≥2, S/T is the target site where either 

serine or threonine is phosphorylated, X can be absent or any amino acid, but preferably 

arginine, alanine, valine, proline or serine, and Y can be any amino acid except proline or an 

acidic residue. The optimal consensus sequence is similar except that X is not absent and 

n≥3 (Leader, 1993; Leader et al., 1991; Purves et al., 1986). Phosphorylation target site 

specificity of HSV-1 and other alphaherpesvirus US3 kinases are similar to that of PRV US3 

and protein kinase A (PKA), a cellular cyclic adenosine monophosphate (cAMP)-dependent 

protein kinase (Benetti & Roizman, 2004; Daikoku et al., 1993; Eisfeld et al., 2006; Kato et 

al., 2009).  

 

Several studies identifying putative US3 substrates have been performed. Here, it is 

important to discriminate between US3 substrates in vitro and physiologically relevant US3 

substrates. The latter are not only specifically and directly phosphorylated by US3 in in vitro 

kinase assays but also in infected cells, and hence show an altered phosphorylation pattern 

in cells infected with a mutant virus lacking US3 kinase activity. So far, p21-activated kinases 

(PAKs) have been identified as physiologically relevant substrates for PRV US3 (Van den 

Broeke et al., 2009b). Several physiologically relevant substrates have been described for 

HSV-1 US3: the cellular proteins Bad (Cartier et al., 2003a; Kato et al., 2005a) and lamin A/C 

(Mou et al., 2007), and the viral proteins UL31 (Kato et al., 2005a; Mou et al., 2009), UL34 

(Kato et al., 2005a; Purves et al., 1991, 1992), ICP22 (Kato et al., 2005a; Purves et al., 

1993), and gB (Kato et al., 2009; Wisner et al., 2009). Although the viral envelope protein 

US9 is directly phosphorylated in in vitro kinase assays, it is not clear whether it is also a 

natural substrate of US3 since the phosphorylation status of US9 in WT and US3 kinase-

dead HSV-1-infected cells has not been studied thus far (Kato et al., 2005a). The VZV IE62 

protein, a major transcriptional regulatory protein and major tegument component, is a 

physiological substrate for the VZV US3 orthologue ORF66 (Eisfeld et al., 2006).  

Noteworthy, in HSV-1-infected cells, US3 is phosphorylated by UL13, another viral kinase 

(Kato et al., 2006). 

 

Recombinant PRV or HSV viruses that either lack US3 or express a kinase-dead US3 

normally display only a little impaired growth in cell cultures but a significantly reduced 

virulence and pathogenesis in pigs and mice in vivo (Coller & Smith, 2008; Inagaki-Ohara et 

al., 2001; Kimman et al., 1994; Meignier et al., 1988; Nishiyama et al., 1992; Purves et al., 

1987; Reynolds et al., 2002; Ryckman & Roller, 2004; Sagou et al., 2009; Van den Broeke et 

al., 2009a). 
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2.2 FUNCTIONS 

An overview of the different functions attributed to alphaherpesvirus US3-orthologues is 

given in Fig. 3. 

 

 
Figure 3. Overview of the different functions attributed to alphaherpesvirus US3-orthologues. See text 

for details. 

 

2.2.1 Anti-apoptotic properties 

To date, US3 has been shown to possess anti-apoptotic properties in HSV-1 (Aubert et al., 

1999; Benetti & Roizman, 2007; Benetti et al., 2003; Cartier et al., 2003a; Cartier et al., 

2003b; Hagglund et al., 2002; Jerome et al., 1999; Leopardi et al., 1997; Munger & Roizman, 

2001; Munger et al., 2001; Ogg et al., 2004), HSV-2 (Asano et al., 2000; Asano et al., 1999; 

Hata et al., 1999; Murata et al., 2002), VZV (Schaap et al., 2005), MDV (Schumacher et al., 

2008), and PRV (Geenen et al., 2005; Ogg et al., 2004), but not in BoHV-1 (Takashima et 

al., 1999). PRV and HSV US3 render cells less susceptible towards apoptosis induced by 

infection (Asano et al., 2000; Asano et al., 1999; Geenen et al., 2005; Leopardi et al., 1997), 
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overexpression of pro-apoptotic proteins of the Bcl-2 family (Ogg et al., 2004), transfection of 

procaspase-3 (Benetti & Roizman, 2007), or several exogenous apoptotic stimuli (Cartier et 

al., 2003a; Geenen et al., 2005; Hata et al., 1999; Murata et al., 2002). Virus-induced 

apoptosis and viral countermeasures are discussed in section 3.1.  

 

2.2.2 Nuclear egress 

Although not required for primary envelopment, US3 is necessary for the homogeneous 

distribution of the UL31/UL34 complex along the nuclear membrane in both HSV-1 and PRV-

infected cells. Indeed, UL31 and UL34 interact in discrete foci along the nuclear membrane 

in the absence of US3 (Kato et al., 2006; Klupp et al., 2001; Reynolds et al., 2001; Ryckman 

& Roller, 2004). This homogeneous distribution is possibly mediated by the UL13-induced 

phosphorylation of US3 since HSV-1 mutants with a deletion in either UL13 or US3 resulted 

in a similar phenotype concerning the localisation of the UL31/UL34 complex in the nuclear 

membrane (Kato et al., 2006). Moreover, an HSV-1 US3-mediated phosphorylation of both 

UL31 and UL34 has been shown (Kato et al., 2005a; Mou et al., 2009; Purves et al., 1991), 

and US3-mediated phosphorylation of UL31, but not UL34, appears to regulate the 

localisation of the nuclear envelopment complex (Mou et al., 2009; Ryckman & Roller, 2004). 

In addition, expression of HSV-1 US3 at the INM leads to phosphorylation of lamin A/C, 

thereby altering the architecture of the nuclear lamina and hence generating access for the 

nucleocapsids to the INM (Mou et al., 2007). In contrast to HSV-1, UL34 seems not to be 

phosphorylated by US3 in PRV-infected cells (Klupp et al., 2001). 

The US3 protein kinase of HSV-1, PRV, and MDV, but not of VZV, is also involved in de-
envelopment of primary enveloped virions via fusion of the primary envelope with the leaflet 

of the outer nuclear membrane (Klupp et al., 2001; Reynolds et al., 2002; Ryckman & Roller, 

2004; Schaap et al., 2005; Schumacher et al., 2005; Wagenaar et al., 1995). Indeed, 

infection with a virus mutant lacking US3 leads to accumulations of primary enveloped virus 

particles in the perinuclear space, more specifically in large invaginations of the INM, of HSV-

1, PRV, or MDV-infected cells (Klupp et al., 2001; Reynolds et al., 2002; Ryckman & Roller, 

2004; Schumacher et al., 2005; Wagenaar et al., 1995). For HSV-1 and MDV, it has been 

shown that the US3 kinase activity is crucial for efficient virion de-envelopment since a 

kinase-dead US3 virus yielded a similar phenotype as observed for a US3 deletion mutant 

(Ryckman & Roller, 2004; Schumacher et al., 2008). Recently, it has been demonstrated for 

HSV-1 that US3-mediated phosphorylation of UL31 regulates this de-envelopment process 

(Mou et al., 2009). Also for HSV-1, US3-mediated phosphorylation of the cytoplasmic tail of 

gB on Thr887 is implicated in gB-mediated fusion between the primary virion envelope and 
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the outer nuclear membrane during nuclear egress (Farnsworth et al., 2007; Wisner et al., 

2009). 

 

2.2.3 Induction of cytoskeletal rearrangements 

For several alphaherpesviruses, the US3 protein has been described to induce drastic 

changes in the cytoskeleton of the host cell, in particular cell rounding due to stress fiber 

breakdown and sometimes formation of cellular protrusions. Stress fiber disassembly has 

been reported for PRV (Favoreel et al., 2005; Van den Broeke et al., 2009a; Van den Broeke 

et al., 2009b; Van Minnebruggen et al., 2003), HSV-2 (Murata et al., 2000), MDV 

(Schumacher et al., 2005; Schumacher et al., 2008), BoHV-1 (Brzozowska et al., 2009), and 

BoHV-5 (Ladelfa, M.F., 2009, personal communication), while cellular protrusions have 

been described for PRV (Calton et al., 2004; Favoreel et al., 2005; Van den Broeke et al., 

2009a; Van den Broeke et al., 2009b), HSV-2 (Finnen et al., 2009), BoHV-1 (Brzozowska et 

al., 2009), and BoHV-5 (Ladelfa, M.F., 2009, personal communication). The actin and 

microtubule containing cellular projections contact distant cells and are associated with 

enhanced virus spread. Indeed, PRV spreads in these projections with a net movement in 

the direction of the tip of the protrusion. Moreover, due to this cell-to-cell spread, PRV is able 

to spread in the presence of virus neutralizing antibodies. Whether there is a fusion between 

the tip of the protrusion and the contacting uninfected cell is still unclear (Favoreel et al., 

2005). For PRV (Van den Broeke et al., 2009a), HSV-2 (Finnen et al., 2009; Murata et al., 

2000), and BoHV-1 (Brzozowska et al., 2009), but not for MDV (Schumacher et al., 2008), 

the US3 kinase activity is required for modulation of the actin cytoskeleton. Recently, for 

PRV, it was discovered that PAKs mediate this US3-induced reorganization of the actin 

cytoskeleton. More specifically, PAK2 appears crucial in US3-mediated stress fiber 

disassembly, whereas PAK1 is involved in the formation US3-mediated protrusion formation 

(Van den Broeke et al., 2009b). 

 

2.2.4 Counteracting an interferon-induced antiviral state 

HSV-1 US3 has been suggested to be involved in overcoming an interferon (IFN)-induced 

antiviral state (Piroozmand et al., 2004). More recently, it has been shown that HSV-1 US3 

antagonizes IFN-β synthesis (Peri et al., 2008) and is involved in blocking IFN-γ dependent 

gene expression (Liang & Roizman, 2008). VZV ORF66 has been shown to reduce IFN-

signaling in infected T-cells following exposure to IFN-γ (Schaap et al., 2005). The 

mechanisms of these actions are described in section 3.2. 
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2.2.5 Interference with the MHC I antigen presentation pathway 

VZV ORF66 interferes with the MHC I antigen presentation pathway by downregulating MHC 

I molecules from the cell surface, thereby evading CTL responses (Abendroth et al., 2001; 

Eisfeld et al., 2007). This topic is discussed in section 3.3. 

 

2.2.6 Inactivation of cytotoxic T-lymphocytes 

Although HSV-1 and HSV-2 specific cytotoxic T-lymphocytes (CTLs) exist, they do not avoid 

latency nor do they completely prevent reactivation, indicating that HSV is able to modulate 

T-cell function to some extent. CTLs become functionally impaired or inactivated after 

contacting HSV-infected fibroblasts or HSV virions, and expression of US3, ICP4 and UL54 

appears to be required in order to transmit this inactivation signal (Sloan et al., 2003; Sloan 

et al., 2006). This partly US3-mediated inactivation of CTLs is due to a specific interference 

with the T-cell receptor signal transduction, leading to selective production of interleukin-10 

(IL-10), a cytokine that suppresses cellular immunity and favours viral replication (Sloan & 

Jerome, 2007; Sloan et al., 2003).  

 

2.2.7 Other functions 

VZV ORF66 directly phosphorylates and thereby regulates the subcellular localisation of 
IE62, a major transcriptional regulatory protein and major tegument component. IE62 is 

located in the nucleus at early time points post inoculation but becomes predominantly 

cytoplasmic at later time points due to an ORF66-mediated phosphorylation of IE62 at 

Ser686. Cytoplasmic localisation of IE62 is necessary for its incorporation into the tegument 

of progeny virions (Eisfeld et al., 2006; Kinchington et al., 2000; Kinchington et al., 2001). 

 

Several reports have shown that herpesvirus gene expression depends on inhibitors of 
histone deacetylases (HDACs) (Danaher et al., 2005; Grassi et al., 2003; Gwack et al., 

2001; Hobbs & DeLuca, 1999; Lu et al., 2003; Merezak et al., 2002; Poon et al., 2003). 

HDACs function by deacetylating lysine residues on histone tails, resulting in chromatin 

condensation and repression of gene expression (Grozinger & Schreiber, 2002). In HSV-1, 

besides ICP0, US3 is involved in blocking histone deacetylation in order to enable viral gene 

expression. More specifically, US3 induces phosphorylation of HDAC1, thereby reducing its 

amount and altering its localisation (Poon et al., 2006a). An HSV-1 US3-mediated post-

translational modification of HDAC2 has also been reported. However, it was not investigated 

whether or not this modification constituted a phosphorylation (Poon et al., 2003). Recently, it 

has been shown for VZV that a kinase-intact ORF66 results in hyperphosphorylation of 
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HDAC1 and HDAC2, even in the absence of other viral proteins. Since ORF66 was not able 

to phosphorylate HDAC1 or HDAC2 in an in vitro kinase assay, it appears that the observed 

ORF66-induced HDAC1 and HDAC2 hyperphosphorylation occurs indirectly (Walters et al., 

2009).  

 

Recently, it has been demonstrated for HSV-1 that US3 specifically phosphorylates gB on 

position Thr887 in its cytoplasmic tail, thereby affecting nuclear egress, subcellular 
expression of gB, and pathogenesis (Imai et al., 2010; Kato et al., 2009; Wisner et al., 

2009). The effect of gB phosphorylation by HSV-1 US3 on nuclear egress (Wisner et al., 

2009) has been discussed before (section 2.2.2). HSV-1 US3-mediated phosphorylation of 

gB on Thr887 results in a downregulation of gB expression from the cell surface of infected 

cells. This may serve as an immune-evasion mechanism since gB is a potent inducer of both 

the humoral and cellular immune response and also because lysis of HSV-infected cells by 

natural killer (NK) cells correlates with the level of gB expression at the cell surface (Imai et 

al., 2010; Kato et al., 2009). In vitro, a lack of gB phosphorylation on Thr887 does not result 

in a defect in viral growth, cell-to-cell spread or viral excretion into the extracellular space 

(Kato et al., 2009). In contrast, in vivo, US3-mediated phosphorylation of gB Thr887 appears 

to play an important role in viral replication and HSV-1 pathogenesis. Indeed, an HSV-1 

mutant with a substitution of Thr887 to alanine showed a significantly impaired viral 

replication and pathogenesis in mice compared to WT HSV-1 (Imai et al., 2010). Similar 

results were obtained when mice were infected with a recombinant HSV-1 encoding a 

kinase-dead US3 (Sagou et al., 2009). Hence, the attenuation of HSV-1 US3 deletion 

mutants in vivo is likely partially due to a lack of gB phosphorylation (Imai et al., 2010).   
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3 ANTIVIRAL RESPONSES AND ALPHAHERPESVIRUS-
ENCODED COUNTERMEASURES 

Antiviral responses comprise (i) intrinsic responses like apoptosis; (ii) early, aspecific 

immunological responses (=innate immunity) such as the production of IFNs and other 

cytokines, the activation of the alternative complement pathway, and spontaneous cell-

mediated cytotoxicity; (iii) late, specific immunological responses (=adaptive immunity) like 

the MHC I-mediated activation of CTLs, the induction of virus-neutralizing antibodies, the 

activation of the classical complement pathway, and antibody-dependent cell-mediated 

cytotoxicity (Ashworth et al., 1979; Kimman et al., 1992; Martin & Wardley, 1984; Mossman, 

2002; Samuel, 2001; Thomson, 2001; Wittmann et al., 1985). PRV, like several other 

(herpes)viruses, displays multiple mechanisms in order to evade antiviral host responses. In 

the current thesis, the role of PRV US3 in evasion of specific aspects of intrinsic, innate, and 

adaptive antiviral responses is investigated: apoptosis, IFN-induced antiviral effects, and 

major histocompatibility complex class I (MHC I)-mediated antigen presentation. Therefore, 

these aspects, as well as alphaherpesvirus-encoded countermeasures, are reviewed in this 

part of the introduction (sections 3.1, 3.2, and 3.3, respectively). 

 

3.1 APOPTOSIS AND ALPHAHERPESVIRUS-ENCODED ANTAGONISTS 

In this part of the introduction, apoptosis is discussed with emphasis on the intrinsic or 

mitochondrial pathway and the Bcl-2 protein family. Furthermore, the biological significance 

of apoptosis during virus infection and strategies evolved by alphaherpesviruses to 

counteract apoptosis are reviewed.  

 

3.1.1 Introduction 

Several forms of cell death exist, including apoptosis, necrosis, and autophagy (Hotchkiss et 

al., 2009). Apoptosis or programmed cell death is a strictly regulated physiological process 

that is of widespread biological significance. It is involved in a variety of processes such as 

embryonic development, tissue homeostasis, differentiation, regulation and function of the 

immune system, and elimination of potentially harmful cells such as virus-infected cells or 

cancer cells (Meier et al., 2000; Rathmell & Thompson, 2002; Roulston et al., 1999; Zuzarte-

Luis & Hurle, 2005). Dysfunction or dysregulation of the apoptotic program is implicated in a 

variety of pathological conditions. Indeed, reduced apoptosis can result in the development 

of tumours, auto-immune diseases, and spreading of viral infections, whereas excessive 
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apoptosis can result in neurodegenerative disorders (e.g. Parkinson, Alzheimer), ischaemic 

diseases (e.g. stroke, myocardial infarct), and immune deficiency (Hotchkiss et al., 2009; 

Reed, 2002; Thompson, 1995).   

 

Apoptosis consists of a well-defined cascade of biochemical and morphological stages. A 

pro-apoptotic stimulus leads to activation of the apoptotic machinery, ultimately leading to 

characteristic apoptotic features (Saraste & Pulkki, 2000). Morphological hallmarks of 

apoptosis are cell shrinkage, chromatin condensation, plasma membrane blebbing, loss of 

contact with the extracellular matrix, and retraction from neighbouring cells (Kerr et al., 1972; 

Taylor et al., 2008). Although more subtle, disintegration of the mitochondrial interconnecting 

network and fragmentation of the Golgi and endoplasmic reticulum (ER) are also observed 

during apoptosis (Suen et al., 2008). Biochemical characteristics associated with apoptosis 

are the translocation of phosphatidyl serine molecules from the inner to the outer layer of the 

plasma membrane without loss of membrane integrity, mostly the activation of caspases, and 

endonuclease-mediated DNA cleavage into high molecular weight and oligonucleosomal ds 

DNA fragments (Bicknell et al., 1994; Brown et al., 1993; Chowdhury et al., 2006; Cohen et 

al., 1994; Fadok et al., 1992; Homburg et al., 1995; Martin et al., 1995; Wyllie et al., 1980). 

Finally, the cell completely fragments into plasma membrane-derived vesicles containing 

cytosolic and/or nuclear material, which are called apoptotic bodies. Recognized by their 

externalized phosphatidyl serine molecules, apoptotic bodies are mostly phagocytosed by 

neighbouring cells, thereby preventing the release of cellular components into the 

extracellular matrix and hence preventing tissue inflammation. Sometimes, the fragmented 

cell is not phagocytosed and undergoes degradation resembling necrosis, a process which is 

called secondary necrosis (Kerr et al., 1972; Kerr et al., 1994; Saraste & Pulkki, 2000; Wyllie 

et al., 1980).  

 

3.1.2 Caspases 

The majority of apoptosis is caspase-dependent. Caspases are cysteine-dependent 

aspartate-specific proteases that are constitutively expressed as inactive zymogens 

(procaspases) consisting of an N-terminal regulatory prodomain, a catalytically active large 

subunit, and a small subunit, with the latter two sometimes separated by a linker peptide. 

Upon specific apoptotic stimuli, procaspases are activated through proteolytical cleavage 

between the large and small subunit (often within the linker peptide), and the prodomain is 

also frequently but not necessarily removed. As a result, an active heterotetramer is formed 

consisting of two large and two small subunits in a head-to-tail conformation, i.e. with the two 

active sites at opposite ends (Chowdhury et al., 2008).  
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To date, 15 mammalian caspases have been described of which caspase-1 through 

caspase-10 and caspase-14 are expressed in human cells. Caspase-11 and caspase-12 

have only been identified in mice and rats (Chowdhury et al., 2008). Interestingly, the human 

orthologue of murine caspase-12 is non-functional in the majority of the population due to 

deleterious mutations in its open reading frame (ORF) (Fischer et al., 2002; Saleh et al., 

2004). Caspase-13 seems to represent the bovine homologue of human caspase-4 (Koenig 

et al., 2001) and caspase-15 has been identified in various mammals but not in humans and 

mice (Eckhart et al., 2005). 

Based on their substrate specificity, apoptotic caspases can be categorized in initiator 

caspases, effector or executioner caspases, and inflammatory caspases. Initiator caspases 

are the most upstream caspases in the apoptotic pathways, and comprise caspase-2, -8, -9, 

-10, -12, and -15. They are activated by oligomerization and subsequent autoproteolytic 

cleavage of the respective procaspases. Activated initiator caspases then cleave and 

activate downstream effector caspase-3, -6, and/or -7, which subsequently induce 

characteristic morphological apoptotic features (Chowdhury et al., 2008; Eckhart et al., 2006; 

Eckhart et al., 2005). Noteworthy, effector caspases as well as some initiator caspases can 

also be directly activated by granzyme B, a cellular serine protease that is released into 

virus-infected cells during CTL- or NK-cell-mediated apoptosis (Russell & Ley, 2002; 

Talanian et al., 1997). Initiator caspases have a larger prodomain than effector caspases 

because the former contain either a caspase-recruiting domain (CARD) in case of caspase-

2, -9, and -12, two death effector domains (DEDs) in case of caspase-8 and -10, or a pyrin-

like domain in case of caspase-15 (Chowdhury et al., 2008; Eckhart et al., 2005). Via their 

prodomain, initiator caspases are recruited to and activated at death complexes either in 

response to ligation of cell surface death receptors (extrinsic pathway) or in response to 

signals originating from inside the cell (intrinsic pathway, ER pathway) (Chowdhury et al., 

2008). Noteworthy, cell death without caspase activation lacks the majority, if not all, of the 

characteristic features of apoptosis and is otherwise indistinguishable from necrosis 

(Kroemer & Martin, 2005). Caspase-1, -4, -5, -11, -12, and -13 are mainly involved in 

proteolytic maturation of pro-inflammatory cytokines like IL-1β and IL-18 rather than in 

apoptosis, and are therefore called inflammatory caspases (Chowdhury et al., 2008; 

Martinon & Tschopp, 2007). Caspase-14 is activated in epidermal keratinocyte differentiation 

but not in apoptosis (Eckhart et al., 2000; Lippens et al., 2000).  
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3.1.3 Activation of apoptotic pathways 

3.1.3.1 Introduction 

Three apoptotic pathways have been identified: the extrinsic or death receptor pathway, the 

intrinsic or mitochondrial pathway, and the ER pathway. The extrinsic or death receptor 
pathway is activated upon binding of specific ligands belonging to the tumor necrosis factor 

(TNF) gene superfamily (e.g. FasL and TNF) to their cognate cell surface death receptors 

(e.g. Fas and TNFR-1), and an apoptotic signal is then transmitted via adaptor proteins (e.g. 

FADD and TRADD) to caspase-8 (also called FLICE) and/or caspase-10 (Chowdhury et al., 

2008; Zimmermann et al., 2001). The intrinsic or mitochondrial pathway is activated upon 

intrinsic apoptotic stimuli such as growth factor deprivation, a broad range of cytotoxic 

agents, oxidative stress, heat shock, and DNA damage. Central regulators of this pathway 

are the mitochondria and the Bcl-2 protein family, which may ultimately lead to activation of 

caspase-9 (Chalah & Khosravi-Far, 2008; Finkel, 2001; Zimmermann et al., 2001). The ER 
pathway is activated by ER stress, which is induced by a loss of Ca2+ homeostasis and/or 

misfolded or unfolded proteins, and is mainly mediated by caspase-12 (Nakagawa et al., 

2000; Rong & Distelhorst, 2008; Schroder & Kaufman, 2005; Yoneda et al., 2001). 

Interestingly, crosstalk may occur between the extrinsic and the intrinsic pathway on the one 

hand (Li et al., 1998; Luo et al., 1998), and between the ER and the intrinsic pathway on the 

other hand (Rong & Distelhorst, 2008; Schroder & Kaufman, 2005). Because of their 

importance in the current thesis, the intrinsic or mitochondrial pathway and the Bcl-2 protein 

family are described in more detail in the next paragraphs. 

 

3.1.3.2 Intrinsic or mitochondrial apoptotic pathway  

Although mitochondria can enhance death receptor and ER apoptotic signalling, they are 

especially responsive to apoptosis triggered by intrinsic apoptotic stimuli such as starvation, 

cytotoxic agents like chemotherapeutic drugs, oxidative stress, heat shock, DNA damage, 

and infection (Autret & Martin, 2009; Finkel, 2001). These stressors can result in 

mitochondrial membrane permeability and the subsequent release of several pro-apoptotic 

proteins such as cytochrome c from the mitochondrial intermembrane space into the cytosol 

(Finkel, 2001) (Fig. 4). Mitochondrial membrane permeability is regulated by proteins of the 

Bcl-2 family (see section 3.1.4.2). Once in the cytoplasm, cytochrome c binds to the CARD 

containing apoptosis activating factor-1 (Apaf-1), which in the presence of ATP or dATP 

oligomerizes and forms a heptameric wheel-like structure, the apoptosome. This complex 

recruits procaspase-9 through its CARD, and dimerization of procaspase-9 molecules results 

in the activation of caspase-9. Activated caspase-9 subsequently dissociates from the 
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apoptosome and in turn can activate downstream effector caspases (Acehan et al., 2002; 

Adrain et al., 1999; Boatright et al., 2003; Chowdhury et al., 2008; Hu et al., 1998; Jiang & 

Wang, 2000; Zou et al., 1999) (Fig. 4).  

 

 
Figure 4. Release of pro-apoptotic factors from the mitochondrial intermembrane space 
induces apoptosis. See text for more details. IMM, OMM: inner and outer mitochondrial membrane, 

respectively. 

 

Besides cytochrome c, other pro-apoptotic proteins are also released from the mitochondrial 

intermembrane space into the cytosol (Chalah & Khosravi-Far, 2008; Saelens et al., 2004). 

Smac/Diablo and HtrA2/Omi promote apoptosis by binding and thereby antagonizing the X-

linked inhibitor of apoptosis protein (XIAP), a protein acting as a direct caspase-inhibitor 

(Eckelman et al., 2006) (Fig. 4). Direct inhibition of caspases is an important strategy since 

signalling cascades mediated by caspases are irreversible once activated. Apoptosis-

inducing factor (AIF) and endonuclease G (Endo G) are also released from mitochondria and 

trigger apoptosis in a caspase-independent manner. Upon release in the cytosol, AIF and 

EndoG translocate to the nucleus where AIF induces high molecular weight DNA 

fragmentation and chromatin condensation while Endo G causes oligonucleosomal DNA 

fragmentation (Cande et al., 2002; Li et al., 2001; van Loo et al., 2001) (Fig. 4). The 
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membrane integrity of mitochondria and the release of cytochrome c, Smac/Diablo, 

HtrA2/Omi, AIF, and EndoG from the mitochondrial intermembrane space into the cytosol are 

regulated by proteins of the Bcl-2 family. 

 

3.1.4 Bcl-2 protein family 

3.1.4.1 Introduction 

The Bcl-2 protein family contains both anti- and pro-apoptotic members, all containing at 

least one of four conserved Bcl-2 homology (BH) domains. Based on their function and the 

number of BH domains present, these key regulators of the mitochondrial pathway can be 

subdivided into three groups: (i) the anti-apoptotic or pro-survival Bcl-2 family members such 

as Bcl-2, Bcl-XL, Bcl-w, Mcl-1, A1 (Bfl-1), and Bcl-B (BOO/DIVA) generally containing BH1 to 

BH4, (ii) the multiple BH domain pro-apoptotic members Bax, Bak, and Bok, all containing 

BH1 to BH3, and (iii) the BH3-only pro-apoptotic proteins like Bad, Bid, Bim, Bik, Blk, Bmf, 

Bnip3, Hrk (DP5), Noxa, Puma, and Spike (Cory & Adams, 2002; Mund et al., 2003; Taylor et 

al., 2008; Thomadaki & Scorilas, 2006). The latter class only contains the short BH3 motif, an 

interaction domain which is - with exception of the one in Bnip3 - both necessary and 

sufficient for their pro-apoptotic function and interaction with other Bcl-2 family members 

(Lomonosova & Chinnadurai, 2009; Mund et al., 2003; Ray et al., 2000). Alternative splicing 

of BH3-only members appears to contribute to the diversity of these proteins and the 

regulation of their functions (Lomonosova & Chinnadurai, 2009). Indeed, multiple splice 

isoforms have been described for Bid (Renshaw et al., 2004), Bim (Marani et al., 2002; 

O'Connor et al., 1998; U et al., 2001), Bmf (Morales et al., 2004), and Noxa (Wang & Sun, 

2008). The pro-apoptotic protein Bcl-XS, an alternative splice form of Bcl-XL, is an exception 

to the former three categories since it contains the BH3 and BH4 domains (Boise et al., 

1993; Hossini & Eberle, 2008). Several Bcl-2 family members contain a C-terminal 

hydrophobic transmembrane domain (TMD) that targets and/or anchors them to membranes. 

Such a TMD is absent in A1, Bad, Bid, Bmf, Noxa, Puma, and Spike (Hacker & Weber, 2007; 

Mund et al., 2003; Taylor et al., 2008; Thomadaki & Scorilas, 2006).  

 

Bcl-2 family members control apoptosis on two fronts, namely at the mitochondria where they 

regulate cytochrome c release and at the ER where they regulate Ca2+ release (Rong & 

Distelhorst, 2008). Anti-apoptotic members are mostly integral membrane proteins that are 

predominantly located at the mitochondrial and ER membrane, and to a lesser extent at the 

nuclear membrane. The majority of the pro-apoptotic members resides in the cytosol or at 

the outer mitochondrial membrane (OMM) (Thomadaki & Scorilas, 2006).  
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Bcl-2 family members are able to interact with each other and the balance between anti- and 

pro-apoptotic proteins and/or protein complexes determines whether a cell survives or 

undergoes apoptosis. The BH1, BH2, and BH3 domains of anti-apoptotic Bcl-2 family 

members form a hydrophobic binding cleft wherein the BH3 domain of pro-apoptotic 

members can bind (Czabotar et al., 2007; Denisov et al., 2006; Feng et al., 2007; Liu et al., 

2003; Oberstein et al., 2007; Petros et al., 2000; Sattler et al., 1997). Both multiple BH 

domain and BH3-only pro-apoptotic Bcl-2 proteins bind to anti-apoptotic Bcl-2 members. 

Some of these interactions are selective, likely due to the differences in AA sequence within 

the BH3 domains (Lomonosova & Chinnadurai, 2009). Indeed, Bak is able to bind to Bcl-XL 

and Mcl-1 but not to Bcl-2, Bcl-w or A1. The Bak BH3 domain is necessary for those 

interactions, as it is for its apoptotic activity and Bak dimerization (Willis et al., 2005). In 

contrast to Bak, Bax can bind all anti-apoptotic Bcl-2 members (Adams & Cory, 2007). 

Similarly, the BH3-only proteins Bim, Puma, and truncated Bid (tBid) engage all Bcl-2 anti-

apoptotic proteins and thus are potent killers, whereas other BH3-only proteins bind 

selectively to subsets of the Bcl-2 anti-apoptotic proteins and hence are weaker killers. 

However, the combined action of two weaker killers (e.g. Bad and Noxa) may potently induce 

apoptosis (Chen et al., 2005; Willis & Adams, 2005). Overexpression of Bcl-2 and Bcl-XL 

potently inhibits apoptosis in response to several cytotoxic insults (Reed, 1998). The Bcl-2 

members involved in a specific apoptotic process depend on their way of regulation, the 

apoptotic stimulus and the cell type. Given the similar biochemical roles and widespread 

expression of many BH3-only proteins, it is not surprising that most have at least partially 

redundant biological functions (Adams & Cory, 2007).  

 

3.1.4.2 Mitochondrial membrane permeability 

In order to release cytochrome c and other pro-apoptotic factors from the mitochondrial 

intermembrane space into the cytosol, permeabilisation of the OMM is required. During the 

last decade, a lot of efforts have been made to clarify the mechanism that causes this 

permeabilisation. A previous theory stating that mitochondrial membrane permeability during 

apoptosis may correlate with swelling of the mitochondrial matrix and subsequent rupture of 

the OMM and aspecific release of mitochondrial proteins has been dated (Green, 2005; 

Hacker & Weber, 2007). Although it is now clear that OMM permeability and cytochrome c 

release during apoptotic cell death are regulated by proteins of the Bcl-2 family, some parts 

of the mechanism still remain puzzling.  

 

Bax and Bak have been shown to affect mitochondrial integrity during apoptosis by 

contributing to the formation of transmembrane channels across the OMM, while Bcl-2, Bcl-
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XL and Bcl-w prevent pore formation (Antonsson et al., 2001; Antonsson et al., 2000; Cheng 

et al., 2001; Dejean et al., 2005; Kluck et al., 1997; Korsmeyer et al., 2000; Kuwana et al., 

2002; Nechushtan et al., 2001; Wei et al., 2000; Yang et al., 1997). In healthy cells, Bax is a 

monomer that is largely cytosolic or loosely associated with mitochondria, whereas Bak is an 

integral membrane protein of the OMM. Upon apoptotic stimuli, Bax translocates to and 

integrates into the OMM where both Bak and Bax undergo a conformational change, homo-

oligomerize and thereby permeabilize the OMM (Green, 2005; Nechushtan et al., 2001; 

Newmeyer & Ferguson-Miller, 2003; Wolter et al., 1997). The structure of homo-oligomeric 

Bax and Bak is still unknown. In contrast to cells which are deficient in both Bax and Bak, 

disruption of either Bax or Bak alone did not or only slightly affect apoptosis, indicating that 

Bax and Bak are largely redundant (Dejean et al., 2005; Lindsten et al., 2000; Wei et al., 

2001).  

Since BH3-only proteins can not induce apoptosis in cells lacking both Bax and Bak, they act 

upstream of Bax and Bak (Cheng et al., 2001; Zong et al., 2001). Indeed, BH3-only proteins 

directly or indirectly activate Bax/Bak to induce apoptosis. In contrast, anti-apoptotic Bcl-2 

family members prevent activation of Bax/Bak either by binding to Bax/Bak or by 

sequestering BH3-only members (Cheng et al., 2001; Wei et al., 2001; Zong et al., 2001). 

Currently, two major mutually non-exclusive models for the activation of Bax/Bak have been 

proposed: a direct and an indirect activation or displacement model (reviewed in (Adams & 

Cory, 2007; Chipuk & Green, 2008; Giam et al., 2009; Hacker & Weber, 2007; Lomonosova 

& Chinnadurai, 2009; Willis & Adams, 2005)) (Fig. 5).  

 
Figure 5. Competing models for Bax/Bak activation by BH3-only proteins. (A) In the direct 

activation model, activator BH3-only proteins, such as Bim, Puma, and tBid, are kept in check by pro-

survival proteins until displaced by sensitizer BH3-only proteins such as Bad. Free activators can then 

bind to and activate the effector proteins Bax/Bak and trigger their oligomerization. (B) In the indirect 
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or displacement model, activated effector proteins are prevented from oligomerizing by the pro-

survival proteins until BH3-only proteins neutralize the pro-survival proteins. Triangles represent the 

BH3 domains. (Willis & Adams, 2005)  

 

3.1.4.3 Regulation of Bad activity  

The activity of Bcl-2 protein family members is regulated by diverse transcriptional and post- 

transcriptional processes (reviewed in e.g. (Fernandez-Luna, 2008; Lomonosova & 

Chinnadurai, 2009; Puthalakath & Strasser, 2002; Shibue & Taniguchi, 2006)). Here, the 

regulation of the activity of the pro-apoptotic BH3-only member Bad is described since this of 

particular importance for Chapter 3.1 of this thesis.  

 

Phosphorylation and dephosphorylation play important roles in a large variety of processes, 

including apoptosis. Phosphorylation of several BH3-only proteins, including Bad, Bik, and 

Bim, has been reported to either positively or negatively influence their apoptotic activity 

(Lomonosova & Chinnadurai, 2009). Phosphorylation of Bad was shown to abolish its pro-

apoptotic activity. Murine Bad is phosphorylated at serine residues Ser112 (Bonni et al., 

1999; Cotteret et al., 2003; Fang et al., 1999; Gnesutta et al., 2001; Harada et al., 1999; 

Jakobi et al., 2001; Schurmann et al., 2000; Tan et al., 1999; Zha et al., 1996), Ser136 (Datta 

et al., 1997; del Peso et al., 1997; Jakobi et al., 2001; Schurmann et al., 2000; Tang et al., 

2000; Zha et al., 1996), and/or Ser155 (Datta et al., 2000; Li et al., 2004; Lizcano et al., 

2000; Tan et al., 2000; Virdee et al., 2000; Zhou et al., 2000b), and human Bad at the 

corresponding serine residues Ser75, Ser99, and/or Ser118 (Eisenmann et al., 2003). 

Phosphorylation of murine Bad at Ser170 (Dramsi et al., 2002) and Thr201 (Yu et al., 2004) 

has also been reported. Although the phosphorylations on the different sites within Bad all 

inhibit its pro-apoptotic activity, the mechanisms appear to be distinct (Fig. 6). 

Phosphorylation at Ser112 and Ser136, which are located outside the BH3 domain, indirectly 

inhibit Bad dimerization with Bcl-XL at mitochondrial membranes through sequestration of 

phosphorylated Bad by cytosolic 14-3-3 proteins (Zha et al., 1996). Upon a death stimulus, 

Bad is dephosphorylated and subsequently released from the 14-3-3 proteins. Bad then 

translocates to the OMM where it heterodimerizes with anti-apoptotic Bcl-2 family members, 

resulting in Bax/Bak activation and hence apoptosis (Zha et al., 1996). In contrast to Ser112 

and Ser136 phoshorylation of Bad, phosphorylation at Ser155, which is located at the centre 

of the Bad BH3 domain, does not induce 14-3-3 binding and cytoplasmic sequestration but 

directly blocks the pro-apoptotic function of Bad by abolishing the affinity of Bad BH3 for Bcl-

XL (Zhou et al., 2000b). 
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Figure 6. Bad activity is regulated by (de)phosphorylation. See text for details. The model shown 

for Bax/Bak activation represents the indirect or displacement model. 

 

Substitution of these serine phosphorylation sites impairs phosphorylation-mediated Bad 

inactivation, thereby enhancing the pro-apoptotic activity of Bad (Zha et al., 1996). It has also 

been shown that homozygous mutant Bad3S/A mice in which the three regulatory serine 

residues (Ser112, Ser136, Ser155) were changed to alanine are viable without gross 

abnormalities, but that they are hypersensitive to apoptosis induced by Fas and γ-irradiation, 

demonstrating the physiological significance of Bad phosphorylation for cell survival. 

Moreover, phenotypes of Akt1-/- and Bad3S/A mice are very similar, suggesting that Akt1 could 

be an important regulator of Bad activity in vivo (Datta et al., 2002).  

Several cellular kinases have been reported to phosphorylate and thereby inactivate Bad. 

Bad is phosphorylated on (i) Ser112 by PKA (Harada et al., 1999; Sastry et al., 2007), 

ribosomal S6 kinase (RSK) (Bonni et al., 1999; Fang et al., 1999; Lizcano et al., 2000; Tan et 

al., 1999; Tan et al., 2000), PIM-2 (Yan et al., 2003), PAK1 (Schurmann et al., 2000), PAK2 

(Jakobi et al., 2001; Schurmann et al., 2000), PAK4 (Gnesutta et al., 2001), and PAK5 

(Cotteret et al., 2003); (ii) Ser136 by Akt (PKB) (Blume-Jensen et al., 1998; Datta et al., 

1997; Li et al., 2004), PAK-1 (Schurmann et al., 2000; Tang et al., 2000), and PAK-2 (Jakobi 
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et al., 2001; Schurmann et al., 2000); (iii) Ser155 by Akt (Li et al., 2004), PKA (Lizcano et al., 

2000; Tan et al., 2000; Virdee et al., 2000; Zhou et al., 2000b), and RSK-1 (Tan et al., 2000); 

(iv) Thr201 by the c-Jun N-terminal protein kinase (JNK) (Yu et al., 2004). 

Cellular phosphatases that have been reported to dephosphorylate and thereby activate Bad 

are the S/T protein phosphatase 1 alpha (PP1α) (Ayllon et al., 2000; Garcia et al., 2003), 

PP2A (Chiang et al., 2001; Garcia et al., 2003) and calcineurin, a calcium-dependent 

phosphatase promoting apoptosis by dephosphorylating Bad at both Ser112 and Ser136 

(Wang et al., 1999). 

 

Bad has also been reported to be cleaved by caspases, thereby generating a truncated form 

of Bad, called tBad. tBad interacts with Bcl-XL as efficiently as WT Bad and is more potent 

than WT Bad in inducing cytochrome c release (Condorelli et al., 2001). 

 

3.1.5 Viral antagonists of apoptosis 

Apoptosis of virus-infected cells may occur either as a direct response to viral infection or 

upon recognition of infected cells by CTLs or NK cells (Jerome et al., 1999). Apoptosis of 

virus-infected cells early in the replication cycle is an intrinsic antiviral host defense 

mechanism eliminating virus-infected cells, and thus blocking further virus spread (Koyama 

et al., 2000). Therefore, it is not surprising that several viruses encode proteins with anti-

apoptotic properties. An overview of alphaherpesvirus-encoded apoptosis antagonists is 

given in this paragraph and in Table A1 (Addendum). 

 

For HSV-1, several viral proteins render cells less susceptible towards a large variety of 

apoptotic stimuli (reviewed in (Nguyen & Blaho, 2007)). The most widely studied of these 

viral proteins is the US3 protein. It has been shown that US3 is required to protect cells from 

apoptosis induced by infection, since higher levels of apoptosis were observed with a US3-

deficient HSV-1 compared to WT HSV-1 (Aubert et al., 1999; Leopardi et al., 1997). 

Furthermore, US3 has been reported to block apoptosis induced by an ICP4-deficient HSV-1 

in an ICP0-, ICP22-, and ICP27-independent way (Munger et al., 2001). US3 efficiently 

protects cells from UV-induced apoptosis and partially protects cells from Fas-induced 

apoptosis (Jerome et al., 1999). Caspase-3 activation induced by US1.5 and UL13 proteins 

is also blocked by US3 (Hagglund et al., 2002). Several possible mechanisms of US3-

mediated protection from apoptosis have been reported. It has been demonstrated that US3 

mediates a post-translational modification of full-length Bad and thereby blocks caspase-

mediated cleavage and concomitant activation of Bad (Benetti et al., 2003; Munger & 

Roizman, 2001). Since US3 blocks the pro-apoptotic activity and cleavage of a mutant Bad in 
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which the codons for the regulatory serines at positions 112, 136, and 155 were each 

replaced with alanine codons (Bad3S/A), phosphorylation of these sites is not required for the 

anti-apoptotic function of the US3 protein kinase (Benetti et al., 2003; Ogg et al., 2004). Fas- 

or sorbitol-induced apoptosis was shown to be prevented in cells stably transfected with 

US3. This was found to be associated with US3-mediated phosphorylation of Bad, thereby 

inactivating this critical component of the mitochondrial apoptotic pathway (Cartier et al., 

2003a). US3 blocks CTL-mediated cell lysis of infected lymphoblastoid cell lines without 

affecting antigen presentation but by preventing cleavage of Bid by granzyme B. Since 

recombinant Bid was shown to be a US3 substrate in vitro, it is likely that US3-mediated 

phosphorylation of Bid blocks its processing by granzyme B (Cartier et al., 2003b). 

Transfection of US3 encoding plasmids protected cells from apoptosis triggered by the 

overexpression of pro-apoptotic proteins of the Bcl-2 family, and this depended on the 

kinase-activity of US3 (Ogg et al., 2004). Recently, it has been demonstrated that 

transduction of US3 blocks proteolytic cleavage of procaspase-3 to form active caspase-3, 

possibly due to US3-mediated phosphorylation of procaspase-3 (Benetti & Roizman, 2007). 

US5 (gJ), another HSV-1-encoded protein interfering with apoptosis induction, has been 

shown to be necessary and sufficient to inhibit caspase activation and apoptosis induced by 

Fas ligation, UV-irradiation, granzyme B, or perforin (Jerome et al., 2001). US5 (gJ) and US6 

(gD) independently play a role in blocking the apoptotic cascade during infection, most likely 

at different stages in the replication cycle (Zhou et al., 2000a). The major regulatory protein 

ICP4 has been shown to block apoptosis induced by infection or hyperthermia (Leopardi & 

Roizman, 1996). The large subunit of the HSV-1 encoded ribonucleotide reductase, ICP6, 

specifically interrupts death receptor-mediated signalling at, or upstream of, caspase-8 

activation (Langelier et al., 2002). ICP22 has also been reported as an antagonist of 

apoptosis since infection with an ICP22-deficient HSV-1 resulted in less apoptotic cells 

compared to the WT virus (Aubert et al., 1999). Similar data were obtained with an ICP27-

deficient HSV-1, indicating that ICP27 prevents apoptosis in infected human cells (Aubert & 

Blaho, 1999; Aubert et al., 1999). It has recently been suggested that the anti-apoptotic 

effects of ICP22 and ICP27 are partly mediated through effects on US5 expression (Aubert 

et al., 2008b). In addition to viral proteins expressed during a productive infection, the 

latency-associated transcripts (LATs) of HSV-1, which are expressed abundantly during 

latent infection, have been shown to contain anti-apoptotic properties. During transition from 

latent to productive infection, a HSV-1 LAT deletion mutant markedly increased apoptosis in 

neurons compared to WT HSV-1 (Ahmed et al., 2002; Branco & Fraser, 2005; Inman et al., 

2001b; Perng et al., 2000). In addition, plasmids encoding LAT could decrease apoptosis 

induced by various exogenous stimuli (Ahmed et al., 2002; Henderson et al., 2002; Jin et al., 

2003; Perng et al., 2000). Although the exact mechanism is not clear, it has been 
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demonstrated that HSV-1 LATs promote the accumulation of the anti-apoptotic Bcl-XL and 

reduce the accumulation of the pro-apoptotic Bcl-XS (Peng et al., 2003). 
For HSV-2, US3 and the large subunit of ICP10, the viral ribonucleotide reductase, have 

been demonstrated to protect cells from apoptosis. US3 renders cells less susceptible 

towards apoptosis induced by infection (Asano et al., 2000; Asano et al., 1999) and is both 

necessary and sufficient to block apoptosis induced by sorbitol (Hata et al., 1999; Murata et 

al., 2002). ICP10 is able to protect cells from apoptosis triggered by infection with an HSV-2 

mutant encoding a truncated ICP10. Even at low levels, ICP10 can completely block 

apoptosis induced by TNF-receptor family triggering. Activation of caspase-8 induced by 

either TNF or FasL was prevented by ICP10. ICP10 did not inhibit cell death mediated by 

several agents acting via the mitochondrial pathway. Hence, it has been proposed that 

ICP10 functions to interrupt specifically death receptor-mediated signalling at, or upstream 

of, caspase-8 activation (Langelier et al., 2002). ICP10 contains an N-terminal S/T protein 

kinase domain which is required to exert a broad anti-apoptotic activity in neuronal cells 

(Perkins et al., 2003; Perkins et al., 2002a; Perkins et al., 2002b). For VZV, the US3 

orthologue ORF66 reduces the susceptibility of infected T-cells to virus-induced apoptosis 

(Schaap et al., 2005). To date, for PRV, the US3 protein is the only viral protein that has 

been reported to possess anti-apoptotic properties. PRV US3 renders cells less susceptible 

towards apoptosis induced by PRV infection or exogenous apoptotic stimuli such as sorbitol 

and staurosporine (Geenen et al., 2005). In addition, transfection of PRV US3 protects cells 

from apoptosis induced by overexpression of pro-apoptotic proteins of the Bcl-2 family (Ogg 

et al., 2004). MDV oncoprotein MEQ has been shown to inhibit apoptosis by affecting the 

transcription of apoptosis-related genes. For example, MEQ induces transcription of Bcl-2 

while it represses transcription of Bax (Liu et al., 1998). Transfection of the US3 protein of 

MDV limits staurosporine-induced apoptosis and this was dependent on the kinase activity of 

US3 (Schumacher et al., 2008). In contrast to HSV-1, HSV-2, VZV, PRV, and MDV, the US3 

protein of BoHV-1 does not display anti-apoptotic properties since a US3null virus yielded 

similar levels of apoptosis as a WT virus after normal infection, osmotic shock, or sorbitol 

treatment (Takashima et al., 1999). It has been demonstrated that gG is involved in the 

postponement of apoptosis after infection (Nakamichi et al., 2001). Based on similar data as 

obtained for HSV-1 LAT, the latency-related (LR) gene products of BoHV-1 were also 

found to contain anti-apoptotic properties (Ciacci-Zanella et al., 1999; Inman et al., 2001a). 
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3.2 INTERFERON-INDUCED ANTIVIRAL RESPONSES AND ALPHAHERPESVIRUS-
ENCODED ANTAGONISTS 

In this part of the introduction, the importance of IFNs in the host antiviral innate immune 

response and strategies evolved by herpesviruses to counteract the antiviral actions of IFNs 

are discussed. First, a general introduction about IFNs is given. Second, the induction of IFN 

production upon viral infection, the IFN signaling pathway, and the functions of some IFN-

inducible gene products are briefly reviewed. Finally, examples of alphaherpesvirus-encoded 

strategies interfering with several aspects of the IFN-system are discussed. 

 

3.2.1 Introduction 

IFNs, a multigene family of inducible cytokines, cause a general antiviral defense 

immediately after infection, and are hence key factors in the host innate immune response 

against viral infections. In addition to their antiviral activity, IFNs affect a number of other 

processes including cell growth, cell differentiation, angiogenesis, apoptosis, and modulation 

of the immune response (Meyer, 2009; Samuel, 2001). Three groups of IFNs can be 

distinguished: type I, type II, and type III IFNs.  

Type I IFNs mainly consist of IFN-α and IFN-β. They are synthesized by most cell types upon 

virus infection and are hence of particular importance in the host innate immune response 

against viral pathogens (Hwang et al., 1995; Mossman & Ashkar, 2005; Muller et al., 1994; 

Ryman et al., 2000; Samuel, 2001; van den Broek et al., 1995). Besides virus-infected cells, 

some leukocytes, especially plasmacytoid dendritic cells (pDCs), may also produce large 

amounts of type I IFNs during viral infection (Liu, 2005). IFN-α species are mainly produced 

by pDCs and leukocytes, while IFN-β is mainly produced by pDCs and fibroblasts (Liu, 2005; 

Samuel, 2001). In all species, multiple IFN-α genes are found, while only one IFN-β gene 

has been identified so far (Allen & Diaz, 1996; Roberts et al., 1998; Stetson & Medzhitov, 

2006). IFN-β is essential for a fully effective antiviral response since IFN-α subspecies do not 

compensate for the loss of IFN-β (Deonarain et al., 2000).  

Type II IFN only consists of IFN-γ and can only be synthesized by certain cells of the immune 

system, especially activated T-lymphocytes, NK cells, macrophages and conventional DCs 

(cDCs), upon activation by antigenic or mitogenic stimuli (Meyer, 2009; Young, 1996). 

Whereas type I IFNs mainly control acute viral infection, IFN-γ plays an important role in 

mediating long term control of viral infections, since it is a key mediator of virus-specific 

cellular immunity. Indeed, IFN-γ affects the differentiation of naive T cells into Th1 (cellular 

immunity) rather than Th2 (humoral immunity) cells, stimulates CTLs, and upregulates both 
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MHC I and MHC II expression (Boehm et al., 1997; Cantin et al., 1999; Nguyen et al., 2001). 

So far, in all species, only one IFN-γ gene has been identified.  

Type III IFNs, also known as IFN-λ or IL-28/29, represent a novel class of cytokines 

belonging to the IL-10 superfamily. They have biological activities similar to type I IFNs, but 

induce an antiviral defense primarily at epithelial surfaces. To date, it remains unclear 

whether IFN-λ has functions which are not shared with type I IFNs and whether these two 

types of IFNs exert antiviral effects with different kinetics. IFN-λ is mainly produced by pDCs, 

and three IFN-λ genes have been identified so far (Ank & Paludan, 2009). 

Some typical characteristics of type I, type II, and III IFNs are summarized in Table 2. 

 
Table 2. Typical characteristics of the main IFN species (based on (Ank & Paludan, 2009; Meyer, 

2009; Samuel, 2001; Uze & Monneron, 2007)) 

 Type I Type II Type III 

 IFN-α IFN-β IFN-γ IFN-λ 

main function antiviral  antiviral  immuno-
modulating  antiviral 

stimulus virus  virus  antigen or 
mitogen virus 

mainly produced 
by 

pDCs, 
leukocytes  

pDCs, 
fibroblasts  

activated  
T-cells, NK 
cells, cDCs, 

macrophages  

pDCs 

multiple 
genes/subspecies yes no no yes 

functional form monomer homodimer homodimer monomer 

glycosylated variable yes yes variable 

introns no no yes yes 

receptor IFNAR1/2 
heterodimer 

IFNAR1/2 
heterodimer 

IFNGR1/2 
heterodimer 

IL28Rα/IL10R2
heterodimer 

 

The IFN-mediated innate immune system is the front line of the antiviral host defense. Upon 

recognition of viral components, virus-infected cells and specific immune cells produce and 

secrete IFNs. IFNs do not possess intrinsic antiviral properties, but rather induce an antiviral 

state in neighboring, yet uninfected cells. Binding of IFNs to their cognate cell surface 

receptors leads to the expression of cellular proteins with antiviral capacities,  accumulating 
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in both infected and non-infected cells but only becoming activated in infected cells (Samuel, 

2001). During the next paragraphs, these aspects of IFN biology will be described in more 

detail, mainly focusing on type I and type III IFNs since they are of particular importance in 

the antiviral innate immune response. 

 

3.2.2 Virus-induced type I and type III IFNs production 

Virus-induced type I IFN production starts with virus detection by the host cell through 

different classes of pattern recognition receptors (PRRs), depending on the viral ligand and 

its subcellular localization (reviewed in e.g. (Akira et al., 2006; Garcia-Sastre & Biron, 2006; 

Kawai & Akira, 2007; Randall & Goodbourn, 2008; Takeuchi & Akira, 2009)). PRRs play a 

key role in innate immunity since they recognize pathogen-associated molecular patterns 

(PAMPs). PAMPs are molecules that are common for some classes of pathogens and, in 

addition, are often essential for the survival of the microorganism, making it difficult to induce 

mutations in these molecules in order to avoid detection by PRRs (e.g.: bacterial LPS, CpG 

DNA, and flagellin; viral DNA, ss/dsRNA, and envelope proteins). Different PRRs react with 

different PAMPs and also often exhibit different cellular localizations (Akira et al., 2006). The 

extracytoplasmic and cytoplasmic pathways for pathogen sensing are shown in Fig. 7 (left 

panel) and are briefly reviewed below. 

 

3.2.2.1 Extracytoplasmic and endocytic pathways for pathogen sensing: Toll-like 

receptors  

The extracytoplasmic pathways for pathogen sensing occur via Toll-like receptors (TLRs), 

type I integral membrane proteins that form together with the IL-1 receptor (IL-1R) the IL-

1R/TLR superfamily, and are expressed on both immune cells and non-immune cells (Akira 

et al., 2006). All members contain a cytoplasmic signal transducing Toll/IL-1R (TIR) domain, 

and an ectodomain composed of leucine rich repeats responsible for ligand recognition 

(Akira et al., 2006; Kawai & Akira, 2007). TLR signaling occurs via ligand-receptor binding, 

starting the signal transduction by recruiting a TIR-domain containing adaptor protein specific 

for a certain TLR. Four such adaptor proteins have been described: myeloid differentiation 

factor 88 (MyD88), TIR-associated protein (TIRAP), TIR-domain-containing adaptor protein 

inducing IFN-β (TRIF), and TRIF-related adaptor molecule (TRAM) (Hopkins & Sriskandan, 

2005; Uematsu & Akira, 2007). With the exception of TLR3, which signals via the adaptor 

protein TRIF, all TLRs can use MyD88 as an adaptor protein (Uematsu & Akira, 2007). 

The most important TLRs in the context of viral infections are TLR3 (detection of dsRNA), 

TLR7 and TLR8 (detection of ssRNA), and TLR9 (detection of unmethylated CpG DNA). 
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TLR7 and TLR8 respond to RNA viruses, whereas TLR9 becomes activated by DNA viruses, 

and is hence an important TLR in herpesvirus detection (Garcia-Sastre & Biron, 2006; 

Georgel & Bahram, 2006; Kawai & Akira, 2007). TLR3 is a more general sensor of viral 

infection through recognition of dsRNA, a byproduct formed during replication and/or 

transcription of both RNA and DNA viruses (Garcia-Sastre & Biron, 2006; Garcia et al., 

2007). Viral dsRNA is generally considered as the major trigger of type I IFN production upon 

viral infection. For RNA viruses, both positive and negative strands of RNA are produced 

during the synthesis of new genomic RNA copies, resulting in dsRNA intermediates. 

Complex DNA viruses like herpesviruses have ORFs in opposite orientations and hence 

produce overlapping mRNA transcripts that are able to form dsRNA as well. However, these 

dsRNA levels are significantly lower than those produced by RNA viruses (Garcia et al., 

2007; Jacquemont & Roizman, 1975; Mossman & Ashkar, 2005; Samuel, 2001). Although 

the importance in virus sensing is rather unclear, TLR2 and TLR4 are able to detect some 

viruses: HSV-1 (Kurt-Jones et al., 2004), HCMV (Compton et al., 2003), and measles virus 

(Bieback et al., 2002) by TLR2, and respiratory syncytial virus (Haynes et al., 2001; Kurt-

Jones et al., 2000) and mouse mammary tumor virus (Burzyn et al., 2004) by TLR4. 

Whereas TLR2 and TLR4 are expressed at the cell surface, TLR3, TLR7, TLR8, and TLR9 

are mainly expressed in endosomes, implicating endosome-mediated internalization of 

viruses (TLR7, TLR8, and TLR9) or products of viral replication from lysed or apoptotic cells 

(TLR3) to enable cell signaling (Garcia-Sastre & Biron, 2006). 

TLR3 signaling is mediated by the adaptor protein TRIF, which indirectly activates the 

transcription factors interferon regulatory factor 3 (IRF3), nuclear factor-kappa B (NF-κB), 

and activating protein 1 (AP-1) through the recruitment and subsequent activation of several 

cellular kinases, among others TANK-binding kinase1 (TBK1) and IκB kinase i (IKKi). IRF3 is 

involved in IFN-β gene transcription, whereas NF-κB and AP-1 particularly induce genes 

encoding pro-inflammatory cytokines  (Garcia-Sastre & Biron, 2006; Kawai & Akira, 2007; 

Takeuchi & Akira, 2009). Since the promoter region of the IFN-β gene contains both an IFN 

regulatory factor element (IRF-E) and an NF-κB binding site in close proximity (Wathelet et 

al., 1998), the IRF3 and NF-κB transcription factors coordinate the regulation of the IFN-β 

gene transcription (Garcia-Sastre & Biron, 2006; Kawai & Akira, 2007; Takeuchi & Akira, 

2009). Low levels of secreted IFN-β subsequently induce transcription and expression of 

IRF7 via the JAK/STAT pathway, resulting in IFN-α production and also forming a positive 

feedback loop for IFN-β production (Mossman & Ashkar, 2005). 

Signaling by TLR7, TLR8, and TLR9 is mediated by the adaptor protein MyD88, and is IRF3-

independent. Like TRIF, MyD88 induces a variety of cellular kinases, among others IL-1 

receptor activated kinase1 (IRAK1) and IRAK4, resulting in the activation of several 
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transcription factors: IRF7, NF-κB and AP-1. IRF7, unlike IRF3, induces the expression of 

both IFN-α and IFN-β (Garcia-Sastre & Biron, 2006; Kawai & Akira, 2007; Takeuchi & Akira, 

2009). Also in contrast to IRF3, which is ubiquitously expressed, expression of IRF7 is 

generally weak (except in pDCs), but is upregulated in response to viral infection (Kato et al., 

2005b).  

Type III IFNs are also induced through activation of TLRs (Ank et al., 2008; Coccia et al., 

2004; Yang et al., 2005), Promotors of type III IFN genes share similarities with type I IFN 

genes and are both regulated by IRF3 and IRF7. IFN-λ1, like IFN-β, is induced by IRF3 and 

IRF7, whereas expression of IFN-λ2/3, like IFN-α, is preferentially triggered by IRF7 (Ank & 

Paludan, 2009).  

 

3.2.2.2 Cytoplasmic pathways for pathogen sensing: RIG-I-like receptors  

An alternative, TLR-independent pathway that is of particular importance for RNA virus 

sensing is mediated by a family of DExD/Hbox RNA helicases. These proteins contain a 

catalytic domain, a dsRNA binding domain and a caspase-recruiting domain (CARD). In 

contrast to TLRs, RIG-I-like receptors (RLRs) display a cytoplasmic localization, and as a 

consequence they detect actively replicating viruses in the cytoplasm (Kawai & Akira, 2007). 

Two such RLRs have been described: the retinoic acid inducible gene I (RIG-I) and the 

melanoma differentiation-associated gene 5 (Mda5). Upon binding of cytoplasmic dsRNA, 

both helicases interact via their CARD with the CARD-like domain containing mitochondrial 

antiviral signaling (MAVS) protein (also referred to as VISA, CARDIF or IPS-1). Downstream 

of the RLR/MAVS complex, the kinases TBK1 and IKKi are activated to phosphorylate IRF3 

and IRF7, resulting in their activation and nuclear translocation. NF-κB activation occurs 

downstream of MAVS in a FADD/caspase-8/caspase-10-mediated manner. Mitochondrial 

retention of MAVS is crucial for IRF3, IRF7 and NF-κB activation, suggesting that signaling 

from mitochondria plays an important role in the antiviral response. Activation of IRF3, IRF7, 

and NF-κB leads to the induction of type I IFN genes (Akira et al., 2006; Garcia-Sastre & 

Biron, 2006; Kawai & Akira, 2007). RLRs also seem to stimulate expression of type III IFNs 

since ectopic expression of a constitutively active form of RIG-I enhances expression of both 

IFN-β and IFN-λ (Matikainen et al., 2006). 

 



Chapter 1 

 

 

Figure 7. IFN production (left) and JAK/STAT-mediated IFN signal transduction (right). See text for details. 
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Whether the TLR or rather the RLR pathway is activated not only depends on the type of 

ligand and its subcellular localization, but also appears to be cell type dependent. Indeed, 

RIG-I has been shown to be essential for type I IFN induction after infection of fibroblasts and 

conventional DCs (cDCs) with RNA viruses, whereas pDCs use the TLR system rather than 

RIG-I (Kato et al., 2005b).  

For the detection of DNA viruses, like herpesviruses, TLR2, and especially TLR3 and TLR9 

are involved (Akira et al., 2006; Hopkins & Sriskandan, 2005). For example, it has been 

reported that children lacking functional UNC-93B, an endoplasmic reticulum protein required 

for TLR3, TLR7, TLR8, and TLR9 signaling, are prone to HSV-1 encephalitis due to an 

impaired TLR3-mediated type I IFN production (Casrouge et al., 2006; Tabeta et al., 2006; 

Yang et al., 2005). In addition, it has also been reported that HSV-1 encephalitis in otherwise 

healthy children correlated with a TLR3 dominant-negative allele (Zhang et al., 2007). Both 

TLR3 and TLR9 have been reported as being essential components of the innate immune 

defense against murine cytomegalovirus (MCMV) infection. TLR2 and TLR4 deficiencies had 

no influence on the course of MCMV infection (Tabeta et al., 2004). In contrast, HCMV 

activates inflammatory cytokine responses via TLR2 (Compton et al., 2003).  

 

3.2.3 IFN signal transduction 

IFNs do not possess intrinsic antiviral properties, but activate the transcription of genes 

encoding cellular proteins with antiviral capacities. IFN-mediated signal transduction and 

transcriptional activation of cellular IFN-inducible genes generally relies on the JAK/STAT 

signaling pathway (Fig. 7, right panel) (reviewed in e.g. (Goodbourn et al., 2000; Samuel, 

2001)).  

IFN-α and IFN-β have a common cell surface transmembrane receptor consisting of an 

IFNAR1 and IFNAR2 subunit, together forming an IFNAR1/2 heterodimer (Kim et al., 1997; 

Novick et al., 1994). IFN-γ binds to the distinct cell surface transmembrane heterodimeric 

IFNGR1/2 receptor, where IFNGR1 is the ligand binding subunit and IFNGR2 is the 

accessory signal transducing subunit (Bach et al., 1997; Hemmi et al., 1994; Soh et al., 

1994). Although type III and type I IFNs have similar biological activities and are induced 

through common mechanisms, they use a completely different receptor complex to trigger 

their biological activities. The IFN-λ receptor complex consists of the IL-10R2 chain, which is 

also used by several other members of the IL-10 superfamily, and the IFN-λ-specific IL-28Rα 

chain (also called IFNLR1, CRF2-12, and LICR). Importantly, type III and type I IFNs display 

a differential receptor expression. Indeed, IFNARs are expressed ubiquitously, whereas IL-

28Rα is only expressed in epithelial cells and pDCs. The cellular response to type III IFNs is 
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hence restricted to a limited subset of cell types and tissues (Ank & Paludan, 2009; Uze & 

Monneron, 2007). 

Binding of IFN causes heterodimerisation of both transmembrane cell surface IFNR subunits, 

initiating the JAK/STAT pathway (Bach et al., 1997; Cohen et al., 1995). Key players in this 

IFN-signaling pathway are the Janus family of tyrosine kinases (JAKs) and the signal 

transducer and activator of transcription (STAT) family of proteins, latent cytoplasmic 

transcription factors. Different members of the JAK and STAT families have distinct functions 

in cytokine signaling (Horvath, 2000; Leonard & O'Shea, 1998). Receptor-associated JAKs 

are activated following binding of IFNs to their cognate receptor. JAK1 and TYK2 kinases 

function in IFN-α/β and IFN-λ signaling, and JAK1 and JAK2 kinases in IFN-γ signaling. 

Activation of the receptor-associated JAKs leads to tyrosine phosphorylation of cytoplasmic 

STAT transcription factors. For IFN-α/β and IFN-λ, phosphorylated STAT1 and STAT2 form 

the interferon stimulated gene factor 3 (ISGF3) trimeric complex with the non-STAT 

transcription factor IRF9, which subsequently translocates to the nucleus. ISGF3 binds to the 

interferon stimulated response element (ISRE), a promoter sequence typical for IFN-α/β and 

IFN-λ inducible genes (Ank & Paludan, 2009; Meyer, 2009; Samuel, 2001; Uze & Monneron, 

2007). Despite the different receptor complex used by type I and type III IFNs, the 

intracellular signal transduction and the subsequent induction of typical IFN-inducible genes 

by type III IFNs appears at least very similar to that induced by type I IFNs. This likely 

explains why STAT1-/- mice are more impaired in their antiviral activities than IFNAR-/- mice 

(Ank & Paludan, 2009).  It has been shown that type III IFNs possess antiviral activity in vitro 

and in vivo (Ank et al., 2006; Bartlett et al., 2005; Kotenko et al., 2003; Mordstein et al., 2008; 

Sheppard et al., 2003). However, using IL-28Rα-/- mice, no essential role for IFN-λ could be 

demonstrated in the presence of a functional type I IFNs system. Hence, IFN-λ seems to be 

redundant for the innate antiviral defense against a broad range of viruses. In contrast to IL-

28Rα-/- mice, IFNAR-/- mice and IFNAR-/-/IL-28Rα-/- double knockout mice are significantly 

impaired in antiviral activity after infection with several viruses (Ank et al., 2008; Mordstein et 

al., 2008). For IFN-γ, phosphorylated STAT1 homodimerises and translocates to the nucleus, 

where this STAT1/STAT1 homodimer binds directly to the gamma associated sequence 

(GAS), a sequence characteristic for promoters of IFN-γ inducible genes. Binding of the 

activated transcription factors to their corresponding promoter sequences results in 

transcription of either IFN-α/β, IFN-λ or IFN-γ inducible genes (Ank & Paludan, 2009; Meyer, 

2009; Samuel, 2001; Uze & Monneron, 2007) (Fig. 7, right panel).  

Although signaling through STAT1/STAT2 heterodimers (IFN-α/β) and STAT1/STAT1 

homodimers (IFN-γ) are the best characterized IFN-induced intracellular pathways to gene 

expression, cells can differ greatly in their signaling response to IFNs and a variety of other 
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pathways, can be activated. Hence, considerable crosstalk between distinct pathways 

involved in cytokine signaling and the actions of IFNs must be considered, which can partly 

explain the complex pattern of gene expression and overlapping or synergistic effects of 

various IFNs (Regad & Chelbi-Alix, 2001; Samuel, 2001).  

 

3.2.4 Functions of IFN-inducible gene products  

The best studied IFN-inducible antiviral proteins are the dsRNA-dependent protein kinase R 

(PKR), the 2’5’-oligoadenylate synthetase (OAS) and the endoribonuclease RNaseL, the 

promyelocytic leukemia protein (PML), the interferon stimulated gene 15 (ISG15), the Mx 

protein GTPases, and the RNA-specific adenosine deaminase ADAR1 (reviewed in e.g.  

(Bass, 2002; Goodbourn et al., 2000; Randall & Goodbourn, 2008; Regad & Chelbi-Alix, 

2001; Sadler & Williams, 2008; Samuel, 2001)). The latter two appear to play no substantial 

role during herpesvirus infection and will therefore not be discussed here. However, for 

reasons of completeness, an overview of all mentioned antiviral proteins and their antiviral 

capacities is shown in Fig. 8. 

 

 
Figure 8. Overview of IFN-inducible antiviral proteins and their mechanism of action. See text 

for details. Adapted from (Samuel, 2001). 

 

45 



Chapter 1 

3.2.4.1 PKR 

PKR is a dsRNA-dependent serine/threonine kinase that is predominantly present in the 

cytoplasm and is associated with ribosomes (Clemens & Elia, 1997). Upon binding of dsRNA 

to its N-terminal dsRNA binding site, a conformational change relieves the autoinhibitory 

interactions of PKR, leading to PKR activation by homodimerization and subsequent 

autophosphorylation (Clemens & Elia, 1997; Garcia et al., 2007; Proud, 1995). Multiple 

autophosphorylation sites are present on PKR, predominantly serine residues, but also 

threonine residues (Galabru & Hovanessian, 1987; Lasky et al., 1982; Samuel, 1979). In 

contrast, no phosphorylation on tyrosine residues has been detected (Icely et al., 1991; 

Lasky et al., 1982). At least six protein substrates of PKR have been identified, including 

PKR itself and the eukaryotic translation initiation factor 2α (eIF2α) (Samuel, 2001; Thomis & 

Samuel, 1995). Phosphorylation of eIF2α leads to inhibition of translation in the virus-infected 

host cell, thereby interfering with the virus replication cycle (Samuel, 2001). Experiments with 

PKR-deficient mouse embryonic fibroblasts (MEF) showed that PKR is involved in protection 

against infection with a number of RNA viruses, as well as some DNA viruses such as HSV-1 

(Sadler & Williams, 2008). Although PKR plays a major role in regulating virus infection, it is 

not sufficient to mediate a full antiviral response (Goodbourn et al., 2000). 

Besides dsRNA, other activators of PKR have also been described: polyanionic molecules 

such as heparin (George et al., 1996; Hovanessian & Galabru, 1987), the cellular stress-

activated PKR-associated activator (PACT) protein (Patel & Sen, 1998), and the cellular 

tumor suppressor melanoma differentiation-associated gene-7 product Mda7 (Pataer et al., 

2005). PKR can also be activated by caspase-mediated (caspase-3, caspase-7, and 

caspase-8) cleavage of the inhibitory N-terminus, resulting in a constitutive active, truncated, 

C-terminal kinase domain (Gil & Esteban, 2000; Saelens et al., 2001).  

Besides its inhibitory effect on translation, PKR is also involved in a number of other antiviral 

mechanisms, including the induction of apoptosis and cell-cycle arrest (Garcia et al., 2007; 

Randall & Goodbourn, 2008). PKR not only mediates apoptosis induced by several viruses, 

but also regulates apoptosis induced in the absence of viral infection, the latter mainly by 

activation through PACT. PKR-mediated apoptosis involves mainly the death receptor 

FADD/caspase-8 pathway, although the mitochondrial Apaf-1/caspase-9 pathway is also 

engaged (Garcia et al., 2007).  
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3.2.4.2 OAS/RNaseL 

IFN-inducible degradation of ssRNA is mediated by two enzymes: OAS and RNaseL. OAS 

catalyzes the synthesis of 2’-5’ oligoadenylates, commonly abbreviated to 2-5A. Besides a 

catalytic site, OAS also possesses a dsRNA binding site, and binding of dsRNA activates 

OAS (Rebouillat & Hovanessian, 1999; Sarkar & Sen, 1998). The magnitude of OAS 

induction is dependent on the type of IFN, cell type, and growth state of the cell (Samuel, 

2001). RNaseL is a latent endoribonuclease that becomes activated by binding of 2-5A 

oligonucleotides, resulting in the conversion of RNaseL from the inactive monomeric form to 

the active homodimeric form (Dong & Silverman, 1999; Dong et al., 1994; Hassel et al., 

1993). RNaseL is constitutively expressed in most cell types although IFN-α/β treatment can 

increase the amount of RNaseL transcripts (Floyd-Smith, 1988; Floyd-Smith & Denton, 1988; 

Jacobsen et al., 1983). Since both OAS/RNaseL and PKR systems inhibit translation, they 

have strong inhibitory effects on basal cellular processes, interfering with virus replication 

and often leading to elimination of virus-infected cells by apoptosis (Goodbourn et al., 2000; 

Randall & Goodbourn, 2008; Samuel, 2001). Interestingly, RNA degraded by RNaseL is able 

to activate RIG-I and Mda5, resulting in IFN production, thereby creating a positive feedback 

loop (Sadler & Williams, 2008). It has been shown that both PKR and OAS/RNaseL strongly 

reduce HSV-1 virus titers in neurons from the trigeminal ganglion (Al-khatib et al., 2003). 

 

3.2.4.3 PML 

The IFN-inducible promyelocytic leukemia (PML) protein is the main component of the 

nuclear domain 10 (ND10) structures, nuclear bodies (NB), or PML oncogenic domains 

(PODs) in the nucleus (Chelbi-Alix & de The, 1999; Maul & Everett, 1994; Maul et al., 1993; 

Parkinson & Everett, 2000). PML and ND10 structures have been associated with numerous 

cellular processes such as the control of cell proliferation, tumorigenesis, cell cycle 

regulation, transcription, hormone signaling, and apoptosis (Doucas, 2000; Doucas & Evans, 

1996; Doucas et al., 1999; Guiochon-Mantel et al., 1995; LaMorte et al., 1998; Li et al., 

2000a; Vallian et al., 1998; Wang et al., 1998a; Wang et al., 1998b; Wu et al., 2001; Zhong 

et al., 2000; Zhong et al., 1999). ND10 structures are thought to be antiviral because IFN 

significantly increases both the number and size of the ND10 structures. It has been 

proposed that ND10 structures serve as nuclear defense sites actively targeting viral DNA 

and putting it in a repressive environment (Mossman, 2002; Regad & Chelbi-Alix, 2001). The 

importance of PML could be demonstrated by the fact that IFN-α, IFN-γ or a combination of 

both IFNs have no antiviral effect against HSV-1 in PML-/- mouse embryonic fibroblasts, 

indicating that PML mediates IFN-based anti-HSV-1 effects (Chee et al., 2003).  
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3.2.4.4 ISG15 

Despite being one of the strongest IFN-α/β inducible genes, little is known about the function 

of ISG15 (Kerscher et al., 2006). ISG15 is related to ubiquitin and, like ubiquitin, binds 

covalently to several cellular proteins, a process called ISGylation (Zhao et al., 2005). Many 

of the already described substrates for ISG15 play important roles in innate immunity: JAK1, 

STAT1, PKR, RNaseL, MxA, RIG-I, and IRF3 (Lu et al., 2006; Malakhova et al., 2003; Zhao 

et al., 2005). Unlike ubiquitin, binding of ISG15 does not induce protein degradation but 

appears to stabilize its substrate proteins and thereby protect them from virus-mediated 

degradation (Lu et al., 2006). ISGylation has also been reported to modulate enzymatic 

activity (Okumura et al., 2007; Takeuchi et al., 2006). ISG15 is also released from IFN-

treated cells and acts as a cytokine to modulate immune responses, but the mechanisms by 

which extracellular ISG15 functions are not yet understood (D'Cunha et al., 1996a; D'Cunha 

et al., 1996b). It seems likely that ISG15 upregulates the efficiency and duration of the IFN 

response (Malakhova et al., 2003; Zou et al., 2007). Both in vivo (knock-out mice) as in vitro 

(siRNA) studies indicate that ISG15 is involved in antiviral responses against several RNA 

and DNA viruses, including HSV-1 and murine herpesvirus 68 (MHV-68) (Lenschow et al., 

2007; Malakhova et al., 2003; Randall et al., 2006; Ritchie et al., 2004). 

 

3.2.5 Viral IFN antagonists 

The production of IFNs by virus-infected cells and the subsequent induction of an antiviral 

state in neighboring cells form the major innate immune response against viral infections. 

Hence, it is not surprising that many viruses, including herpesviruses, have evolved 

mechanisms to interfere with the antiviral effects of IFNs by affecting either IFN production, 

IFN-signaling through the JAK/STAT pathway, and/or functions of IFN-induced antiviral 

proteins. A commonly used strategy is mimicry, in which viruses encode viral homologues of 

cellular components of the IFN system, such as viral encoded IRF transcription factors 

(vIRFs). Competitive inhibition between the functional cellular and non-functional viral 

encoded homologues leads to an impaired IFN-mediated signal transduction, and hence a 

reduced antiviral state. Besides mimicry, a variety of other viral mechanisms limiting IFN-

mediated antiviral effects have been described, confirming that controlling the IFN response 

is pivotal for survival of a broad range of viruses, including herpesviruses (reviewed in e.g. 

(Akira et al., 2006; Garcia-Sastre & Biron, 2006; Garcia et al., 2007; Goodbourn et al., 2000; 

Mossman, 2002; Mossman & Ashkar, 2005; Paladino & Mossman, 2009; Randall & 

Goodbourn, 2008; Samuel, 2001)). An overview of several alphaherpesvirus-encoded IFN-

antagonists is given below and in Table A2 (Addendum). 

 

 48



Introduction 

3.2.5.1 Viral antagonists of IFN production 

For HSV-1, several viral proteins have been described to antagonize IFN production, mainly 

by targeting IRF3. HSV-1 ICP0 has been suggested to sequester activated IRF3 and its co-

activator CBP/p300 in nuclear structures, followed by inactivation and degradation of IRF3, 

and hence blocking IFN-β induction (Melroe et al., 2007). ICP0 has also been reported to 

inhibit IRF7 by its N-terminal RING finger domain (Lin et al., 2004). HSV-1 ICP27 has been 

identified as an inhibitor of IRF3 and NF-κB (Melchjorsen et al., 2006). Recently, HSV-1 

γ34.5 has been demonstrated to inhibit IRF3 activation by binding to TBK1, an IRF3 

activating kinase (Verpooten et al., 2009). Interestingly, the γ34.5 protein also perturbs the 

maturation of dendritic cells (DCs) during HSV infection, leading to impaired T cell activation, 

and there is some evidence that the viral block of DC-maturation is associated with a 

reduced IFN-α/β secretion (Jin et al., 2009). HSV-1 US3 has been suggested to 

downregulate the HSV-1-induced TLR3-mediated response leading to impeared IFN-β 

synthesis by inhibiting IRF3 activation (Peri et al., 2008). Recently, it has been shown that a 

vhs-deficient HSV-1 produces more IFN than WT virus, suggesting that vhs functions to 

reduce innate immune responses by reducing the levels of dsRNA (Pasieka et al., 2008). For 

BoHV-1, bICP0 has been shown to inhibit the kinases TBK1 and IKKi, which normally induce 

activation of the IFN-β promoter via IRF3 (Henderson et al., 2005). For VZV, inhibition of the 

NF-κB pathway has been reported, leading to a reduced expression of type I IFN and pro-

inflammatory cytokines, although the underlying mechanism remains unclear  (Jones & 

Arvin, 2006).  

 

3.2.5.2 Viral antagonists of IFN signaling 

Alphaherpesviruses have evolved a variety of strategies interfering with JAK/STAT-mediated 

signal transduction in order to limit the IFN-induced antiviral effects. For HSV-1, it has been 

reported that phosphorylation and hence activation of JAK1, TYK2, STAT1, and STAT2 is 

inhibited during initial stages of infection. This HSV-1-induced inhibition of JAK/STAT 

phosphorylation correlates with the efficient induction of SOCS3, a host negative regulator of 

the JAK/STAT pathway, and the viral proteins UL13 and vhs appear to be involved (Yokota 

et al., 2004; Yokota et al., 2001). Another group reported that the vhs protein is at least 

partially involved in almost completely reducing JAK1 and STAT2 levels in HSV-1-infected 

cells (Chee & Roizman, 2004). A vhs-deficient HSV-1 not only produces more IFN than WT 

virus, it also induces more IFN-inducible gene transcripts (Pasieka et al., 2008). Recently, it 

has been reported that HSV-1 blocks IFN-γ-induced STAT1 signaling in infected mature DCs 

due to downregulation of IFNGR1 at the mRNA level and inhibition of STAT1 
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phosphorylation while STAT1 levels remained constant. A vhs deletion mutant of HSV-1 

appeared more sensitive to IFN-γ as STAT1 phosphorylation was inhibited to a lesser extent 

compared to WT HSV-1, indicating a role for vhs in the HSV-1-induced block in IFN-γ 

signaling in mature DCs (Eisemann et al., 2007). HSV-1 ICP27 has recently been reported to 

downregulate STAT1 phosphorylation and nuclear accumulation of phosphorylated STAT1 

(Johnson et al., 2008). HSV-1 US3 has recently been shown to be involved in blocking IFN-γ 

dependent gene expression by phosphorylating the α-subunit of the IFN-γ receptor (Liang & 

Roizman, 2008). VZV inhibits the expression of STAT1 and JAK2, but not JAK1 (Samuel, 

2001). Also the expression of IRF1 and MHC class II transactivator (CIITA), two transcription 

factors regulated by IFN-γ, is inhibited in VZV-infected cells (Abendroth et al., 2000). The 

VZV US3 kinase orthologue ORF66 has been shown to decrease the level of STAT1 

phosphorylation in infected T cells following exposure to IFN-γ (Schaap et al., 2005). PRV is 

able to overcome a type I IFN-mediated innate immune response to some extent since the 

expression of a subset of genes normally induced by IFN-β is not induced during PRV 

infection, due to an inefficient STAT1 phosphorylation. Virus binding and entry are sufficient 

to reduce STAT1 phosphorylation, indicating that structural components of the virus 
particle, such as tegument protein(s), are responsible for this process. However, the exact 

viral determinants remain to be identified (Brukman & Enquist, 2006a).  

 

3.2.5.3 Viral antagonists of IFN-inducible antiviral proteins  

For alphaherpesviruses, a variety of viral antagonists acting on the level of the IFN-inducible 

gene products, have been reported. For HSV-1, it has been demonstrated that the proteins 

ICP0, γ34.5, US11, and US3 interfere with the IFN-mediated innate immunity in various 

ways. The HSV-1 ICP0 protein enhances proteasome-dependent degradation of IFN-

inducible gene products, including PML (Chelbi-Alix & de The, 1999; Eidson et al., 2002; 

Maul & Everett, 1994; Maul et al., 1993; Parkinson & Everett, 2000). Some viruses, including 

herpesviruses, are targeted towards ND10 structures where they initiate viral transcription 

and replication (Ishov & Maul, 1996; Maul, 1998). For HSV-1, it has been observed that soon 

after infection, ND10 structures are disrupted, thereby preventing the establishment of an 

antiviral state and thus favoring virus replication (Burkham et al., 1998; Burkham et al., 2001; 

Chee et al., 2003; Everett & Maul, 1994; Maul & Everett, 1994; Maul et al., 1993). ICP0 

requires its RING finger domain to enhance proteasomal degradation of IFN-inducible gene 

products since this domain acts as a ubiquitin E3 ligase, which is required for proteasome-

mediated degradation of several cellular proteins (Boutell et al., 2002; Everett & Maul, 1994; 

Maul & Everett, 1994). The HSV-1 γ34.5 protein serves as a regulatory subunit of the cellular 
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protein phosphatase-1α and redirects this phosphatase to dephosphorylate phosphorylated 

eIF2α, and hence interferes with PKR function (He et al., 1997, 1998). The HSV-1 US11 

protein blocks PKR and OAS activation by its dsRNA binding capacity (Poppers et al., 2000; 

Sanchez & Mohr, 2007). It has also been reported that US11 is able to prevent the activation, 

but not the association, of PKR by the cellular protein PACT (Sanchez & Mohr, 2007). It has 

been demonstrated that both HSV-1 γ34.5 and US11 are required for replication in IFN-

treated cells by preventing accumulation of phosphorylated eIF2α (Mulvey et al., 2004; 

Mulvey et al., 2003). It has been suggested that HSV-1 US3 is involved in overcoming an 

IFN-induced antiviral state since both plaque number and plaque size were more reduced 

with increasing concentrations of IFN-α in US3null HSV-1-infected cells compared to WT 

HSV-1-infected cells (Piroozmand et al., 2004). HSV-1 also induces the synthesis of 2-5A 

derivatives that bind and inhibit RNaseL  via an unknown mechanism (Cayley et al., 1984). 

For VZV, the IE63 protein, an HSV-1 ICP22 orthologue, has a major role in the ability of VZV 

to overcome the innate antiviral immunity since it is required and sufficient to inhibit the 

phosphorylation and concomitant inactivation of eIF2α (Ambagala & Cohen, 2007). PRV 

EP0, an HSV ICP0 orthologue, has been described to counteract an IFN-induced antiviral 

state in primary cells from its natural host, the pig, but not in cells from non-natural hosts 

(Brukman & Enquist, 2006b).  

 

 

3.3 MHC I-RESTRICTED ANTIGEN PRESENTATION AND ALPHAHERPESVIRUS-
ENCODED ANTAGONISTS 

In contrast to the previous sections concerning apoptosis and IFN, this final part of the 

introduction deals with a component of the adaptive immunity. MHC I molecules are involved 

in the adaptive cellular immune response by presenting endogenous antigens to CTLs. First, 

MHC I-restricted antigen presentation is reviewed with emphasis on the two major players in 

this pathway: the proteasome and the peptide loading complex (PLC). Second, an overview 

of alphaherpesvirus-encoded strategies to escape immune surveillance by CTLs is given. 

 

3.3.1 MHC I antigen presentation pathway 

The MHC I antigen processing pathway (Fig. 9) is involved in the presentation of 

endogenous antigens such as viral proteins to CTLs. Major players in this process are the 

cytosolic proteasome, which is a large multicatalytic protease, and the PLC in the ER. 

Endogenous proteins in the cytosol are degraded into small peptides by the proteasome, and 
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then transported from the cytosol to the lumen of the ER by the transporter associated with 

antigen processing (TAP). TAP is part of the multi-component PLC, further consisting of 

MHC I molecules and the chaperone proteins tapasin, calreticulin, and ERp57 

oxidoreductase. Once transported into the ER, the antigenic peptide fragments are loaded on 

MHC I molecules in the PLC. Upon peptide binding, MHC I:peptide complexes are released 

from the PLC and then transported via the trans-Golgi network to the cell surface. MHC I-

mediated presentation of viral peptides to CTLs enables the immune system to detect and 

subsequently eliminate virus-infected cells (Abele & Tampe, 2004; Hewitt, 2003; Koch & 

Tampe, 2006; Rock & Goldberg, 1999).  

 

 
Figure 9. The MHC I antigen processing pathway. (A) Partly folded MHC I HCs bind to calnexin 

until the β2m chain binds. (B) Complete MHC I molecules are released from calnexin, bind a complex 

of chaperone proteins (caltericulin, ERp57), and bind to TAP via tapasin. (C) Cytosolic proteins and 

defective ribosomal products (DRiPs) are degraded to peptide fragments by the proteasome; TAP 

delivers peptides into the ER. (D) Upon binding of a peptide fragment to the peptide binding groove of 

MHC I, MHC I molecules complete their folding, are released from the PLC and exported to the cell 

surface. Adapted from (Murphy et al., 2008). 

 

3.3.1.1 Proteasome 

In order to produce and present antigenic peptides from intracellular pathogens to MHC I, the 

immune system uses the ubiquitin-proteasome pathway, a proteolytic pathway involved in 

cellular protein homeostasis by mediating the continuous turnover of intracellular proteins 

and the degradation of misfolded, non-functional, or potentially toxic proteins (Rock & 

Goldberg, 1999; Rock et al., 2002; Strehl et al., 2005). 
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The 26S proteasome is a large multicatalytic protease that degrades mainly poly-

ubiquitinated substrates in an ATP-dependent manner. It consists of a 20S core containing 

the catalytic active sites and two 19S regulatory complexes. The 20S catalytic core is 

composed of four heptameric rings: two outer α-rings and two inner β-rings (Fig. 10). The α-

rings provide the proteasome structure, control the protein access to the catalytic chamber, 

and interact with regulatory complexes. Each β-ring contains three subunits displaying 

chymotrypsin-like (β5), trypsin-like (β2), or caspase-like (β1) proteolytic activity. The 26S 

proteasome is formed by ATP-dependent association of a 19S regulatory subunit at each 

outer α-ring of the 20S core. These 19S regulators consist of approximately 18 subunits and 

contain two different entities. The 19S base, i.e. the part closest to the α-ring of the 20S core, 

contains ATPase-activity and is involved in both the ATP-dependent opening of the central 

gate and hence activation of the 20S core and the unfolding of protein substrates. The upper 

part of the 19S units is involved in binding and deubiquitination of substrates (reviewed in 

e.g. (Kloetzel, 2004; Strehl et al., 2005)). 

 

 
Figure 10. Structure of the constitutive 20S proteasome, the IFN-γ inducible 20S 

immunoproteasome and the IFN-γ inducible proteasome activator PA28. IFN-γ induces the 

expression of PA28 and the proteasome immuno-subunits, three catalytically active β-subunits (βi1, 

βi2, βi5) replacing the corresponding constitutive proteasome β-subunits upon de novo proteasome 

synthesis, forming the immunoproteasome. Adapted from (Strehl et al., 2005). 

 

Although proteasomes preferentially cleave proteins after hydrophobic or basic residues, 

they possess a high degree of flexibility concerning cleavage sites, albeit at different 

efficiencies (Rock & Goldberg, 1999; Strehl et al., 2005). Proteasomal degradation of 

cytosolic proteins yields peptides with a length of 3 to 22 residues (Kisselev et al., 1999). The 

majority (>99%) of those peptides are unable to bind to TAP due to their inappropriate length 

and/or rapid degradation into single AA by cytosolic endo- and exopeptidases. Rapid 

digestion of proteasomal generated peptides limits antigen presentation but prevents 

accumulation of potentially toxic peptides and recycles peptides to AA. However, a small 

fraction of the generated peptides escapes degradation and is able to bind to TAP for 
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transport to the ER, where these peptides may eventually bind to MHC I (Goldberg et al., 

2002; Reits et al., 2003; Rock et al., 2002; Strehl et al., 2005).  

In order to enhance the generation efficiency of antigenic peptides that can be presented by 

MHC I, the immune system is able to modulate the constitutive proteasome pathway via IFN-

γ as an early cellular response (reviewed in e.g. (Goldberg et al., 2002; Kloetzel, 2001, 2004; 

Rock & Goldberg, 1999; Rock et al., 2002; Strehl et al., 2005)). IFN-γ induces the expression 

of the so-called proteasome immuno-subunits: three strictly IFN-γ inducible catalytically 

active β-subunits (βi1 or LMP2, βi2 or MECL-1, βi5 or LMP7) replacing the corresponding 

constitutive β-subunits upon de novo proteasome synthesis (Cerundolo et al., 1995; Driscoll 

et al., 1993; Glynne et al., 1991; Griffin et al., 1998; Groettrup et al., 1997; Groettrup et al., 

1996a; Ortiz-Navarrete et al., 1991) (Fig. 10). Immunoproteasomes, i.e. proteasomes 

containing the immuno-subunits, have altered cleavage site preferences and are more 

efficient in antigen generation than constitutive proteasomes due to (i) an enhanced 

tendency to cleave after hydrophobic and basic residues, hence yielding more peptides with 

an appropriate C-terminus for binding to TAP and MHC I, and (ii) an increased generation of 

N-extended peptides, which are less susceptible to degradation by peptidases (Cascio et al., 

2001; Goldberg et al., 2002; Kloetzel, 2001, 2004; Rock & Goldberg, 1999; Rock et al., 2002; 

Strehl et al., 2005). Aminopeptidases in the cytosol and in the ER are able to trim N-

extended precursors to the correct length for TAP and MHC I binding, respectively (Goldberg 

et al., 2002; Rock & Goldberg, 1999; Rock et al., 2002; Strehl et al., 2005). Professional 

antigen presenting cells constitutively express immuno-subunits, but both types of 

proteasomes are present in these cells (Strehl et al., 2005). The half-life of 

immunoproteasomes is considerably shorter than for constitutive proteasomes, allowing cells 

to adapt quickly to the immunological requirements and to return rapidly to the normal 

situation (Heink et al., 2005; Strehl et al., 2005). IFN-γ also induces the synthesis of 

proteasome activator PA28, a heptameric ring-like structure composed of three PA28α and 

four PA28β subunits (Fig. 10). In contrast to 19S binding, PA28 binds to the outer rings of the 

20S proteasome in an ATP-independent manner. Like the 19S complex, PA28 is able to 

activate the 20S proteasome by facilitating substrate entry and product exit without affecting 

the active sites (Dubiel et al., 1992; Hill et al., 2002; Kloetzel, 2004; Kloetzel et al., 1999; 

Knowlton et al., 1997; Ma et al., 1992; Soza et al., 1997; Stohwasser et al., 2000). Although 

PA28 does not induce new cleavage sites, it enhances the frequency at which specific 

cleavage sites are used by the 20S proteasome, thereby enhancing MHC class I antigen 

presentation. Although highly IFN-γ-inducible, most tissues display a varying constitutive 

expression of PA28 and an enhanced constitutive PA28 expression is observed in 

professional antigen presenting cells (Groettrup et al., 1996b; Soza et al., 1997). Moreover, 
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upon IFN-γ treatment, the cytosolic leucine aminopeptidase (LAP) is upregulated while the 

endopeptidase thimet oligopeptidase (TOP) is downregulated, hence increasing the 

amount of peptides capable of binding TAP (Rock & Goldberg, 1999). 

 

3.3.1.2 PLC 

3.3.1.2.1 TAP  

TAP is a heterodimeric ATP-binding cassette (ABC) transporter composed of TAP1 and 

TAP2, both consisting of a carboxyterminal cytosolic nucleotide binding domain (NBD) and a 

aminoterminal TMD that binds peptides and forms a translocation pore in the ER membrane 

(Abele & Tampe, 2004). Both subunits are required for antigen processing (Powis et al., 

1991; Spies & DeMars, 1991). TAP1 and TAP2 contain 10 and 9 transmembrane helices, 

respectively (Fig. 11). Only the last six transmembrane helices (the core domain) of both 

subunits show sequence homology to other ABC transporters and are necessary for peptide 

binding and transport (Koch et al., 2005; Koch et al., 2004; Schrodt et al., 2006). The core 

domain of both TAP1 and TAP2 is referred to as “the 6+6 TM core domain” (Koch & Tampe, 

2006; Koch et al., 2004). 

The last cytosolic loop and 15 AA extension of the last transmembrane helix form the peptide 

binding region (Nijenhuis & Hammerling, 1996; Nijenhuis et al., 1996), whereas the first N-

terminal transmembrane helix of each subunit is essential for tapasin binding (Koch et al., 

2006; Koch et al., 2004) (Fig. 11). In contrast to peptide translocation, peptide binding to TAP 

is ATP-independent. TAP efficiently binds peptides from 8 to 16 AA, whereas efficient 

transport is limited to 8 to 12 AA  (Androlewicz & Cresswell, 1994; Neefjes et al., 1993; van 

Endert et al., 1994). However, peptides up to 40 AA as well as sterically restricted peptides 

can be transported via TAP (Gromme & Neefjes, 2002; Neumann & Tampe, 1999; Uebel et 

al., 1995). Peptide binding specificity of TAP is determined by the first three N-terminal 

residues and the C-terminal residue of the peptide (Abele & Tampe, 2004; Koch & Tampe, 

2006). 

The NBD consist of the highly conserved Walker A, B and C loops, which are involved in 

ATP binding and hydrolysis associated with transport. Two ATP molecules are located at the 

interface of both subunits, where the Walker A and B domain of one subunit and the Walker 

C domain of the other subunit keep one ATP molecule (Abele & Tampe, 2004) (Fig. 11).  
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Figure 11. Structure of TAP. See text for details. (Abele & Tampe, 2004) 

 

Peptide and ATP bind independently to TAP. Peptide binding induces a conformational 

change in the TMDs of both subunits, resulting in a reduced interaction between the L- and 

Q-loops (Fig. 11). In turn, this leads to dimerization of ATP-loaded NBDs, ATP hydrolysis, 

and subsequent peptide release into the ER lumen. ATP hydrolysis first occurs at NBD2 and 

then at NBD1, thereby weakening the interaction between both NBDs. After NBD-dimer 

dissociation, ADP is released and replaced by ATP (Abele & Tampe, 2004). The lateral 

mobility of the PLC in the ER membrane is negatively correlated with the activation status of 

TAP: mobility increases when TAP is inactive (“closed conformation”) and decreases when 

ATP and peptide are bound (“open conformation”) (Reits et al., 2000).  

TAP associates with four tapasine and thus four MHC I molecules (Ortmann et al., 1997). 

TAP is also a chaperone for the other PLC members since assembly of MHC I with 

calreticulin, tapasin, and ERp57 is less efficient in the absence of TAP (Momburg & Tan, 

2002). In addition, MHC I displays a different conformation in the absence of TAP (Owen & 

Pease, 1999). Stability of the TAP complex relies on the interaction with tapasin and on the 

interaction between both subunits (Abele & Tampe, 2006). 

 

3.3.1.2.2 Tapasin 

Tapasin is a type I membrane glycoprotein, that is composed of a large ER luminal domain, a 

transmembrane helix and a short cytosolic domain. The glycosylated luminal domain 
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interacts with the MHC I HC and calreticulin, and also forms a disulfide bond with ERp57. 

The transmembrane domain is involved in TAP stabilization, whereas the cytosolic domain 

contains an ER retention signal (Bangia & Cresswell, 2005; Dick et al., 2002; Koch et al., 

2004; Momburg & Tan, 2002; Peaper et al., 2005). Tapasin is a central component of the 

PLC and has several functions: (i) it increases the local concentration of peptides in the 

neighborhood of MHC I by bridging TAP and MHC I, resulting in a facilitated MHC I loading 

and thus higher cell surface expression of loaded MHC I (Lauvau et al., 1999; Lehner et al., 

1998; Ortmann et al., 1997; Sadasivan et al., 1996; Tan et al., 2002; Williams et al., 2002; 

Zarling et al., 2003); (ii) it stabilizes peptide-free MHC I molecules in the ER and retains 

unloaded MHC I in the ER (Grandea et al., 1997; Schoenhals et al., 1999); (iii) it recruits the 

other members of the PLC to TAP (Tan et al., 2002); (iv) it stabilizes TAP by increasing its 

half-life (Bangia et al., 1999; Lehner et al., 1998; Raghuraman et al., 2002).  

 

3.3.1.2.3 MHC I 

MHC I molecules are heterodimers composed of a type I membrane anchored heavy α-chain 

(HC) (45kDa) and a non-covalently associated soluble β2-microglobulin (β2m) chain (12kDa). 

The ER luminal domain of the MHC I HC can be subdivided into three domains (α1-α3) of 

which the distal two domains (α1 and α2) form the peptide binding groove (Bjorkman et al., 

2005; Madden et al., 1992) (Fig. 9A). The MHC I HC is N-glycosylated on its α1 subunit, 

thereby providing the binding site for calreticulin (Helenius & Aebi, 2001, 2004; Sadasivan et 

al., 1996).  

 

Following cotranslational translocation of MHC I HC and β2m into the ER, the HC is 

glycosylated and both subunits mature and assemble. MHC I maturation and assembly are 

regulated by various ER-resident chaperone proteins. The chaperones calnexin and/or 

immunoglobulin-binding protein (BiP) interact transiently with newly formed MHC I HCs, 

thereby promoting assembly with the soluble β2m chain. Upon binding of β2m to the HC, 

calnexin and BiP are replaced by calreticulin and the oxidoreductase ERp57. This complex 

binds to TAP via tapasin and hence forms the PLC. MHC I receives its final conformation 

upon peptide loading (Abele & Tampe, 2004; Janeway et al., 2006; Momburg & Tan, 2002) 

(Fig. 9). Misfolded or incorrectly assembled MHC complexes are retro-translocated into the 

cytosol and disposed within the ubiquitin-proteasome pathway (reviewed in e.g. (Tsai et al., 

2002)). β2m may directly contribute to the affinity of HC/β2m dimers to tapasin/TAP since it 

has been suggested that the stability of β2m-binding to the HC may regulate the strength of 

association with the PLC (Momburg & Tan, 2002). Peptide fragments with a length of 8 to 11 
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AA can bind in the peptide binding groove of MHC I molecules by the free N- and C-termini 

of the peptide and two to three anchor residues, which determine the peptide specificity of 

MHC I (Abele & Tampe, 2004). The exact length of the bound peptides is determined by the 

configuration of antigen binding groove in the particular class I molecules (Rammensee et 

al., 1993).  

 

Both MHC I- and MHC II-encoding genes are extremely polymorphic, likely due to host-

pathogen coevolution since heterozygote advantage alone can not explain the high degree of 

MHC polymorphism (Borghans et al., 2004; De Boer et al., 2004). Evolution favors 

pathogens avoiding presentation by the most common MHC molecules, thereby favoring 

hosts with rare MHC molecules (Trachtenberg et al., 2003). Because the latter show a higher 

fitness compared to hosts having MHC alleles with a high allele frequency, the frequency of 

rare MHC alleles will increase in the population whereas common MHC alleles will become 

less frequent, resulting in a dynamic polymorphism (Beck, 1984; Bodmer, 1972; Slade & 

McCallum, 1992; Snell, 1968). The defect in MHC I peptide loading in the absence of 

functional tapasin varies significantly with different MHC I alloforms (Barber et al., 2001; 

Grandea et al., 1997; Grandea et al., 1995; Greenwood et al., 1994; Ortmann et al., 1997; 

Peh et al., 1998; Tan et al., 2002). It can be speculated that relatively tapasin/TAP-

independent MHC I alloforms represent an evolutionary response to viral gene products that 

interfere with the formation of the PLC, thereby rendering these alloforms less sensitive to 

both viral interference with the PLC and competition for TAP by other MHC I allotypes 

(McCluskey et al., 2004; Momburg & Tan, 2002). 

Besides being highly polymorphic, MHC alleles also display a codominant expression (i.e. 

both alleles are expressed), enabling MHC heterozygous hosts to present twice as many 

peptides as MHC homozygous hosts. Indeed, different MHC molecules bind a largely non-

overlapping set of peptides (Abele & Tampe, 2004; De Boer et al., 2004). Missense 

mutations in MHC genes are more frequent in the MHC:peptide binding cleft domain than in 

other regions of the gene, indicating selection for diversity in MHC:peptide binding (Hughes & 

Nei, 1988, 1989, 1992; Hughes et al., 1990; Parham et al., 1989a; Parham et al., 1989b). 

 

MHC I molecules are present on all nucleated cells, especially on cells of the immune system 

such as macrophages, neutrophils, and B- and T-ymphocytes (Janeway et al., 2006). MHC I 

HC and β2m, as well as tapasin, TAP1 and TAP2 are IFN-γ-inducible (Abele & Tampe, 

2006). MHC I molecules mainly present peptides derived from endogenous proteins to CTLs, 

although MHC I-mediated presentation of peptides from exogenous proteins can occur in 

some professional antigen presenting cells (Mellman & Steinman, 2001) (see section 

3.3.1.4).  
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3.3.1.2.4 Calreticulin  

Calreticulin is a soluble protein in the ER lumen that is involved in stabilisation of the PLC 

and, together with the other accessory proteins, in optimizing peptide loading of MHC I. 

Calreticulin binds with MHC I on its glycosylation site and is associated with ERp57 (Gao et 

al., 2002; Helenius & Aebi, 2001, 2004; Momburg & Tan, 2002; Oliver et al., 1999; Sadasivan 

et al., 1996; Turnquist et al., 2002). 

 

3.3.1.2.5 ERp57 

ERp57 is a thiol-dependent oxidoreductase that is able to associate with calnexin and MHC I 

HC during the first stages of MHC I maturation. Later, ERp57 is associated with calreticulin 

and covalently linked by a disulfide bond to tapasin in the PLC, and is responsible for the 

formation of correct disulfide bonds in MHC I (Dick et al., 2002; Lindquist et al., 2001; 

Lindquist et al., 1998; Oliver et al., 1999). A partial PLC lacking ERp57 is deficient in MHC I 

peptide loading (Dick et al., 2002), but the redox activity of ERp57 is not essential for its 

functions in MHC I peptide loading (Peaper & Cresswell, 2008). 

 

3.3.1.3 Presentation of MHC I bound antigens to CTLs and elimination of virus-

infected cells 

CTLs play a major role in controlling virus infection. Interaction between CTLs and target 

cells occur via MHC I-mediated antigen presentation in concert with costimulatory 

receptor/ligand stimuli (Andersen et al., 2006). CTLs can scan the peptide repertoire on the 

cell surface of the target cell via their T-cell receptor and eventually trigger apoptosis of 

antigen presenting cells bearing non-self peptides derived from endogenous pathogens or 

self-peptides derived from mutated proteins. If the peptides are derived from normal cellular 

proteins, CTLs will remain silent (tolerance), except in auto-immune diseases (Pamer & 

Cresswell, 1998). CTL-induced apoptosis of virus-infected cells can occur directly through 

FasL or perforines/granzyme B production, and/or indirectly by the release of cytokines 

(Andersen et al., 2006). Interestingly, in some cases, immunoproteasomes may influence 

antigen processing of foreign and self-antigens differently. Indeed, it has been reported that 

immunoproteasomes are unable to produce several self-antigen derived CTL epitopes (Morel 

et al., 2000).  
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3.3.1.4 Cross-presentation 

Although MHC I molecules mainly present peptides derived from endogenous proteins to 

CTLs, in some professional antigen presenting cells, peptides from exogenous pathogens 

can also be bound and displayed by MHC I in an alternative processing pathway (Mellman & 

Steinman, 2001). Cross-presentation might be particularly important for priming CTLs to  

microbes that do not infect DCs, since they are the antigen-presenting cells that prime 

immune responses (Carbone & Heath, 2003; Heath et al., 2004). Two different pathways 

have been described for the presentation of extracellular antigens via MHC I: (i) extracellular 

antigens taken up by phagocytosis or endocytosis are released from phagosomes or 

endosomes into the cytosol and subsequently enter the classical MHC I pathway (Ackerman 

et al., 2003; Guermonprez et al., 2003; Houde et al., 2003); (ii) extracellular antigens are 

internalized and degraded in the endosomes, and peptide fragments bind to empty MHC I 

molecules either derived by internalization or delivered from the ER in complex with the 

invariant chain (normally targeting MHC II molecules to the endosomes) (MacAry et al., 

2001). In both cases, loaded MHC I molecules travel to the cell surface presenting peptide 

fragments derived from exogenous antigens to CTLs.  

 

 

3.3.2 Viral antagonists of MHC I-restricted antigen presentation 

Herpesviruses achieve lifelong persistence in their hosts by establishing latency from which 

the virus can reactivate upon specific stimuli (Loch & Tampe, 2005; Pomeranz et al., 2005). 

In order to be able to spread during reactivation periods, herpesviruses have evolved diverse 

strategies to limit their recognition and subsequent elimination by the immune system. Many 

herpesviruses avoid or delay elimination by CTLs by interfering with the cellular MHC I 

antigen processing pathway (reviewed in e.g. (Abele & Tampe, 2006; Lilley & Ploegh, 2005; 

Loch & Tampe, 2005; Reits et al., 2002; Seliger et al., 2006; Vossen et al., 2002)). 

Noteworthy, it has been demonstrated for several viruses, including HSV, PRV, and HCMV, 

that MHC I proteins derived from different alleles may show a differential regulation and 

sensitivity towards immuno-evasion upon viral infection (Beier et al., 1994; Hill et al., 1994; 

Machold et al., 1997; McCluskey et al., 2004; Park et al., 2004; Sparks-Thissen & Enquist, 

1999). An overview of several alphaherpesvirus-encoded antagonists of MHC I-restricted 

antigen presentation is given below and in Table A3 (Addendum). 

 

For HSV-1 and HSV-2, the immediate early, cytosolic, and membrane-associated ICP47 

protein acts as a high affinity competitive inhibitor for peptide binding to TAP, thereby 

preventing subsequent ATP hydrolysis and hence the loading of MHC I molecules with 
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antigenic peptides in the ER. ICP47 does not affect ATP binding and is species-specific for 

human TAP (Ahn et al., 1996; Fruh et al., 1995; Jugovic et al., 1998; Tomazin et al., 1998; 

Tomazin et al., 1996). For BoHV-1, EHV-1, EHV-4, and PRV, infection and/or transduction 

experiments demonstrated that the type I membrane protein UL49.5 (gN) orthologues 

interfere with TAP function, albeit through intriguingly diverse mechanisms: (i) inhibition of 

ATP binding to the NBD of TAP for EHV-1 and EHV-4, but not for BoHV-1 and PRV, (ii) 

degradation of TAP (and tapasin) by mediating its targeting to the ubiquitin-proteasome 

pathway for BoHV-1, but not for EHV-1 and PRV, and/or (iii) arresting TAP in a translocation 

incompetent conformation for BoHV-1, PRV and EHV-1. No interference with peptide binding 

to TAP was observed in BoHV-1, EHV-1 or PRV (Koppers-Lalic et al., 2005; Koppers-Lalic et 

al., 2008; Verweij et al., 2008). Transfection or transduction of UL49.5 orthologues of HSV-1, 

HSV-2, or VZV does not affect peptide transport by TAP, although an interaction between 

VZV UL49.5 and TAP has been demonstrated (Eisfeld et al., 2007; Koppers-Lalic et al., 

2005; Koppers-Lalic et al., 2008). However, the impact of UL49.5 on TAP transport during 

HSV or VZV infection has not been tested yet. For VZV, the viral US3 serine/threonine 

protein kinase orthologue (ORF66) has been described to mediate downregulation of MHC I 

from the cell surface upon transfection or transduction, possibly by delaying the transport of 

the MHC I:peptide complex from the ER to the trans-Golgi network (Abendroth et al., 2001; 

Eisfeld et al., 2007). A kinase-dead ORF66 VZV was still able to downregulate MHC I cell 

surface expression, albeit less efficient than WT VZV (Eisfeld et al., 2007). Importantly, 

other, unknown and both US3- and UL49.5-independent MHC I downregulation mechanisms 

were also observed (Eisfeld et al., 2007).  
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Chapter 2 

A typical characteristic of herpesviruses is that they achieve lifelong persistence in their hosts 

by establishing latency from which the virus can reactivate upon specific stimuli. Reactivation 

may lead to spread of infectious virus and disease symptoms (e.g. cold sores for HSV-1, and 

shingles for VZV). In order to be able to spread in immune-competent hosts during 

reactivation periods, herpesviruses developed diverse strategies to avoid or delay detection 

and subsequent elimination by the host’s immune system, thus enabling the virus to 

replicate, spread, and transmit to other hosts. In the current thesis, we will focus on the US3 

protein of the porcine alphaherpesvirus pseudorabies virus (PRV) in the context of immune-

evasion.  

 

PRV is often used as a model pathogen to study alphaherpesviruses in general (Enquist, 

1999; Pomeranz et al., 2005). Its US3 protein is a multifunctional serine/threonine kinase that 

is highly conserved among alphaherpesviruses, and is involved in anti-apoptotic mechanisms 

(Geenen et al., 2005; Ogg et al., 2004), rearrangements of the cytoskeleton (Calton et al., 

2004; Favoreel et al., 2005; Van den Broeke et al., 2009a; Van den Broeke et al., 2009b; 

Van Minnebruggen et al., 2003), and viral egress from the nucleus (Klupp et al., 2001; 

Wagenaar et al., 1995). In addition to these functions, US3 orthologues of other 

alphaherpesviruses have also been reported (i) to reduce sensitivity of infected cells to the 

antiviral activity of interferon (IFN) (HSV-1, VZV) (Liang & Roizman, 2008; Peri et al., 2008; 

Piroozmand et al., 2004; Schaap et al., 2005), (ii) to interfere with the cellular MHC I antigen 

processing pathway, thereby limiting the presentation of viral antigens to cytotoxic T-

lymphocytes (CTLs) (VZV) (Abendroth et al., 2001; Eisfeld et al., 2007), and (iii) to inactivate 

CTLs (HSV-1, HSV-2) (Sloan et al., 2003).  

 

In this thesis we focus on three different aspects of the interaction between PRV and the 

host’s antiviral defense: apoptosis, sensitivity to IFN-α, and MHC I-restricted antigen 

presentation. Since PRV US3 is a kinase, we investigated whether the kinase activity of US3 

is required to exert its anti-apoptotic effects and, in addition, we suggest a possible 

mechanism. Subsequently, the impact of viral anti-apoptotic strategies on virus production 

was examined (Chapter 3). Furthermore, we also investigated the possible involvement of 

PRV US3 in reducing both virus sensitivity towards IFN-α (Chapter 4) and cell surface 

expression of MHC I (Chapter 5). 
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the putative ATP binding site of the pseudorabies virus US3 protein kinase prevents Bad 

phosphorylation and cell survival following apoptosis induction. Virus Res 128, 65-70. 

 



Chapter 3.1 

Abstract 

The multifunctional US3 protein kinase is conserved among alphaherpesviruses. Like the 

herpes simplex virus US3 protein kinase, the pseudorabies virus (PRV) US3 protein confers 

resistance against apoptosis. In the current report, we introduced a point mutation in the 

ATP-binding site of the PRV US3 protein kinase. We found that the point mutated PRV US3, 

unlike the kinase-intact wild type (WT) PRV US3, is unable to protect cells from apoptosis 

induced by PRV infection or staurosporine treatment. In addition, we found that the presence 

of WT PRV US3, but not of the point mutated PRV US3, results in phosphorylation of the 

pro-apoptotic Bad protein in PRV-infected ST and HEp-2 cells. Furthermore, in PRV-infected 

ST cells, but not in HEp-2 cells, an additional, US3- and phosphorylation-independent 

alteration of Bad could be observed. This Bad modification appeared to be pig specific and 

occurred late in infection. The exact nature and relevance of this additional Bad modification 

remains unknown. In conclusion, our results indicate that the kinase activity of the US3 

protein of PRV is crucial to protect cells from apoptotic cell death during infection, at least 

partly by leading to phosphorylation of the pro-apoptotic Bad protein. 

 

 

 

Keywords: pseudorabies virus, US3 protein kinase, apoptosis, Bad phosphorylation 
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1 INTRODUCTION 

The Alphaherpesvirinae comprise a closely related subfamily of the Herpesviridae that cause 

relatively mild, but sometimes devastating disease, including encephalitis. The viral US3 

serine/threonine protein kinase is multifunctional protein that is conserved among 

alphaherpesviruses. In contrast to the US3 protein of BoHV-1, the US3 kinase orthologues of 

herpes simplex virus (HSV) and, more recently, of varicella-zoster virus (VZV) and the 

porcine pseudorabies virus (PRV) have been shown to suppress apoptosis induced by 

alphaherpesvirus infection, overexpression of pro-apoptotic members of the Bcl-2 family, or 

exogenous apoptotic stimuli (Asano et al., 2000; Asano et al., 1999; Cartier et al., 2003a; 

Geenen et al., 2005; Hata et al., 1999; Jerome et al., 1999; Leopardi et al., 1997; Munger et 

al., 2001; Murata et al., 2002; Ogg et al., 2004; Schaap et al., 2005; Takashima et al., 1999). 

The US3 orthologues of HSV-1, PRV, and Marek’s disease virus, but not of VZV, have been 

demonstrated to be implicated in viral egress from the nucleus (Klupp et al., 2001; Reynolds 

et al., 2002; Schaap et al., 2005; Schumacher et al., 2005; Wagenaar et al., 1995). Recently, 

we and others have shown that the US3 kinase of different alphaherpesviruses induces 

alterations in the actin cytoskeleton. These actin rearrangements consist of the disassembly 

of actin stress fibers (Murata et al., 2000; Schumacher et al., 2005; Van Minnebruggen et al., 

2003), and the formation of long, branched cellular projections (Calton et al., 2004; Favoreel 

et al., 2005), and are associated with enhanced intercellular virus transmission (Favoreel et 

al., 2005). Furthermore, the US3 kinase has been reported to be involved in downregulating 

the major histocompatibility complex class I (MHC I) expression in varicella-zoster virus 

(VZV) -infected cells (Abendroth et al., 2001), in the HSV-induced inactivation of cytotoxic T-

lymphocytes (Sloan et al., 2003), and in the reduced sensitivity of HSV-1 and VZV-infected 

cells to interferon (Piroozmand et al., 2004; Schaap et al., 2005). 

How US3 exerts its different functions is far from fully understood. Since the US3 protein 

possesses serine/threonine kinase activity, an important first step to understand the 

mechanism of US3-induced effects, is to analyse whether these mechanisms rely on the 

kinase activity of the protein. Kinase activity has been shown to be important for the function 

of US3 during nuclear egress, since a point mutated, kinase-impaired US3 protein of HSV-1 

was found to be unable to complement the reduced efficiency in virus egress from the 

nucleus of a US3null virus (Ryckman & Roller, 2004). Kinase activity of HSV-1 US3 has also 

been found to be important for suppressing apoptosis induced by overexpression of pro-

apoptotic Bcl-2 family members (Ogg et al., 2004). Whether kinase activity of US3 is equally 

important for protecting cells from apoptosis during alphaherpesvirus infection or during 

apoptosis induction by other exogenous stimuli is not known.  
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In the current report, we investigated whether disrupting the kinase activity of the US3 protein 

of PRV, by mutating a conserved lysine residue in the ATP-binding domain, had an effect on 

its anti-apoptotic properties during infection or treatment with staurosporine. We report that 

PRV US3 indeed requires its intact kinase activity to protect cells from apoptosis, and, in 

addition, that intact kinase activity of PRV US3 results in phosphorylation of the pro-apoptotic 

Bad protein during PRV infection.  

 

 

2 MATERIAL AND METHODS 

2.1 CONSTRUCTION OF POINT MUTATED US3 

Construction of a kinase-dead PRV US3 was done, essentially as described before for HSV 

US3, by the introduction of a point mutation in a conserved lysine residue that is critical for 

ATP binding (Ryckman & Roller, 2004). Mutation consisted of a substitution of lysine 136 in 

the PRV US3 ORF by glutamine and was introduced by PCR using pfx polymerase. Primers 

to introduce the mutation were US3mutF (ACGGTGGTGCTGCAGGTGGGCCAGA) and 

US3mutR (reverse complement of US3mutF). In a first step, the point mutated ± 550bp 5’ 

region of US3 was generated and PCR-amplified from a plasmid containing the entire US3 

ORF under control of the CMV promotor (pKG1) (Geenen et al., 2005) using a T7 primer 

(Invitrogen) (T7 promoter is located 5’ of US3 in pKG1) and US3mutR. The point mutated ± 

750bp 3’ region of US3 was generated and PCR-amplified from pKG1 using US3mutF and a 

BGH primer (Invitrogen) (BGH promoter is located 3’ of US3 in pKG1). In a second step, the 

entire point mutated US3 ORF was generated and PCR-amplified using T7 and BGH 

primers, using a mixture of both former PCR products as targets. The resulting, ±1500bp-

long PCR product was checked for the presence of the mutation and the absence of other 

mutations by restriction digestion (mutation introduces an extra PstI site) and sequencing. 

The point mutated US3 ORF was digested with HindIII and NotI, and the resulting 1366bp 

fragment, containing the entire point-mutated US3 ORF, was cloned in a HindIII/NotI 

digested pKG1 backbone, resulting in pHF61. 

 

2.2 CELLS, VIRUSES, AND PLASMIDS 

Kidney cells derived from swine (SK and PK-15), rabbit (RK-13), and African green monkey 

(Vero) were all cultured in Eagle’s minimal essential medium (MEM) with 10% foetal calf 

serum, 0.3mg/ml glutamine, 100U/ml penicillin, 0.1mg/ml streptomycin, and 0.05 mg/ml 
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gentamycin. Swine testicle (ST) and human laryngeal epidermoid carcinoma (HEp-2) cells 

were cultured in the same medium as described above, but supplemented with either 1 mM 

sodium pyruvate or 1x MEM non-essential amino acids, respectively. Mouse embryonic 

fibroblasts (MEF) were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 

the same supplements as the culture medium used for the kidney cells,  

The wild type (WT) and the isogenic US3null PRV Nia3 (M118) were kindly provided by the 

ID-DLO Institute (Lelystad, the Netherlands). The latter virus has been described and 

characterized earlier and is an Nia3 WT-derived mutant that was constructed by insertion of 

a palindromic 20-mer oligonucleotide, containing TAG translational stop codons in all reading 

frames, in the 5’ part of the US3 open reading frame (ORF). Insertion of this oligonucleotide 

in any protein-encoding gene, in any orientation, and in any reading frame should result in 

premature translational termination (de Wind et al., 1990). WT PRV Kaplan and the following 

Kaplan- derived mutants were a kind gift of T. Mettenleiter (Institute of Molecular Biology, 

Friedrich-Loeffler-Institutes, Germany): gBnull, gCnull, gDnull, gGnull, gHnull, gInull, gKnull, 

gLnull, gMnull, gNnull, and UL49null PRV. WT and gEnull PRV Becker were a kind gift of L. 

Enquist (Princeton University, USA). 

Plasmid pcDNA3.1D/V5-His©/lacZ (pLacZ/V5) was from Invitrogen, and the WT PRV US3 

encoding plasmid pKG1 has been described earlier (Geenen et al., 2005). 

 

2.3 ANTIBODIES AND REAGENTS 

Anti-V5 antibodies, FITC-labeled goat anti-mouse and goat anti-rabbit antibodies, Texas red-

labeled goat anti-mouse antibodies, LipofectamineTM and Dynabeads® Protein A were from 

purchased from Invitrogen. US3-specific mouse monoclonal antibodies were kindly provided 

by L. Olsen and L. Enquist (Princeton University, USA). Rabbit antibodies directed against 

active caspase-3 and human/mouse Bad were from R&D Systems. HRP-conjugated 

secondary goat anti-rabbit and goat anti-mouse antibodies were purchased from Dako 

Cytomation, calf intestinal alkaline phosphatase (CIP) and corresponding reaction buffer from 

New England BioLabs and both Hybond-P PVDF membrane and enhanced 

chemiluminescence (ECL) reagents from GE Healthcare. Staurosporine, bovine serum 

albumin (BSA), phosphono-acetic acid (PAA), and both rabbit anti-actin and mouse anti-

phospothreonine antibodies were from Sigma, and hydrogen peroxide and citric acid were 

from VWR International. 

 

71 



Chapter 3.1 

2.4 TRANSFECTIONS 

Plasmids pKG1, pHF61 or control plasmid pLacZ/V5 were transiently transfected in cells 

grown to 70% confluency using LipofectamineTM according to the manufacturer’s instructions 

(Invitrogen), and used at 24 hours post transfection (hpt).  

 

2.5 DETERMINATION OF US3 EXPRESSION LEVELS IN TRANSFECTED CELLS 

ST cells were either not transfected, or transfected with pKG1 or pHF61. At 24 hpt, cells 

were collected by trypsinisation and subsequently washed in PBS. Cells were then fixed in 

3% paraformaldehyde for 10 min at room temperature (RT), followed by permeabilization 

using 0.1% Triton-X 100 for 2 min at RT. Both the primary and secondary incubation, using 

mouse anti-US3 and FITC-conjugated goat anti-mouse antibodies respectively, were 

performed at 37°C for 1h. All antibody dilutions were made in PBS. Finally, fluorescence 

intensity of the cells was analyzed by flow cytometry (FACSCanto, Beckton-Dickinson  

Biosciences), counting 10 000 cells. 

 

2.6 APOPTOSIS ASSAYS 

ST cells were transfected with either the pLacZ/V5, pKG1 or pHF61 plasmid. At 24 hpt, 

apoptosis was induced by either infecting cells with US3null PRV at a multiplicity of infection 

(moi) of 10 for 24h, or by the addition of 1.5 µM staurosporine for 12h. Apoptotic transfected 

cells were determined by an immunofluorescence double staining of active caspase-3, and 

either V5 (pLacZ/V5) or US3 (pKG1, pHF61). Caspase-3 staining was performed with 

caspase-3-specific rabbit antibodies and FITC-labeled goat anti-rabbit antibodies. pLacZ/V5 

and US3-transfected cells were visualised using V5- or US3-specific mouse antibodies, and 

Texas red-labeled goat anti-mouse antibodies. Analysis was performed by fluorescence 

microscopy, as described before (Geenen et al., 2005). 

 

2.7 WESTERN BLOT ANALYSIS OF BAD AND THREONINE-PHOSPHORYLATED 

PROTEINS 

Phosphorylation of Bad was assessed, essentially as decribed before (Cartier et al., 2003a). 

Both ST and HEp-2 cells were either not transfected, or transfected with pKG1 or pHF61. At 

24 hpt, cells were either mock-infected or infected with WT PRV or US3null PRV. All 

infections were done at an moi of 10 and in a total volume of 1ml culture medium. At 24 

hours post inoculation (hpi), cells were collected  on ice using a rubber policeman, washed in 
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TNE buffer (50mM Tris, 150mM NaCl, 1mM EDTA, pH 6.8) and lysed in TNE lysis buffer 

(TNE with 1% Triton-X 100, 1mM Na3VO4, 10mM NaF, protease inhibitor cocktail) for 1h at 

4°C. Cell lysates were fractionated on a 15% polyacrylamide gel by SDS-PAGE, and proteins 

were then transferred to a Hybond-P PVDF membrane. After blotting, the membranes were 

blocked in 5% non-fat dry milk in 0.1% PBS/Tween-20 for 1h at RT, and incubated with 

affinity purified rabbit anti-human/mouse Bad overnight at 4°C. Following incubation with 

HRP-conjugated secondary goat anti-rabbit antibodies, blots were developed by ECL. 

Alternatively, ST cell lysates were loaded on a 12% polyacrylamide gel. After Western 

blotting, this blot was blocked in 5% BSA in 0.1% TBS/Tween-20 for 1h at RT, and then 

washed overnight. Following incubation with mouse anti-phosphothreonine and HRP-

conjugated secondary goat anti-mouse antibodies, the blot was developed by ECL. After 

primary ECL development, all blots were treated with 15% hydrogen peroxide during 30 

minutes at RT to remove the remaining HRP signal. After washing, actin was detected as a 

loading control, using rabbit anti-actin antibodies and HRP-conjugated secondary goat anti-

rabbit antibodies. All incubation steps were done in the respective blocking buffer for 1h at 

RT, unless specified otherwise.  

 

2.8 IN VITRO PHOSPHATASE TREATMENT 

ST cells were either mock- or WT PRV-inoculated at an moi of 10 in a total volume of 1ml 

culture medium. At 24h post inoculation (hpi), cells were collected and washed. Following 

cell lysis in the absence of phosphatase inhibitors, Bad was immunoprecipitated using 

Dynabeads® Protein A according to the manufacturer’s instructions (Invitrogen). Before 

elution, the bead-antibody-Bad complexes were treated with either 0 or 10 units CIP for 1h at 

37°C. Finally, immunoprecipitated Bad was eluted in 0.1M citrate pH 3.1, and Western blot 

analysis of Bad was performed. 

 

2.9 AMINO ACID SEQUENCE ALIGNMENT 

Multiple alignments between amino acid sequences of Bad proteins from different species 

were done using the ClustalW2.0.11 multiple sequence alignment software on the EMBL-EBI 

website. Accession numbers of the Bad protein sequences used were: NP_001030536 (Bos 

taurus, bovine), XP_854947 (Canis familiaris, dog), XP_001916789 (Equus caballus, horse), 

ABJ16406 (Felis catus, cat), NP_004313 (Homo sapiens, human), NP_031548 (Mus 

musculus, mouse), and NP_073189 (Rattus norvegicus, rat). Sus scrofa (pig) Bad amino 

acid sequence was obtained by translating Sus scrofa mRNA, clone ITT010026G10 via CLC 

Free Workbench software.  
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3 RESULTS 

3.1 CONSTRUCTION OF A EUKARYOTIC EXPRESSION VECTOR ENCODING A PRV 

US3 PROTEIN CONTAINING A POINT MUTATION IN ITS ATP BINDING DOMAIN 

The US3 protein kinase of PRV exists as two isoforms, a long and a short isoform, with the 

long isoform only differing from the short isoform by the presence of an N-terminal 

mitochondrial localisation signal (Calton et al., 2004; Van Minnebruggen et al., 2003). 

Interestingly, the long isoform, although the less abundant isoform in infected cells, appears 

to contain the strongest capacity to suppress apoptosis (Geenen et al., 2005). A eukaryotic 

expression vector encoding both the long and short isoform of PRV US3 (pKG1) was used 

as a template to create a point mutated, kinase-dead variant of US3. A plasmid derived from 

pKG1 and encoding a kinase-dead recombinant PRV US3 protein (pHF61) was constructed, 

principally as done before for HSV-1 US3 (Ryckman & Roller, 2004), i.e. by point mutation of 

a conserved lysine residue in the US3 ORF that is critical for ATP binding (Leung-Tack et al., 

1994; Ryckman & Roller, 2004). Correct mutagenesis was checked by restriction enzyme 

digestion (additional PstI site) and by sequencing. Using flow cytometry, we confirmed that 

both wild type (WT) and kinase-dead US3 show similar protein expression levels (Fig. 1). 

 

 
Figure 1. WT and kinase-dead PRV US3 show similar protein expression levels upon 
transfection. ST cells were either not transfected (A), or transfected with pKG1 (B) or pHF61 (C). At 

24 hpt, US3 expression levels were analysed by flow cytometry. X-axis shows cell size, Y-axis 

fluorescence intensity. The latter corresponds with US3 protein expression levels.  

 

3.2 INTACT KINASE ACTIVITY OF PRV US3 IS NECESSARY FOR EXERTING ITS 

ANTI-APOPTOTIC EFFECTS 

Earlier, we have found that PRV US3, like its HSV-1 orthologue, is able to suppress 

apoptosis induced by virus infection or staurosporine (Geenen et al., 2005; Leopardi et al., 
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1997). To investigate a possible involvement of the kinase activity of US3 in apoptosis 

induced by an alphaherpesvirus infection or staurosporine addition, ST cells were transiently 

transfected with either pLacZ (a control plasmid), pKG1 (encoding WT US3), or pHF61 

(encoding kinase-dead US3), and, at 24 hours post transfection (hpt), subjected to 

apoptosis-inducing stimuli: infection with US3null PRV (Fig. 2A) or addition of 1.5 µM 

stauroporine (Fig. 2B). Transfected cells were subsequently analyzed for the activation of 

caspase-3. Both Fig. 2A and B show relative percentages of apoptosis, compared to the 

percentages of apoptosis observed in cells transfected with the control plasmid, and either 

infected with US3null PRV (Fig. 2A), or treated with staurosporine (Fig. 2B), which were set 

to 100%. Absolute percentages of apoptosis observed in cells transfected with the control 

plasmid and subsequently infected with US3null PRV or treated with staurosporine were 

approximately 30 to 40%. 

 

 
Figure 2. A kinase-dead US3 protein is unable to protect cells against apoptosis induced by 
US3null PRV or staurosporine. ST cells were transfected with pLacZ (control), pKG1 (WT US3) or 

pHF61 (kinase-dead US3). At 24 hpt, cells were inoculated with WT or US3null PRV (A), or cells were 

left untreated or treated with 1.5 µM staurosporine (B). Percentages of apoptotic transfected cells were 

determined by an immunofluorescence double staining of active caspase-3, and either V5 (pLacZ) or 

US3 (pKG1, pHF61), followed by fluorescence microscopy analysis. Percentages given are relative 

percentages compared to the number of apoptotic cells in pLacZ-transfected cells infected with 

US3null PRV (A) or treated with staurosporine (B) (each set to 100%). Data represent the mean and 

standard deviation of three independent assays.  

 

Infection of lacZ-transfected cells with WT instead of US3null PRV led to a decrease in the 

relative percentage of apoptotic cells from 100 to 68.6±4.1%. Similarly, transfection with WT 

US3 instead of lacZ and subsequent infection with US3null PRV led to a decrease in the 

relative percentage of apoptotic cells from 100 to 56.3±3.1%, all in agreement with earlier 

observations (Geenen et al., 2005). In contrast, cells transfected with the kinase-dead US3 
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were not able to withstand apoptosis induced by US3null PRV (relative percentage of 

apoptosis: 100.1±1.3%).  

Comparable results were obtained using staurosporine to induce apoptosis instead of 

US3null PRV, and are illustrated in Fig. 2B. Again, cells transfected with WT US3, but not 

with kinase-dead US3, were able to suppress apoptosis. Together, these results show that a 

functional kinase domain is necessary for the US3 protein of PRV to exert its anti-apoptotic 

function during infection and staurosporine treatment.  

 

3.3 INTACT KINASE ACTIVITY OF PRV US3 RESULTS IN PHOSPHORYLATION OF 

BAD  

For HSV-1, it has been shown that the US3 protein kinase phosphorylates, and thereby 

inactivates, the pro-apoptotic Bcl-2 family member Bad, which may partly explain the 

mechanism of the anti-apoptotic activity of this protein (Cartier et al., 2003a; Kato et al., 

2005a). We determined whether PRV US3 also results in phosphorylation of the pro-

apoptotic Bad. Since it has been shown that PRV US3 displays anti-apoptotic activity in both 

ST (Geenen et al., 2005) and HEp-2 cells (Ogg et al., 2004), we investigated a possible PRV 

US3-mediated Bad phosphorylation in both cell types. Phosphorylation of Bad in PRV-

infected HEp-2 and ST cells was assessed by detection of a band shift in Western blot 

analysis, as described before (Cartier et al., 2003a).  

Western blot analysis on HEp-2 (Fig. 3A) and ST cells (Fig. 3C) indeed revealed a shift of the 

Bad protein to a higher – likely phosphorylated – band during infection with WT PRV, 

compared to mock-infected cells. ST cells showed higher basal levels of phosphorylated Bad 

than HEp-2 cells (compare band patterns of mock-infected cells in Fig. 3A and Fig. 3C). 

Treatment of immunoprecipitated Bad from mock- or WT PRV-infected ST and HEp-2 cells 

with calf intestinal phosphatase (CIP) confirmed that the upper band represents 

phosphorylated Bad (Fig. 4). Infection with WT PRV resulted in Bad phosphorylation, 

whereas infection with US3null PRV did not (Fig. 3A and Fig. 3C, lanes 2 and 3), indicating 

that Bad phosphorylation is US3-mediated. Transfection of WT US3 prior to infection with 

US3null virus restored Bad phosphorylation, whereas transfection with kinase-dead US3 did 

not (Fig. 3A and Fig. 3C, lanes 4 and 5). Thus, intact kinase activity of PRV US3 results in 

phosphorylation of Bad in PRV-infected cells. These data indicate that phosphorylation, and 

thereby inactivation, of Bad may be of importance in explaining the anti-apoptotic effect of 

US3. In addition, for each condition the total amount of threonine-phosphorylated proteins 

was visualised on the ST blot, which confirmed that the lack of Bad phosphorylation in the 

US3null PRV-infected cells is not due to a general lack of serine/threonine phosphorylation in 
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these cells (data not shown). Proteins were phosphorylated to similar levels, regardless 

whether cells were infected with WT or US3null PRV, or whether cells were transfected with 

WT or kinase-dead US3 prior to US3null PRV infection, although, as expected, the 

phosphorylation pattern in infected cells differed from that in mock-infected cells (data not 

shown).  

 

 
Figure 3. Intact kinase activity of PRV US3 results in phosphorylation of the pro-apoptotic Bad 
protein in PRV-infected cells. (A-D) Kinase-intact PRV US3 induces Bad phosphorylation in PRV-

infected HEp-2 (A) and ST-cells (C). ST and HEp-2 cells were either not transfected (lane 1-3) or 

transfected with WT (pKG1; lane 4) or kinase-dead (pHF61; lane 5) PRV US3. At 24 hpt, cells were 

either mock-infected (lane 1), or infected with WT PRV (lane 2) or US3null PRV (lanes 3 to 5). At 24 

hpi, Western blot analysis with a polyclonal Bad antibody was performed. Panels B and D represent 

actin loading controls.  

 

Curiously, Bad appeared to migrate somewhat slower in PRV-infected versus mock-infected 

ST cells (Fig. 3C), possibly indicating that additional, US3-independent virus-mediated 

phosphorylation of Bad may occur during PRV infection. To check this possibility, 

immunoprecipitated Bad from mock- and WT PRV-infected ST and HEp-2 cells were treated 

with phosphatase (Fig. 4). We observed that upon phosphatase treatment, the upper Bad 

band in WT PRV-infected ST cells shifts down to the level of the lower Bad band, indicating 

that the US3-dependent alteration in Bad mobility is due to phosphorylation, but it does not 

shift further down to the level of the lower band in mock-infected cells (Fig. 4). This indicates 

that there is also a PRV-mediated US3-independent shift in Bad mobility in ST cells that is 
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not due to phosphorylation. Since the US3-independent alteration in Bad mobility occurs in 

ST, but not in HEp-2 cells, this seems to be cell type-dependent (Fig. 4).  
 

 

 
Figure 4. The upper Bad band represents phosphorylated Bad, and an additional, 
phosphorylation-independent Bad modification exists in PRV-infected ST cells, but not in HEp-
2 cells. ST (upper panel) and HEp-2 cells (lower panel) were mock- or WT PRV-infected. At 24 hpi, 

cells were lysed in the absence of phosphatase inhibitors, Bad was immunoprecipitated and then 

treated with either 0 or 10 units CIP for 1h at 37°C.  Bad mobility was analysed by Western blot, using 

a Bad-specific polyclonal antibody.  

 

 

3.4 THE US3- AND PHOSPHORYLATION-INDEPENDENT BAD MODIFICATION 

APPEARS TO BE PIG SPECIFIC AND OCCURS LATE IN INFECTION 

In order to further examine the PRV-induced US3- and phosphorylation-independent Bad 

modification in terms of species specificity, cell lines derived from different species (pig, 

human, rabbit, mouse, and African green monkey) were either mock-inoculated or infected 

with US3null PRV at an moi of 10. US3null PRV was used instead of WT PRV due to the 

presence of the lower Bad band upon US3null PRV-infection (Fig. 3C), making it easier to 

compare Bad mobility with the mock condition. Western blot analysis of Bad mobility showed 

that the additional Bad modification only appeared in porcine cell lines (Fig. 5A: ST, SK and 

PK-15 cells), indicating that the US3- and phosphorylation-independent Bad modification is 

indeed pig-specific. Also small differences in molecular weight between Bad proteins from 

different species could be observed (Fig. 5A).  

 

78 



PRV US3 kinase activity is required for apoptosis prevention 

 
Figure 5. The US3- and phosphorylation-independent Bad modification appears to be pig 
specific and occurs late in infection. (A) Porcine ST, SK and PK-15 cells on the one hand, and non-

porcine HEp-2, RK-13, MEF and Vero cells on the other hand were either mock (lanes indicated with 

‘1’) or US3null PRV (lanes indicated with ‘2’) inoculated at an moi of 10. Bad mobility was analysed by 

Western blot at 21 hpi. (B) ST cells were either mock- or WT PRV-inoculated at an moi of 10, and Bad 

mobility was analysed by Western blot at the indicated time points post inoculation. (C) ST cells were 

mock-inoculated, or infected with WT PRV in either the presence or absence of 250 µg/ml PAA. Bad 

mobility and US3 expression were analysed by Western blot at 12 hpi. 

 

To define the stage of infection where the US3- and phosphorylation-independent Bad 

modification occurs, ST cells were either mock- or WT PRV-inoculated at an moi of 10, and 

Bad protein mobility was analysed by Western blot at several time points post inoculation. 

This revealed that the yet unknown Bad modification appeared between 8 and 12 hpi, thus 

late in infection (Fig. 5B). This observation was confirmed by infecting ST cells with WT PRV 

in either the absence or presence of phosphono-acetic acid (PAA), an inhibitor of viral 

replication and thus late viral protein synthesis. In the presence of PAA, the phosphorylation-

independent Bad modification could not be observed (Fig. 5C). In addition, Bad became only 

partly phosphorylated in the presence of PAA, due to the absence of the US3 long isoform 

(Fig. 5C).  

In an attempt to identify the viral protein(s) responsible for this Bad modification, a variety of 

deletion mutants was tested, along with the isogenic WT viruses. All mutants showed the 

same Bad mobility as the WT viruses on Western blot, demonstrating that gB, gC, gD, gE, 

gG, gH, gK, gL, gM, gN, gI, and UL49 are not involved in this Bad modification (data not 

shown).  

In conclusion, the US3- and phosphorylation-independent Bad modification appears to be pig 

specific and occurs late in infection. The nature, modifying protein(s), and relevance of this 

additional Bad modification remain unclear. 
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4 DISCUSSION 

In the current report, we show that the intact kinase activity of the US3 kinase of PRV is 

required for rendering cells less susceptible towards apoptotic cell death, and results in 

phosphorylation of the pro-apoptotic protein Bad in PRV-infected cells. Moreover, we 

observed that in PRV-infected cells from porcine origin, but not from other species, an 

additional, US3- and phosphorylation-independent alteration of Bad occurs at late stages of 

infection. 

Our finding that a kinase-intact PRV US3 is required to protect cells from apoptosis and 

results in phosphorylation of the pro-apoptotic protein Bad in PRV-infected cells is in line with 

reports on the potential anti-apoptotic effect of HSV-1 US3, which has also been reported to 

phosphorylate Bad (Cartier et al., 2003a; Kato et al., 2005a; Ogg et al., 2004). These data 

indicate that phosphorylation, and thereby inactivation, of Bad may be of importance in 

explaining the anti-apoptotic effect of US3. This may also fit in our earlier observation that the 

mitochondria-located long isoform of US3 shows more pronounced anti-apoptotic activity 

than the short isoform, which does not migrate to mitochondria (Geenen et al., 2005). For the 

cellular protein kinase A (PKA), it has been shown before that its mitochondrial localization is 

of crucial importance for efficient phosphorylation of Bad, thereby preventing apoptosis 

(Harada et al., 1999). Of particular interest in this context is that HSV-1 US3 has been 

reported to functionally overlap PKA to prevent apoptosis (Benetti & Roizman, 2004) and has 

very recently been shown to co-fractionate with mitochondria (Poon et al., 2006b). However, 

it is important to also point out that it has been shown for HSV-1 that US3 still displays anti-

apoptotic activity in cells that express a mutant form of Bad that cannot be phosphorylated on 

the regulatory serines at positions 112, 136, and 155 (Bad3S/A) indicating that US3 may 

contain additional anti-apoptotic activities, other than Bad phosphorylation at these specific 

sites (Benetti et al., 2003; Ogg et al., 2004). Furthermore, it has also been shown that both 

HSV-1 and PRV US3 are able to block apoptosis induced by overexpression of Bax, a factor 

downstream of Bad, suggesting that US3 blocks caspase-3 activity downstream of the 

mitochondria, thereby inhibiting caspase-3-induced Bad activation (Condorelli et al., 2001; 

Munger & Roizman, 2001; Ogg et al., 2004).  

Besides the PRV US3-mediated Bad phosphorylation, we also observed an additional, US3- 

and phosphorylation-independent virus-mediated modification of Bad, which appeared to be 

pig-specific. Whether the species specificity is due to a species-specific difference in the Bad 

protein itself or rather to a species-specific difference in Bad modifying proteins remains 

unclear. Since the Bad protein appears fairly well conserved among different mammalian 

species (Fig. 6), it is difficult to hypothesize at this stage whether species- and/or cell type-
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specific Bad-modifying factors, rather than species-specific differences in Bad itself, are 

responsible for the observed species-specificity. Although we found that one or more late 

viral proteins are involved in this additional Bad modification, the precise identity of this viral 

protein(s) remains unknown. It will be interesting to further dissect the nature of this US3- 

and phosphorylation-independent Bad alteration and its possible role in apoptosis.  

 

 
Figure 6. Multiple sequence alignment of amino acid sequences of Bad proteins from different 
species. See Material and Methods for accession numbers. 

 

We also noticed that US3null PRV-infected cells expressing WT PRV US3 in trans show a 

somewhat better protection against apoptosis than WT PRV-infected cells (US3 in cis) (Fig. 

2). This is probably due to the higher expression levels of US3 in transfected cells than in 

infected cells, leading to a better protection against apoptosis.  
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In conclusion, we found that the kinase activity of PRV US3 is of critical importance for 

conferring resistance of cells to apoptosis, and that a kinase-intact PRV US3 leads to 

phosphorylation of the pro-apoptotic protein Bad.  
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Abstract 

Apoptosis of virus-infected cells may occur either as a direct response to viral infection or 

upon recognition of infected cells by the host immune system. Preventing apoptosis in early 

stages of infection of a host cell is generally thought to result in a higher yield of progeny 

virus. The US3 protein kinase of pseudorabies virus (PRV) and herpes simplex virus (HSV) 

is able to protect infected cells from apoptosis, which may be one of the reasons why both 

US3null PRV and US3null HSV replicate to lower virus titers in several, but not all, cell types. 

However, to date, such potential correlation between the higher amount of apoptosis in 

US3null virus-infected cells and the lower virus titers of US3null virus has not been 

investigated directly. In the current study, we found that a broad-spectrum caspase-inhibitor 

efficiently inhibited apoptosis in swine testicle (ST) and human laryngeal epidermoid 

carcinoma (HEp-2) cells infected with US3null or wild type (WT) PRV. However, inhibition of 

apoptosis did not affect US3null or WT PRV extracellular or cell-associated virus titers, nor 

did it restore the small plaque phenotype of US3null PRV. These data indicate that the lower 

virus titers and the reduced viral spread obtained using US3null PRV are not due to the 

increased level of apoptosis.   

 

 

Keywords: pseudorabies virus, US3 protein kinase, apoptosis, virus production 
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1 INTRODUCTION 

Apoptosis or programmed cell death is a strictly regulated cellular process that plays an 

important role in embryogenesis, tissue homeostasis, and elimination of damaged or 

potential harmful cells such as virus-infected cells or cancer cells (Thompson, 1995; 

Thomson, 2001). Apoptosis of virus-infected cells may occur either as a direct response to 

viral infection or upon recognition of infected cells by CD8+ cytotoxic T-lymphocytes or 

natural killer cells of the host immune system (Jerome et al., 1999). Apoptosis of virus-

infected cells early in the replication cycle is an intrinsic antiviral host defense mechanism 

eliminating virus-infected cells, and thus blocking further virus spread (Koyama et al., 2000). 

Therefore, several viruses encode proteins with anti-apoptotic properties, including viral 

homologues of cellular anti-apoptotic proteins such as Bcl-2, inhibitor of apoptotic proteins 

(IAPs), and FLICE inhibitory proteins (FLIPs) (Aubert & Blaho, 2001; Hay & Kannourakis, 

2002; Thomson, 2001). For Alphaherpesvirinae, the largest subfamily of the Herpesviridae, 

the conserved US3 serine/threonine kinase has been shown to possess anti-apoptotic 

properties in herpes simplex virus type 1 (HSV-1) (Benetti et al., 2003; Cartier et al., 2003a; 

Cartier et al., 2003b; Jerome et al., 1999; Leopardi et al., 1997; Munger & Roizman, 2001; 

Munger et al., 2001; Ogg et al., 2004), HSV-2 (Asano et al., 2000; Asano et al., 1999; Hata et 

al., 1999; Murata et al., 2002), varicella-zoster virus (Schaap et al., 2005), Marek’s disease 

virus (Schumacher et al., 2008), and pseudorabies virus (PRV) (Deruelle et al., 2007; 

Geenen et al., 2005; Ogg et al., 2004), but not in bovine herpesvirus type 1 (Takashima et 

al., 1999). Both PRV and HSV US3 render cells less susceptible towards apoptosis induced 

by infection (Asano et al., 2000; Asano et al., 1999; Geenen et al., 2005; Leopardi et al., 

1997), overexpression of pro-apoptotic proteins of the Bcl-2 family (Ogg et al., 2004), 

transfection of procaspase-3 (Benetti & Roizman, 2007), or several exogenous apoptotic 

stimuli (Cartier et al., 2003a; Geenen et al., 2005; Hata et al., 1999; Murata et al., 2002).  

The anti-apoptotic properties of PRV and HSV US3 may correlate with the fact that US3null 

PRV and US3null HSV reach lower end point titers than the wild type (WT) virus in different 

cell types (Coller & Smith, 2008; Kimman et al., 1994; Reynolds et al., 2002; Ryckman & 

Roller, 2004; Van den Broeke et al., 2009a). However, such potential correlation between the 

higher amount of apoptosis in US3null virus-infected cells and the lower virus titers of a 

US3null virus has not been directly examined yet. In this study, we found that blocking 

caspase-mediated apoptosis during infection did not increase US3null PRV virus titers or 

plaque size, indicating that the lower virus titers and spread often obtained with US3null PRV 

are not related to the anti-apoptotic activity of the US3 protein. 
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2 MATERIAL AND METHODS 

2.1 CELLS AND VIRUSES 

Swine testicle (ST) and human laryngeal epidermoid carcinoma (HEp-2) cells were cultured 

in Eagle’s minimal essential medium (MEM) supplemented with 10% foetal calf serum, 0.3 

mg/ml glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 0.05 mg/ml gentamycin, and 

either 1 mM sodium pyruvate (ST cells) or 1x MEM non-essential amino acids (HEp-2 cells). 

Both cell lines were grown at 37°C in a humidified incubator containing 5% CO2. Wild type 

(WT) and US3null PRV Nia3 (M118) viruses were kindly provided by the ID-DLO Institute in 

The Netherlands. The US3null PRV mutant is a WT PRV Nia3-derived mutant that was 

constructed by insertion of a palindromic oligonucleotide containing translational stop codons 

in all reading frames, in the 5’ part of the open reading frame (de Wind et al., 1990).  

 

2.2 ANTIBODIES AND REAGENTS  

Rabbit anti-active caspase-3 specific antibodies and the cell permeable, irreversible broad-

spectrum caspase inhibitor Q-VD-OPh (quinolyl-valyl-O-methylaspartyl-[2,6-difluoro-

phenoxy]-methyl ketone) were purchased from R&D Systems. DMSO, high viscosity sodium 

carboxymethylcellulose and saponin were from Sigma. Fluorescein isothiocyanate (FITC)-

labeled goat anti-rabbit antibodies and Hoechst 33342 were from Invitrogen. FITC-

conjugated polyclonal porcine anti-PRV antibodies were described earlier (Nauwynck & 

Pensaert, 1995a). 

 

2.3 INOCULATION 

Upon confluency, ST and HEp-2 cells were pre-incubated with either 10 µM Q-VD-OPh 

(1/1000 from a 10 mM stock solution in DMSO) or the corresponding amount of DMSO 

(1/1000) in culture medium for 1 h prior to infection. Inoculations were done in culture 

medium containing either 10 µM Q-VD-OPh or the corresponding amount of DMSO, 

depending on the pre-incubation. At 2 hours post inoculation (hpi), virus-containing medium 

was removed, and cells were washed either three times in PBS (determination of apoptosis, 

extracellular virus titers, and plaque sizes) or two times in PBS, then 1 min in citrate buffer 

(40 mM Na citrate, 10 mM KCl, 135 mM NaCl, pH 3.0) to inactivate any extracellular virions 

(Tirabassi & Enquist, 1998), and finally three times in PBS (determination of cell-associated 

virus titers). Subsequently, cells were further incubated in new medium containing either 10 

µM Q-VD-OPh or the corresponding amount of DMSO. For plaque-assays, a final 
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concentration of 1% high viscosity sodium carboxymethylcellulose was added from 2 hpi 

onwards in order to disable secondary plaque formation. Infections were performed at a 

multiplicity of infection (moi) of 10, with exception of the plaque-assays (moi of 0.00002). 

 

2.4 ACTIVE CASPASE-3 IMMUNOFLUORESCENCE STAINING 

At 24 hpi, supernatants were collected to prevent loss of apoptotic cells, and adherent cells 

were detached from the cell culture plates (Nunc) by trypsinisation. All cells were then 

washed in ice cold PBS, fixed in 3% paraformaldehyde for 10 minutes at room temperature, 

and finally washed twice in PBS. Subsequently, cells were stained in suspension for active 

caspase-3, using rabbit anti-active caspase-3 specific antibodies (1/200) for primary 

incubation, and a FITC-conjugated goat anti-rabbit antibody (1/200) for secondary 

incubation. Antibody dilutions were made in PBS containing 0.1% saponin (to permeabilize 

the cells) and 10% negative goat serum, and all antibody incubations were done for 1 h at 

37°C. Cells were washed twice in 0.1% saponin in PBS after each incubation. Before two 

final washing steps in PBS, nuclei were counterstained using 10 µg/ml Hoechst 33342 in 

PBS for 5-10 minutes at room temperature. Finally, cells were mounted in a 

glycerine/DABCO/PBS solution, and analyzed by fluorescence microscopy (Leica). For each 

condition, 400 cells were scored per experiment. Three independent experiments were 

performed, and the mean percentage of active caspase-3 positive cells and the 

corresponding standard deviation were determined.  

 

2.5 VIRUS TITRATIONS 

To determine extracellular virus titers, supernatants were collected at 24 hpi, centrifuged to 

remove cellular debris, and stored at -70°C until virus titration on ST cells. To determine cell-

associated virus titers, cells were scraped in medium at 24 hpi and subsequently washed 

three times in PBS. Two freeze-thaw cycles were performed before titration on ST cells. Both 

extracellular and cell-associated virus titers were determined at 7 days post inoculation using 

the Reed-Muench formula and were expressed as logTCID50/ml (Reed & Muench, 1938). 

Three independent replicates of each experiment were performed, and the mean virus titer 

and corresponding standard deviation were determined.  

 

2.6 PLAQUE ASSAYS 

ST cells were infected with WT or US3null PRV at an moi of 0.00002 as described above. At 

24, 48 and 72 hpi, cells were washed in PBS until all sodium carboxymethylcellulose was 
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removed, and subsequently fixed in 100% methanol for 20 minutes at -20°C. Virus plaques 

were visualized by incubating cells with FITC-labeled polyclonal porcine anti-PRV antibodies 

(diluted 1/200 in PBS) for 1 h at 37°C. Nuclei were counterstained using 10 µg/ml Hoechst 

33342 for 10 minutes at room temperature before washing in PBS. Plaque sizes were 

measured using the image-processing software ImageJ (Abramoff et al., 2004). The mean 

plaque size and standard deviation of three independent experiments was calculated in 

square pixels and later converted to arbitrary units.  

 

2.7 STATISTICS 

Statistical data analysis was performed using a Student’s t-test (α=0.05). 

 

 

3 RESULTS 

3.1 US3NULL PRV REPLICATES TO LOWER EXTRACELLULAR AND CELL-
ASSOCIATED VIRUS TITERS THAN WT PRV IN HEP-2 AND, TO A LESSER 

EXTENT, ST CELLS 

It has been reported that US3null PRV reaches lower virus titers compared to WT PRV in 

some cell types (Coller & Smith, 2008; Kimman et al., 1994; Van den Broeke et al., 2009a), 

and that US3 prevents apoptosis of PRV-infected cells during late stages of infection 

(Deruelle et al., 2007; Geenen et al., 2005). Two cell lines in which the anti-apoptotic 

properties of PRV US3 were demonstrated before were screened in order to verify whether 

virus titers of US3null PRV were substantially lower compared to WT PRV: swine testicle 

(ST) and human laryngeal epidermoid carcinoma (HEp-2) cells (Deruelle et al., 2007; 

Geenen et al., 2005; Ogg et al., 2004). Both cell lines were either WT or US3null PRV-

infected, and extracellular and cell-associated virus titers were determined at 24 hours post 

inoculation (hpi). In ST cells, the US3null PRV extracellular virus titer was 1.1 logTCID50/ml 

lower than the WT PRV extracellular virus titer (Fig. 1A), which is similar as observed before 

(Van den Broeke et al., 2009a). This difference was more pronounced in HEp-2 cells, where 

a 3.5 logTCID50/ml difference was observed (Fig. 1A). Cell-associated virus titers yielded 

similar results, albeit with somewhat smaller differences (0.73 and 2.6 logTCID50/ml for ST 

and HEp-2 cells, respectively) (Fig. 1B). In conclusion, US3null PRV replicates to lower virus 

titers than WT PRV in HEp-2 and, to a lesser extent, ST cells.  
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Figure 1. US3null PRV replicates to lower virus titers than WT PRV in HEp-2 and, to a lesser 
extent, ST cells. ST and HEp-2 cells were either WT or US3null PRV-infected at an moi of 10, and 

both extracellular (A) and cell-associated (B) virus titers were determined at 24 hpi. Data represent the 

mean and standard deviation of three independent replicates. Differences between WT and US3null 

PRV virus titers indicated with an asterisk are statistically significant by the Student’s t-test (α=0.05).  

 

3.2 THE BROAD-SPECTRUM CASPASE INHIBITOR Q-VD-OPH EFFICIENTLY 

BLOCKS PRV-INDUCED APOPTOSIS IN ST AND HEP-2 CELLS  

Before investigating the impact of apoptosis on PRV virus production and spread in ST and 

HEp-2 cells, the effect of the cell permeable and irreversible broad-spectrum caspase 

inhibitor Q-VD-OPh (quinolyl-valyl-O-methylaspartyl-[2,6-difluorophenoxy]-methyl ketone) on 

the level of PRV-induced apoptosis was examined. Q-VD-OPh has been shown to be 

significantly more effective in preventing apoptosis than other pan-caspase inhibitors such as 

ZVAD-fmk and Boc-D-fmk, and also to be equally effective in preventing apoptosis mediated 

by three major apoptotic pathways: caspase 9/3, caspase 8/10, and caspase 12 (Caserta et 

al., 2003). Since the caspase inhibitor Q-VD-OPh was dissolved in DMSO, a solvent control 

to monitor any DMSO-related effect(s) was used. The percentage of apoptotic ST and HEp-2 

cells upon mock, WT PRV or US3null PRV-inoculation, either in the absence or the presence 

of 10 µM Q-VD-OPh, was quantified at 24 hpi by immunofluorescence staining of active 

caspase-3 (Fig. 2). Both in ST (Fig. 2A) and HEp-2 (Fig. 2B) cells, US3null PRV infection in 

the absence of Q-VD-OPh resulted in a 4-fold higher percentage of apoptotic cells compared 

to WT PRV, confirming the anti-apoptotic properties of PRV US3, all in agreement with our 

previous observations  (Deruelle et al., 2007; Geenen et al., 2005; Van den Broeke et al., 

2009a). In contrast, almost no apoptotic cells were detected upon WT or US3null PRV 
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infection of ST and HEp-2 cells in the presence of 10 µM Q-VD-OPh. Hence, the broad-

spectrum caspase inhibitor Q-VD-OPh efficiently blocks (US3null) PRV-induced apoptosis in 

both ST and HEp-2 cells, making it a suitable tool to study the effect of apoptosis on PRV 

virus production and spread.  

 

 
Figure 2. The broad-spectrum caspase inhibitor Q-VD-OPh blocks PRV-induced apoptosis in 
ST and HEp-2 cells. ST (A) and HEp-2 (B) cells were either mock, WT PRV or US3null PRV-infected 

at an moi of 10, either in the absence (white bars) or presence (black bars) of 10 µM Q-VD-OPh. 

Percentage of apoptotic cells was determined at 24 hpi by immunofluorescence staining of active 

caspase-3. Data represent the mean and standard deviation of three independent experiments. 

Percentages indicated by the same letter do not statistically significant differ by the Student’s t-test 

(α=0.05). 

 

3.3 THE BROAD-SPECTRUM CASPASE INHIBITOR Q-VD-OPH DOES NOT 

AFFECT EXTRACELLULAR OR CELL-ASSOCIATED VIRUS TITERS IN PRV-
INFECTED ST AND HEP-2 CELLS 

Since the broad-spectrum caspase inhibitor Q-VD-OPh was able to efficiently inhibit 

apoptosis in (US3null) PRV-infected ST and HEp-2 cells, the effect of the inhibitor on 

(US3null) PRV virus titers was tested in both cell lines. Therefore, ST and HEp-2 cells were 

inoculated with WT or US3null PRV, either in the absence or presence of 10 µM Q-VD-OPh, 

and both extracellular (Fig. 3A) and cell-associated (Fig. 3B) virus titers were determined at 

24 hpi. Addition of the broad-spectrum caspase inhibitor Q-VD-OPh did not affect any of the 

virus titers obtained for WT and US3null PRV in either cell type (Fig. 3A and Fig. 3B). These 

data indicate that the lower virus titers observed in US3null PRV-infected ST and HEp-2 cells 

are not due to the higher percentage of apoptotic cells upon infection with US3null PRV.  
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Figure 3. Blocking apoptosis does not affect extracellular or cell-associated virus titers in ST 
and HEp-2 cells. ST and HEp-2 cells were either WT or US3null PRV-infected at an moi of 10, either 

in the absence (white bars) or presence (black bars) of 10 µM Q-VD-OPh. Extracellular (A) and cell-

associated (B) virus titers were determined at 24 hpi. Data represent the mean and standard deviation 

of three independent experiments. NS: not statistically significant by the Student’s t-test (α=0.05).  

 

3.4 THE BROAD-SPECTRUM CASPASE INHIBITOR Q-VD-OPH DOES NOT 

RESTORE THE SMALL PLAQUE PHENOTYPE OF US3NULL PRV 

US3null PRV has been reported before to display a small plaque phenotype (Demmin et al., 

2001), which is in line with our previous observation that US3null PRV plaques are 4-fold 

smaller than WT PRV plaques in ST cells at 24 hpi (Fig. 4A). Therefore, we checked whether 

inhibiting apoptosis increased the plaque size of US3null PRV or, as a control, WT PRV. 

Only ST cells were used in this assay since US3null PRV was unable to produce plaques in 

HEp-2 cells (data not shown). ST cells were infected with US3null or WT PRV at a very low 

moi in either the presence or absence of 10 µM Q-VD-OPh. At 24, 48, and 72 hpi, plaques 

were visualized by immunofluorescence staining of PRV antigens, and plaque sizes were 

measured using the image-processing software ImageJ (Abramoff et al., 2004). The efficacy 

of the inhibitor to inhibit apoptosis was checked at each time point (data not shown). Plaque 

sizes of US3null PRV were considerably smaller than WT PRV plaques at all time points 

tested, but the size of either US3null or WT PRV plaques was not affected by blocking 

caspase-mediated apoptosis (Fig. 4B), further indicating that factors other than apoptosis are 

involved in the observed lower US3null PRV virus titers and viral spread.  
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Figure 4. Blocking apoptosis does not affect PRV plaque size in ST cells. (A) Pictures show 

representative immunofluorescence images of a WT and a US3null PRV plaque in a monolayer of ST 

cells at 24 hpi. Viral antigens were stained using FITC-labeled polyclonal anti-PRV antibodies. Images 

were taken with a 10x objective. (B) WT and US3null PRV plaque sizes at the indicated time points 

post inoculation of ST cells with US3null PRV at a very low moi, either in the absence (white bars) or 

presence (black bars) of 10 µM Q-VD-OPh. Data represent the mean and standard deviation of three 

independent experiments. NS: not statistically significant by the Student’s t-test (α=0.05).  

 

4 DISCUSSION 

In the current study, we confirm that PRV US3 has anti-apoptotic properties and that US3null 

PRV shows a cell type dependent reduction in the yield of infectious virus. In addition, we 

found that the broad-spectrum caspase inhibitor Q-VD-OPh efficiently inhibits apoptosis in 

(US3null) PRV-infected cells. Perhaps somewhat surprisingly, a direct correlation between 

the higher level of apoptosis in US3null PRV-infected cells and the reduced virus titers and 

viral spread of US3null PRV could not be demonstrated.  

In line with previous reports on PRV and HSV-1, we found that a US3null PRV showed a cell 

type dependent growth impairment compared to the parental WT virus. Indeed, at 24 hpi, 

US3null PRV virus titers were lower than WT PRV virus titers in HEp-2 cells and, to a lesser 

extent, ST cells (Fig. 1). Earlier, Kimman et al. (1994) reported that deletion of US3 had a 

substantial effect on PRV growth in L14 cells, an immortalized B cell line from porcine origin, 

but only a very marginal effect in SK cells (respectively 1.5 logTCID50/ml and 0.5 

logTCID50/ml lower than WT PRV virus titers, both at 24 and 48 hpi). This also fits with a 

previous report on HSV-1, stating that US3null HSV-1 showed an impaired growth in HEp-2 

cells (≥1 logTCID50/ml lower than WT HSV-1), but not in Vero cells. A US3 kinase-dead 

mutant of HSV-1 displayed growth characteristics similar to US3null HSV-1 (Ryckman & 
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Roller, 2004), indicating that the US3 kinase activity is required for the virus to proliferate 

and/or spread efficiently, at least in these cell types where an effect of US3 is observed. In 

this context, it is interesting that it has been demonstrated that both PRV and HSV-1 US3 

also require their kinase activity to exert their anti-apoptotic effect, and that they are able to 

phosphorylate, and thereby inactivate, the pro-apoptotic protein Bad (Cartier et al., 2003a; 

Deruelle et al., 2007; Ogg et al., 2004). An ORF66null varicella-zoster virus (VZV) reached 

titers similar to those of the parental VZV in human melanoma MeWo cells (Heineman et al., 

1996). However, no other cell lines were included in the study, so it remains to be studied 

whether ORF66null VZV also displays a cell type dependency in its growth efficiency or not. 

We found that the broad-spectrum caspase inhibitor Q-VD-OPh did not affect extracellular or 

cell-associated virus titers in PRV-infected ST or HEp-2 cells, indicating that the lower virus 

titers obtained for US3null PRV in these cells are not due to the higher level of apoptosis 

(Fig. 3). In addition, plaque sizes of US3null and WT PRV were not affected when blocking 

apoptosis by Q-VD-OPh (Fig. 4B). Since plaque assays were done over a period of 72 hpi 

and thus include several replication cycles, subtle differences in replication would be 

expected to accumulate over time and result in noticeable effects at 72 hpi. Hence, the 

plaque assays further indicate that factors other than apoptosis are involved in the observed 

lower US3null PRV virus titers and viral spread. Further in line with this notion is our 

observation that ST cells show a modest defect in US3null PRV replication but are highly 

prone to apoptosis after US3null PRV infection, whereas the opposite is true for HEp-2 cells 

(Fig. 1 and Fig. 2). 

It is highly unlikely that differences in virus titers and plaque sizes between WT and US3null 

PRV upon Q-VD-OPh treatment are due to caspase-independent apoptosis. Indeed, addition 

of Q-VD-OPh resulted in an almost complete reduction of active caspase-3 positive ST and 

HEp-2 cells, and we demonstrated previously that quantification of apoptotic cells by either 

staining of activated caspase-3 or TUNEL assay gave similar results (Geenen et al., 2005), 

indicating that the majority of, if not all, PRV-induced apoptosis is caspase-3 dependent. Q-

VD-OPh was active at the different time points included in the study, which is in line with a 

previous report demonstrating that Q-VD-OPh is stable for at least 48 h (Caserta et al., 

2003), and thus excluding the possibility that the unaffected virus titers and plaque sizes 

were due to chemical breakdown of the inhibitor. In order to explain the lack of correlation 

between higher apoptosis levels, and either lower virus titers or reduced viral spread 

observed for US3null PRV, it may be of importance that we have reported before that 

apoptosis in US3null PRV-infected cells occurs late in infection, i.e. between 12 and 24 hpi 

(Geenen et al., 2005; Van den Broeke et al., 2009a). Since alphaherpesviruses have a short 

replication time, leading to infectious virus production from as early as 6 hpi onwards, the 

bulk of infectious virus may be produced before apoptosis of US3null PRV-infected cells. 
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Interestingly, besides its role in anti-apoptosis, PRV US3 is also involved in the efficient de-

envelopment of primary enveloped virus particles during viral egress from the nucleus (Klupp 

et al., 2001; Wagenaar et al., 1995), and in the induction of actin cytoskeletal 

rearrangements (Favoreel et al., 2005). Based on our current data, it would appear relatively 

straightforward to correlate the defect in nuclear egress of a US3null virus with the reduced 

virus titers. However, there is evidence both pro and contra this hypothesis. Indeed, for HSV-

1, it has been shown that a US3null virus displays an accumulation of primary enveloped 

virus particles in the perinuclear region of different cell types, including HEp-2 and Vero cells 

(Reynolds et al., 2002; Ryckman & Roller, 2004). However, in contrast to HEp-2 cells, 

US3null HSV-1 has been found to replicate to WT levels in Vero cells (Ryckman & Roller, 

2004), suggesting that the lower titers of a US3null virus may not be (solely) due to effects of 

US3 on nuclear egress. The effects of US3 on the actin cytoskeleton have recently been 

attributed to an interaction of US3 with p21-activated kinases (PAKs) 1 and 2, and 

extracellular virus titers were reduced in WT PRV-infected PAK2 knock-out (PAK2-/-) cells 

(Van den Broeke et al., 2009b). Interestingly, PAKs are not only involved in rearrangements 

of the actin cytoskeleton (Van den Broeke et al., 2009b), but also in anti-apoptotic effects 

(Cotteret et al., 2003; Gnesutta et al., 2001; Jakobi et al., 2001; Rudel & Bokoch, 1997; 

Schurmann et al., 2000; Tang et al., 2000). Based on our current study, we hypothesize that 

these reduced PRV titers on PAK2-/- cells are more likely due to the effect of PAK2 on the 

actin cytoskeleton, rather than the effect of PAK2 on apoptosis. 

Although our data indicate that the lower virus titers observed for US3null virus are not 

directly correlated with the anti-apoptotic activity of US3, it is important to point out that we do 

not conclude that there is no correlation between viral anti-apoptotic strategies and a higher 

yield of infectious virus in general. As mentioned before, apoptosis in US3null PRV-infected 

cells occurs late in infection, when virus titers have already reached their maximum. This is 

possibly due to additional anti-apoptotic viral proteins other than US3, at least partly 

compensating for the loss of US3 due to redundancy. In this case, a significantly reduced 

virus yield due to apoptosis should only be expected when several genes encoding anti-

apoptotic proteins would be deleted. To date, for PRV, the US3 protein is the only viral 

protein that has been reported to possess anti-apoptotic properties. In contrast, several HSV-

1 and HSV-2 encoded anti-apoptotic proteins have been reported. For HSV-1, it has been 

demonstrated that besides US3 (Aubert et al., 1999; Benetti & Roizman, 2007; Benetti et al., 

2003; Cartier et al., 2003a; Cartier et al., 2003b; Hagglund et al., 2002; Jerome et al., 1999; 

Leopardi et al., 1997; Munger & Roizman, 2001; Munger et al., 2001; Ogg et al., 2004), US5 

(gJ) (Aubert et al., 2008a; Jerome et al., 1999; Jerome et al., 2001; Zhou et al., 2000a), US6 

(gD) (Zhou et al., 2000a), ICP4 (Leopardi & Roizman, 1996), ICP6 (Langelier et al., 2002), 

ICP22 (Aubert et al., 1999), and ICP27 (Aubert & Blaho, 1999; Aubert et al., 1999) proteins 
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render cells less susceptible towards different apoptotic stimuli. For HSV-2, besides US3 

(Asano et al., 2000; Asano et al., 1999; Hata et al., 1999; Murata et al., 2002), ICP10 

(Golembewski et al., 2007; Langelier et al., 2002; Perkins et al., 2003; Perkins et al., 2002a; 

Perkins et al., 2002b) has been reported to protect cells from apoptosis. It will be interesting 

to dissect the potential anti-apoptotic function of different PRV proteins and to determine their 

combined effect on infectious virus production. 

In conclusion, based on our current data, it may be suggested that the effects of US3 on 

nuclear egress, the actin cytoskeleton and/or still undefined processes, rather than on the 

apoptosis machinery, are involved in US3-mediated efficient infectious virus production and 

spread.  
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Abstract 

The production of interferons (IFNs) by virus-infected cells and the subsequent induction of 

an antiviral state in neighboring, yet uninfected, cells form the major innate immune response 

against viral infections. Therefore, several viruses, including (alpha)herpesviruses, have 

evolved mechanisms interfering with several components of the IFN-system. For herpes 

simplex virus type 1, besides other viral proteins, the US3 protein kinase has been described 

to render cells less susceptible towards the IFN-α-mediated antiviral effect. In the current 

study, we report that pseudorabies virus (PRV) US3 does not counteract an IFN-α-induced 

antiviral state during PRV infection of two different porcine cell lines. Indeed, both relative 

plaque number and relative plaque size did not differ between WT and US3null PRV infection 

of swine testicle (ST) and porcine kidney (PK-15) cells with increasing IFN-α concentrations. 

 

 

 

Keywords: peudorabies virus, US3 protein kinase, IFN-α, plaque number, plaque size 
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1 INTRODUCTION 

Interferons (IFNs), a multigene family of inducible cytokines, cause an aspecific antiviral 

defense immediately after infection, and are hence key factors in the host innate immune 

response against viral infections. Three groups of IFNs can be distinguished: type I, type II, 

and type III IFNs. Type I IFNs mainly consist of IFN-α and IFN-β and are synthesized by 

most cell types upon virus infection, while type II IFNs mainly consist of IFN-γ and are 

synthesized by certain cells of the immune system upon antigenic or mitogenic stimuli 

(Mossman, 2002; Samuel, 2001). Type III IFNs, also known as IFN-λ or IL-28/29, have 

biological activities similar to type I IFNs, but induce an antiviral defense primarily at epithelial 

surfaces. Three IFN-λ genes have been identified so far. Type III IFNs are mainly produced 

by plasmacytoid dendritic cells (pDCs) upon virus infection (Ank & Paludan, 2009). IFN-α, 

IFN-β, and IFN-λ are of particular importance in the host innate immune response against 

viral pathogens. IFN-γ mainly plays a role in mediating long term control of viral infections, 

since it is involved in both innate and adaptive immunity (Ank & Paludan, 2009; Samuel, 

2001).  

The production of type I IFNs by virus-infected cells and the subsequent induction of an 

antiviral state in neighboring cells form the major innate immune response against viral 

infections. Hence, it is not surprising that many viruses, including herpesviruses, have 

evolved mechanisms to inhibit the antiviral effects of IFNs by interfering with either IFN 

production, IFN signaling through the JAK/STAT pathway, and/or function of IFN-induced 

antiviral proteins (Garcia-Sastre & Biron, 2006; Mossman, 2002; Mossman & Ashkar, 2005; 

Samuel, 2001). For alphaherpesviruses, the largest subfamily of the herpesviruses, multiple 

viral proteins counteracting IFN-mediated antiviral strategies have been described. For 

herpes simplex virus type 1 (HSV-1), it has been demonstrated that the proteins ICP0, 

ICP27, γ34.5, US3, and US11 interfere with the IFN-mediated innate immunity in various 

ways (reviewed in (Paladino & Mossman, 2009)). For bovine herpesvirus type 1 (BoHV-1), 

bICP0 has been shown to inhibit IFN-dependent transcription in the absence of other viral 

genes (Henderson et al., 2005). The varicella-zoster virus (VZV) IE63 protein, an HSV-1 

ICP22 orthologue, is able to overcome an IFN-α-induced antiviral response (Ambagala & 

Cohen, 2007). In addition, the ORF66 protein kinase of VZV, an orthologue of HSV-1 US3, is 

able to interfere with the induction of the IFN-γ signaling pathway in infected T cells (Schaap 

et al., 2005). Relatively little is known about how PRV circumvents the IFN-mediated innate 

immune response (Brukman & Enquist, 2006a). PRV lacks orthologues of the HSV-1 γ34.5 

and US11 proteins, but does encode orthologues of HSV-1 ICP0 (EP0), HSV-1 ICP27 
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(UL54), VZV IE63 (RSp40), and HSV-1 US3/VZV ORF66. PRV EP0 has been described to 

counteract an IFN-induced antiviral state in cells from its natural host, the pig, but not in cells 

from non-natural hosts (Brukman & Enquist, 2006b). PRV is able to overcome a type I IFN-

mediated innate immune response to some extent since the expression of a subset of genes 

normally induced by IFN-β was not induced during PRV infection, due to an inefficient STAT1 

phosphorylation. Reduced STAT1 phosphorylation was EP0-independent, and virus binding 

and entry were sufficient to reduce STAT1 phosphorylation, indicating that structural 

components of the virus particle are responsible for this process (Brukman & Enquist, 

2006a). Therefore, in the current study, we investigated whether the US3 protein kinase of 

PRV, which is part of the tegument of the virus, renders swine testicle (ST) and/or porcine 

kidney (PK-15) cells less susceptible to IFN-α during PRV infection. 

 

 

2 MATERIAL AND METHODS 

2.1 CELLS, VIRUSES, AND INOCULATION 

Swine testicle (ST) were cultured in Eagle’s minimal essential medium supplemented with 

10% foetal calf serum (FCS), 0.3 mg/ml glutamine, 100 U/ml penicillin, 0.1 mg/ml 

streptomycin, 0.05 mg/ml gentamycin, and 1 mM sodium pyruvate. Porcine kidney PK-15 

cells were cultured in ST medium without sodium pyruvate. Both ST and PK-15 cells were 

grown in 24-well plates (Nunc) at 37°C in a humidified incubator containing 5% CO2.  

Wild type (WT) and US3null PRV Nia3 (M118) were kindly provided by the ID-DLO Institute 

(Lelystad, The Netherlands). The US3null Nia3 mutant was constructed from WT PRV Nia3 

virus by insertion of a palindromic oligonucleotide containing translational stop codons in all 

reading frames, in the 5’ part of the open reading frame (ORF) (de Wind et al., 1990).  

Cells were grown to confluency, and then either not pre-incubated or pre-incubated with 

500µl 10, 50 or 100 U/ml porcine IFN-α for 24 h. Cells were subsequently washed in PBS 

and inoculated with either WT or US3null PRV in culture medium at a multiplicity of infection 

(moi) of 0.00002. At 2 hours post inoculation (hpi), virus-containing medium was removed, 

cells were washed twice in PBS, and 500µl new medium containing 1% high viscosity 

sodium carboxymethylcellulose and the appropriate IFN-α concentration was added for 

another 22h.  
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2.2 ANTIBODIES AND REAGENTS  

Fluorescein isothiocyanate (FITC)-labeled polyclonal porcine anti-PRV antibodies were 

described earlier (Nauwynck & Pensaert, 1995a). Recombinant porcine interferon alpha 

(IFN-α) was purchased from R&D Systems, high viscosity sodium carboxymethylcellulose 

from Sigma, and Hoechst 33342 from Invitrogen.  

 

2.3 IMMUNOFLUORESCENCE STAINING 

At 24 hpi, cells were washed in PBS and subsequently fixed in 100% methanol for 20 

minutes at -20°C. Virus plaques were visualized by incubating cells with FITC-labelled 

polyclonal porcine anti-PRV antibodies (diluted 1/100 in PBS) for 1 h at 37°C. Nuclei were 

counterstained using 10 µg/ml Hoechst 33342 for 10 minutes at room temperature before the 

final washing steps in PBS. 

 

2.4 PLAQUE ANALYSIS 

Plaques were visualized by fluorescence microscopy (Leica) and plaque sizes were 

measured using the free image-processing program ImageJ (Abramoff et al., 2004). The 

mean and standard deviation of 3 independent experiments was calculated. All conditions 

were done in 3-fold for each independent experiment, and the mean plaque number and 

mean plaque size of each experiment was used to calculate the overall mean and standard 

deviation. The mean size of maximum 20 plaques per condition was calculated for each 

experiment. 

 

 

3 RESULTS 

In order to study a possible involvement of PRV US3 in counteracting an IFN-mediated 

innate antiviral response during PRV infection, ST and PK-15 cells were either not pre-

incubated or pre-incubated with 10, 50 or 100 U/ml IFN-α for 24h, and then inoculated with 

either WT or US3null PRV at a low multiplicity of infection. Viral plaques were visualized by 

immunofluorescence staining of viral proteins at 24 hpi. Both in ST and PK-15 cells, WT 

plaques were 3 to 4-fold larger than US3null plaques, both in the absence or presence of 

IFN-α (Fig. 1). In addition, in the absence of IFN-α, both WT and US3null plaques were 3 to 

4-fold smaller in PK-15 cells compared to the respective plaques in ST cells (Fig. 1).  
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Figure 1. Morphology of WT and US3null PRV plaques in ST and PK-15 cells at 24hpi. 
Representative immunofluorescence images of WT (A, B, E, F) and US3null (C, D, G, H) PRV plaques 

in a monolayer of ST or PK-15 cells at 24 hpi either in the absence (A, C, E, G) or presence (B, D, F, 

H) of 100 U/ml IFN-α. Viral antigens were stained using FITC-labeled polyclonal anti-PRV antibodies. 

Images were taken with a 10x objective.  

 

In order to facilitate the comparison between potential US3-dependent differences in IFN-

mediated reductions in plaque number and plaque size, both plaque number and plaque size 

upon WT and US3null PRV infection without IFN-treatment were set to 100% for each cell 

line. WT and US3null PRV plaque number and plaque size decreased with increasing doses 

of IFN-α in both cell lines (Fig. 2). No significant differences in decrease of relative plaque 

number (Fig. 2A and Fig. 2C) or relative plaque size (Fig. 2B and Fig. 2D) between WT and 

US3null PRV-infected cells were observed at any of the IFN concentrations used, neither in 

ST cells, nor in PK-15 cells. Noteworthy, the effect of IFN-α on PRV replication was 

significantly smaller in PK-15 cells compared to ST cells (Fig. 1 and Fig. 2), indicating that 

differences in cell type may contribute to differences in IFN sensitivity. 

In conclusion, our data indicate that PRV US3 does not confer resistance to an IFN-α 

induced antiviral defense during PRV infection of porcine ST and PK-15 cells. 
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Figure 2. PRV US3 does not affect the sensitivity of PRV towards IFN-α during infection of ST 

or PK-15 cells. Relative plaque number (A, C) and relative plaque size (B, D) in WT (black bars) and 

US3null (white bars) PRV-infected ST or PK-15 cells that were either untreated or treated with 10, 50 

or 100 U/ml IFN-α. For both cell lines, plaque number and plaque size in untreated WT and US3null 

PRV-infected cells were set to 100% (absolute values did differ). Data represent the mean and 

standard deviation of three independent experiments. 

 

 

4 DISCUSSION 

Here, we report that PRV US3 does not counteract an IFN-α-induced antiviral state during 

PRV infection of ST and PK-15 cells. Since both EP0-dependent and -independent 

interactions with the IFN-mediated antiviral defense have been reported for PRV (Brukman & 

Enquist, 2006a, b), our data indicate that for PRV, besides EP0, viral protein(s) other than 

US3 are involved in making cells less susceptible to the antiviral effect of IFN.  

Our data on PRV appear to be in contrast to those on HSV-1 US3, since for HSV-1, both 

plaque number and plaque size were more reduced with increasing concentrations of IFN-α 

in US3null HSV-1-infected Vero cells compared to WT HSV-1-infected Vero cells 

(Piroozmand et al., 2004). Although the mechanism remained unclear, the HSV-1 US3 

inhibitory effect on the IFN-α-mediated pathway was downstream of the IFN signalling since, 

like in our study, cells were pre-incubated with exogenous IFN-α. Thus, HSV-1 US3 seems 
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to interfere with the functions of the IFN-induced antiviral cellular proteins. In addition, it has 

recently been suggested that HSV-1 US3 may also affect type I IFN synthesis, since HSV-1 

US3 has been shown to downregulate the HSV-1-induced Toll-like receptor 3-mediated 

response leading to IFN-β synthesis (Peri et al., 2008). Whether the kinase activity of the 

HSV-1 US3 protein is required for its IFN-inhibiting activities has not been investigated yet. 

Interestingly, in this context, HSV-1 US3 has recently been shown to be involved in blocking 

IFN-γ dependent gene expression by phosphorylating the α-subunit of the IFN-γ receptor 

(Liang & Roizman, 2008). For VZV, deletion of the US3 kinase orthologue ORF66 resulted in 

a higher level of STAT1 phosphorylation, and thus reduced the capacity of the virus to 

interfere with the induction of the IFN-γ signaling pathway in infected T cells following 

exposure of IFN-γ (Schaap et al., 2005).  

It is not unusual that a function of US3 is not (fully) conserved between orthologues of 

different alphaherpesviruses. Indeed, it has been shown that US3 possesses anti-apoptotic 

properties in HSV-1 (Benetti et al., 2003; Cartier et al., 2003a; Cartier et al., 2003b; Jerome 

et al., 1999; Leopardi et al., 1997; Munger & Roizman, 2001; Munger et al., 2001; Ogg et al., 

2004), HSV-2 (Asano et al., 2000; Asano et al., 1999; Hata et al., 1999; Murata et al., 2002), 

VZV (Schaap et al., 2005), PRV (Deruelle et al., 2007; Geenen et al., 2005), and MDV 

(Schumacher et al., 2008), but not in BoHV-1 (Takashima et al., 1999). Furthermore, the 

kinase activity of US3 has been reported to be required for US3-mediated actin cytoskeletal 

rearrangements induced by PRV (Van den Broeke et al., 2009a) and HSV-2 (Finnen et al., 

2009; Murata et al., 2000), but not for US3-mediated actin changes induced by Marek’s 

disease virus (Schumacher et al., 2008). 

The observation that US3 orthologues of different alphaherpesviruses do not all counteract 

an IFN-induced antiviral defense might be related to redundancy. Indeed, e.g. HSV-1 

encodes multiple viral proteins to protect the virus from an IFN-mediated antiviral immune 

response by interfering with different targets of the IFN-system, stressing the importance for 

the virus to interfere with the antiviral innate immunity. However, further research to explore 

the PRV-encoded proteins other than EP0 involved in evading the host innate antiviral 

defense is needed.  

Apparently, different alphaherpesviruses have different susceptibilities to IFN-mediated 

antiviral defense mechanisms. Indeed, HSV-1 infection of Vero cells pretreated with 1000 

U/ml IFN-α for 16h resulted in a 5-fold reduction in plaque number (Mossman et al., 2000), 

and VZV infection of melanoma MeWo cells pretreated with 1000 U/ml IFN-α for 18h 

reduced plaque numbers only 1.3-fold (Ambagala & Cohen, 2007). In contrast to these 

relatively slight decreases, we observed a 20 to 30-fold reduction in plaque number upon 

PRV infection of ST cells that were pretreated for 24h with 50 or 100 U/ml IFN-α, suggesting 
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that PRV is more prone to IFN-mediated antiviral effects than HSV and VZV. However, only 

a 2-fold reduction in plaque number upon PRV infection of PK-15 cells that were pretreated 

for 24h with 50 or 100 U/ml IFN-α was observed, indicating that differences in cell type at 

least partly account for differences in IFN sensitivity. 

The observation that WT plaques were 3 to 4-fold larger than US3null plaques, both in the 

absence or presence of IFN-α (Fig. 1), are in agreement with previous observations and are 

likely due to the impaired virus spread and nuclear egress of a US3null PRV (Favoreel et al., 

2005; Klupp et al., 2001; Wagenaar et al., 1995). 

In conclusion, we found that, in contrast to HSV-1 US3, PRV US3 does not counteract an 

IFN-α-induced antiviral state.  
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Abstract 

Many herpesviruses interfere with the MHC I antigen processing pathway in order to limit 

elimination by cytotoxic T-lymphocytes. For varicelloviruses, the largest subgroup of 

alphaherpesviruses, two viral proteins have been reported to downregulate MHC I cell 

surface expression: UL49.5 for BoHV-1, PRV, and EHV-1, and the US3 orthologue for VZV. 

Here, we report that PRV reduces MHC I cell surface expression during infection in a cell 

type-dependent manner. In swine testicle (ST) cells, a kinase-active US3 was necessary but 

not sufficient to downregulate cell surface MHC I expression, whereas US3 was not required 

in porcine kidney (PK-15) cells and porcine alveolar macrophages (PAM). MHC I 

downregulation was not (PAM, ST) or only partly (PK-15) dependent on UL49.5. In 

conclusion, we show that the mechanism(s) of PRV-mediated cell surface MHC I 

downregulation are cell type dependent, with variable roles for US3, UL49.5, and additional, 

yet unidentified early viral proteins. 

 

 

 

Keywords: pseudorabies virus, MHC I, downregulation, US3 protein kinase, UL49.5, 

alphaherpesvirus, Varicellovirus 
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1 INTRODUCTION 

Alphaherpesviruses are a subfamily of herpesviruses containing closely related pathogens of 

man and animal. Human alphaherpesviruses are the herpes simplex virus type 1 (HSV-1) 

and 2 (HSV-2), and the varicella zoster virus (VZV). The alphaherpesviruses also contain 

different important animal pathogens, such as pseudorabies virus (PRV), equine herpesvirus 

type 1 (EHV-1), and bovine herpesvirus-1 (BoHV-1). VZV, PRV, EHV-1, and BoHV-1 all 

belong to the Varicellovirus genus, the largest subgroup of the alphaherpesviruses.  

A typical characteristic of herpesviruses is that they achieve lifelong persistence in their hosts 

by establishing latency from which the virus can reactivate upon specific stimuli. Reactivation 

may lead to spread of infectious virus and disease symptoms (e.g. shingles for VZV) (Loch & 

Tampe, 2005; Pomeranz et al., 2005). In order to be able to spread during reactivation 

periods, herpesviruses have evolved diverse strategies to limit their recognition and 

subsequent elimination by the immune system, thus enabling the virus to replicate, spread 

and transmit to other hosts. Many herpesviruses avoid or delay elimination by CD8+ cytotoxic 

T-lymphocytes (CTLs) by interfering with the cellular MHC I antigen processing pathway, 

which is responsible for the presentation of endogenous antigens, like viruses, to CTLs 

(Abele & Tampe, 2006; Lilley & Ploegh, 2005; Loch & Tampe, 2005). For the 

varicelloviruses, two viral proteins have been described to interfere with MHC I antigen 

processing and MHC I cell surface expression. For BoHV-1, PRV, and EHV-1, but not for 

VZV, UL49.5 has been described to inactivate the transporter associated with antigen 

processing (TAP), thereby preventing the loading of MHC I molecules with antigenic peptides 

in the endoplasmatic reticulum, and consequently downregulating MHC I cell surface 

expression (Koppers-Lalic et al., 2005; Koppers-Lalic et al., 2008). For VZV, although binding 

to TAP, UL49.5 does not appear to interfere with the MHC I antigen presentation pathway 

(Eisfeld et al., 2007; Koppers-Lalic et al., 2008). To date, VZV is the only alphaherpesvirus 

where the viral US3 serine/threonine protein kinase orthologue (ORF66) has been described 

to mediate downregulation of MHC I from the cell surface, possibly by delaying the transport 

of the MHC I:peptide complex from the ER to the trans-Golgi network (Abendroth et al., 

2001; Eisfeld et al., 2007).  

In the current study, we examined PRV-mediated cell surface MHC I downregulation in 

different porcine cell types. We report that the US3 orthologue of PRV is required but not 

sufficient for MHC I downregulation in swine testicle (ST) cells. However, the mechanism(s) 

of PRV-mediated cell surface MHC I downregulation are highly cell type dependent, with 

variable roles for US3, UL49.5, and additional, unidentified early viral proteins.  
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2 MATERIAL AND METHODS 

2.1 ANTIBODIES, CHEMICALS, AND OTHER REAGENTS 

Mouse monoclonal antibody PT85A directed against the heavy chain of MHC I was 

purchased from VMRD. Anti-porcine pan-tissue marker monoclonal antibody 1030h-1-19 

(Ambagala et al., 2000) was obtained from Dr. D.H. Sachs (Massachusetts General Hospital, 

Boston). LipofectamineTM, and both Cy5- and fluorescein isothiocyanate (FITC)-labelled goat 

anti-mouse antibodies were from Invitrogen. Mouse monoclonal antibody 18E8 against PRV 

gE and FITC-labelled polyclonal porcine anti-PRV antibodies were described earlier 

(Nauwynck & Pensaert, 1995a). A US3-specific mouse monoclonal antibody was kindly 

provided by LeighAnne Olsen and Lynn Enquist (Princeton University, USA), and a rabbit 

anti-PRV UL49.5 serum was a kind gift of Barbara Klupp and Thomas Mettenleiter (Institute 

of Molecular Biology, Friedrich-Loeffler-Institut, Germany). Rabbit anti-actin antibody, 

saponin, and phosphonoacetic acid (PAA) were from Sigma-Aldrich. HRP-conjugated goat 

anti-rabbit and goat anti-mouse antibodies were purchased from DakoCytomation, and both 

Hybond-P PVDF membrane and enhanced chemiluminescence (ECL) reagents from GE 

Healthcare. NP-40 and protease inhibitor cocktail were from RocheDiagnostics. BCA Protein 

Assay Reagent was purchased from Pierce Biotechnology. 

 

2.2 CELLS, VIRUSES, AND INOCULATION 

Porcine kidney PK-15 cells were cultured in Eagle’s minimal essential medium supplemented 

with 10% foetal calf serum (FCS), 0.3 mg/ml glutamine, 100 U/ml penicillin, 0.1 mg/ml 

streptomycin, and 0.05 mg/ml gentamycin. ST cells were cultured in PK-15 medium 

supplemented with 1 mM sodium pyruvate. PAM were derived from lung lavages of 3- to 4-

week-old piglets as described before (Wensvoort et al., 1991), and were cultured in RPMI 

medium supplemented with 10% FCS, 0.3 mg/ml glutamine, 1 mM sodium pyruvate, 1x MEM 

non-essential amino acids, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 0.1 mg/ml 

gentamycin, and 0.1 mg/ml kanamycin. All cells were grown in 6-well plates (Nunc) at 37 °C 

in a humidified incubator containing 5% CO2. 

WT and mutant PRV Nia3, Kaplan and Becker strains were used. US3null PRV Nia3 (M118), 

US3 rescue PRV Nia3 (M120) and VHSnull PRV Nia3 were kindly provided by the ID-DLO 

Institute in The Netherlands. These US3null and VHSnull Nia3 mutants were constructed by 

insertion of a palindromic oligonucleotide containing translational stop codons in all reading 

frames, in the 5’ part of the open reading frame (ORF) (de Wind et al., 1990). UL49.5null 

PRV Kaplan and the rescue virus are described earlier (Jons et al., 1998). In brief, the 
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UL49.5null Kaplan mutant was obtained by deleting a 24 bp fragment within the UL49.5 gene 

and the concomitant insertion of a 3.6 kb gG–β-Gal expression cassette (Jons et al., 1998). 

US3null PRV Becker and kinase-dead US3[D223A] PRV Becker were kindly provided by 

Greg Smith (Northwestern University, Chicago, USA). US3null Becker (PRV-GS1015) was 

constructed by replacing a large part of the US3 ORF with a TAA stop codon (Antinone et al., 

2006), and the Becker mutant encoding the catalytically inactive US3 kinase (PRV-GS976) 

was made by introducing a point mutation that results in the substitution of an alanine in 

place of an aspartate at position 223 in the US3 ORF (Coller & Smith, 2008). A recently 

constructed rescue virus of the kinase-dead US3 PRV Becker strain was also used (Van den 

Broeke et al., 2009a). 

PK-15 and ST cells were grown to confluency prior to infection, PAM were seeded at 

3.106/well. All cell types were mock-inoculated or inoculated with either of the PRV strains at 

a multiplicity of infection of 10 in a total volume of 1 ml culture medium. When ultraviolet 

(UV)-inactivated PRV was used, inactivation was performed by UV-irradiating the WT Nia3 

inoculum in a petriplate on ice (thickness of virus suspension was 1.5–2 mm) with 1000 

mJ/cm2, using a CL-1000 UV Crosslinker (UVP, Inc.). For infections in the presence of PAA, 

a final concentration of 250 µg/ml PAA was used. 

 

2.3 TRANSFECTIONS   

US3-encoding plasmids pKG1 and pKG2 (Geenen et al., 2005) were transiently co-

transfected in a 1:1 ratio with the GFP-encoding control plasmid pTrip (obtained from Bruno 

Verhasselt, Ghent University, Belgium) in ST cells grown to 60-70% confluency, using 

LipofectamineTM according to the manufacturer’s instructions (Invitrogen). ST cells 

transfected with pTrip alone were used as reference for both MHC I and porcine pan-tissue 

marker molecule expression.  

 

2.4 IMMUNOFLUORESCENCE STAINING OF MHC I, PORCINE PAN-TISSUE 

MARKER MOLECULE, AND PRV ANTIGENS AT THE CELL SURFACE 

ST cells, PK-15 cells and PAM were detached by trypsinisation (PK-15 and ST cells) or 

pipetting (PAM) at the indicated hours post inoculation (hpi) or 24 hours post transfection 

(hpt), washed in ice cold PBS, fixed in 3% paraformaldehyde for 10 minutes at room 

temperature, and finally washed twice in PBS. PAM, but not ST or PK-15 cells, were then 

pre-incubated for 30 minutes in 10% negative goat serum in PBS in order to block Fc-

receptors. Subsequently, cells were stained for either MHC I or porcine pan-tissue marker 

molecules at the cell surface, using mouse anti-MHC I (1/200) or mouse anti-porcine pan-
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tissue marker (1/100) as primary antibodies respectively, followed by a secondary incubation 

with a Cy5-conjugated goat anti-mouse antibody (1/200). PRV cell surface antigens were 

visualised using FITC-labelled polyclonal porcine anti-PRV antibodies (1/200). All antibody 

dilutions were made in 10% negative goat serum in PBS, and all antibody incubations were 

done for 1 h at 37 °C. Cells were washed twice in PBS after each incubation. Analysis was 

done by flow cytometry. When the PRV Becker mutants were used, MHC I was indirectly 

labelled with FITC instead of Cy5 to avoid interference of the mRFP emission signal of these 

mutant viruses (they encode a VP26-mRFP fusion protein) with the Cy5 emission signal in 

the FL-5 detector of the flow cytometer.  

 

2.5 IMMUNOFLUORESCENCE STAINING OF US3 IN INFECTED AND 

TRANSFECTED ST CELLS 

ST cells were collected and fixed at 15 hpi or 24 hpt as described above. Subsequently, cells 

were pre-incubated for 10 min in 0,1% saponin in PBS, and then incubated with mouse anti-

US3 (1/100) and FITC-conjugated goat anti-mouse antibody (1/200). All incubations and 

washing steps were done as mentioned above, but with a final concentration of 0,1% 

saponin (in order to keep cells permeabilized). A final wash in PBS was performed. 

 

2.6 FLOW CYTOMETRIC ANALYSIS 

Median fluorescence intensity of cells was determined by flow cytometry (FACSCanto, 

Beckton-Dickinson Biosciences), counting 10 000 cells. Excitation lasers of 488 nm and 633 

nm were used for FITC/GFP and Cy5, respectively. Since double stainings were performed, 

infected and non-infected cells could be distinguished. For the transfection experiments, 

GFP-positive cells were analysed for determination of MHC I and porcine pan-tissue marker 

surface expression, and US3-positive cells for determination of US3 expression.  

 

2.7 STATISTICAL DATA ANALYSIS 

Statistical analysis of the data was done in SPSS using the ANOVA post hoc Bonferroni test 

(α=0.05). 

 

2.8 SDS-PAGE AND WESTERN BLOT 

PK-15 cells, ST cells and PAM were either mock-infected, infected with the indicated viruses, 

or transfected with the indicated plasmids. At 15 hpi or 24 hpt, cells were collected on ice 
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using a rubber policeman, washed in TNE buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 

mM EDTA), and lysed in TNE lysis buffer (TNE with 1% NP-40, 1 mM sodium vanadate, 10 

mM sodium fluoride, and protease inhibitor cocktail) for 1 h at 4 °C. Protein concentrations of 

cell lysates were determined with the BCA protein assay reagent according to the 

manufacturer’s instructions (Pierce Biotechnology). 15-20 µg of protein was fractionated on a 

10% (gE, US3, and actin detection) or 12% (UL49.5 and MHC I detection) polyacrylamide gel 

by SDS-PAGE, and then transferred to a Hybond-P PVDF membrane. After blotting, 

membranes were blocked in 5% non-fat dry milk in 0.1% TBS/Tween-20 for 1 h at RT, and 

incubated with either mouse anti-gE (1/200), mouse anti-US3 (1/2000), mouse anti-MHC I 

(1/500), rabbit anti-UL49.5 (1/4000) or rabbit anti-actin (1/500) primary antibodies. Following 

incubation with the appropriate HRP-conjugated secondary goat antibody, blots were 

developed by ECL. All incubation steps were done in blocking buffer. 

 

 

3 RESULTS 

3.1 PRV-MEDIATED DOWNREGULATION OF CELL SURFACE MHC I IN ST CELLS 

DEPENDS ON THE US3 PROTEIN  

Cell surface expression of MHC I and, as a control, a porcine pan-tissue marker molecule 

was determined by flow cytometry at different time points during PRV infection of ST cells. 

PRV-mediated surface MHC I downregulation was observed relatively early in infection (≤6 

hpi) and progressed from that time point onwards. The surface expression of a porcine pan-

tissue marker that has been used previously as a control in MHC I downregulation 

experiments (Ambagala et al., 2000) remained largely unaffected, indicating that PRV 

specifically downregulates cell surface MHC I molecules (Fig. 1A).  

To analyze a potential involvement of UL49.5 and/or US3 in PRV-mediated MHC I 

downregulation in ST cells, cells were either mock-infected, or infected with US3null PRV, 

UL49.5null PRV or the corresponding isogenic parental wild type (WT) strain. Figure 1B 

shows the relative MHC I cell surface expression at 15 hpi in infected cells compared to 

mock-infected cells (set to 100%). WT PRV infection of ST cells resulted in a 40-45% 

reduction in cell surface MHC I expression. MHC I expression on UL49.5null PRV-infected 

ST cells was not significantly higher than on isogenic WT PRV-infected cells. In contrast, a 

US3null PRV showed no MHC I downregulation at all. As a control, an isogenic US3 rescue 

virus behaved like WT PRV (data not shown). Western blot analysis was performed to 

confirm the expression of viral proteins gE, US3, and UL49.5 in cells infected with the 
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different viruses (Fig. 1C). Hence, these data show that US3 is required for cell surface MHC 

I downregulation during PRV infection of ST cells.  

 

 
Figure 1. PRV-mediated downregulation of cell surface MHC I in ST cells depends on the US3 
protein. (A) Relative cell surface expression of MHC I (▲) and porcine pan-tissue marker (■) at 

different time points after PRV inoculation of ST cells. At the indicated hpi, expression was determined 

by immunofluorescence staining and subsequent analysis by flow cytometry. The surface expression 

of both MHC I and porcine pan-tissue marker molecules at the time of inoculation (0 hpi) was set to 

100%. (B) Relative MHC I expression on the cell surface of ST cells infected with the indicated viruses 
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(mock set to 100%). At 15 hpi, MHC I cell surface expression was determined by flow cytometry. Data 

represent the mean and standard deviation of three independent assays. Percentages indicated by 

the same letter do not significantly differ by the ANOVA post hoc Bonferroni test (α=0.05). (C) For 

each condition in panel B, US3 and UL49.5 expression at 15 hpi was verified by Western blot analysis. 

gE was used as an infection control and actin as a loading control. PRV US3 exists as two isoforms, a 

long and a short isoform, only differing by the presence of a 54 amino acid N-terminal mitochondrial 

localisation signal in the long isoform (Calton et al., 2004; Van Minnebruggen et al., 2003). The 

UL49.5 glycoprotein is synthesized as a 12 kDa precursor protein which becomes O-glycosylated to a 

14 kDa mature protein (Jons et al., 1996). 

 

3.2 US3-MEDIATED DOWNREGULATION OF CELL SURFACE MHC I DURING 

PRV INFECTION OF ST CELLS DEPENDS ON THE KINASE ACTIVITY OF US3 

AND IS NOT CAUSED BY GENERAL MHC I DEGRADATION  

Since the US3 protein is a serine/threonine kinase, we investigated the importance of its 

kinase activity in downregulating cell surface MHC I in ST cells. MHC I cell surface 

expression was determined at 15 hpi in ST cells infected with either WT PRV or the following 

isogenic viruses: a US3null PRV, a PRV expressing a kinase-dead US3[D223A], or a US3 

rescue PRV. The kinase-dead US3[D223A] virus encodes an aspartate to alanine 

substitution at position 223, which is conserved in serine/threonine kinases and constitutes 

the catalytic base required for phosphotransfer (Hanks & Hunter, 1995). This mutant has 

been used earlier to determine involvement of the kinase activity of US3 in viral axonal 

transport (Coller & Smith, 2008) and modulation of the actin cytoskeleton (Van den Broeke et 

al., 2009a). Comparing MHC I surface expression levels to mock-infected cells (set to 100%), 

both US3null PRV and kinase-dead US3[D223A] PRV were unable to induce MHC I 

downregulation, whereas both WT PRV and US3 rescue PRV efficiently downregulated cell 

surface MHC I (Fig. 2A). Western blot analysis confirmed the expression of viral proteins gE 

and US3 in ST cells infected with the different viruses (Fig. 2B).  
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Figure 2. US3-mediated downregulation of cell surface MHC I during PRV infection of ST cells 
depends on the kinase activity of US3 and is not caused by general MHC I degradation. (A) 

Relative cell surface expression of MHC I on ST cells infected with the indicated viruses (mock set to 

100%). At 15 hpi, MHC I expression was determined by flow cytometry. Data represent the mean and 

standard deviation of three independent assays. Percentages indicated by the same letter do not 

significantly differ by the ANOVA post hoc Bonferroni test (α=0.05). (B) For each condition in panel A, 

US3 expression at 15 hpi was verified by Western blot analysis. gE was used as an infection control 

and actin as a loading control. (C) Western blot analysis of total MHC I expression at 15 hpi in ST cells 

that were either mock-infected or infected with the indicated viruses. Expression of gE served as an 

infection control and actin as a loading control. HC: heavy chain. 
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To determine whether US3-mediated MHC I downregulation in ST cells is caused by general 

MHC I degradation, ST cells were mock-infected or infected with either WT PRV or the 

isogenic US3null PRV or US3rescue PRV, and analyzed at 15 hpi by Western blot for the 

expression of MHC I and, as a control, viral protein gE and actin (Fig. 2C). All cells all 

showed similar levels of total MHC I, indicating that US3-mediated downregulation of cell 

surface MHC I in ST cells is not caused by a general degradation of MHC I. 

Taken together, these data demonstrate that the kinase activity of US3 is required for cell 

surface MHC I downregulation during PRV infection of ST cells, and that US3 does not lead 

to overall MHC I degradation. 

 

3.3 PRV US3 IS NECESSARY BUT NOT SUFFICIENT TO DOWNREGULATE CELL 

SURFACE MHC I IN ST CELLS 

PRV US3 exists as two isoforms, a long and a short isoform, only differing by the presence of 

a 54 amino acid N-terminal mitochondrial localisation signal in the long isoform (Calton et al., 

2004; Van Minnebruggen et al., 2003). To investigate whether US3 is able to alter the MHC I 

surface expression in the absence of other viral proteins, eukaryotic expression vectors 

encoding either both the PRV US3 long and short isoforms (pKG1) or the PRV US3 short 

isoform (pKG2) were transiently co-transfected with a GFP-encoding control plasmid (pTrip) 

in ST cells. GFP expression was used to identify transfected cells. Control 

immunofluorescence experiments on permeabilized co-transfected cells showed that over 

90% of the GFP-positive cells expressed US3 (data not shown). Both US3-encoding 

plasmids have been described and used before (Deruelle et al., 2007; Geenen et al., 2005; 

Van den Broeke et al., 2009a). Flow cytometric analysis of GFP-positive cells revealed that 

at 24 hours post transfection, MHC I and porcine pan-tissue marker expression were not 

affected by either of the US3 constructs compared to control cells that were transfected with 

the GFP-encoding pTrip plasmid alone (set to 100%) (Fig. 3A). US3 expression was verified 

by Western blot analysis (Fig. 3B). Flow cytometric analysis showed that US3 expression 

levels in US3-transfected cells were not lower than in PRV-infected cells, demonstrating that 

the lack of MHC I downregulation in the US3-transfected cells was not due to lower US3 

expression levels in these cells compared to PRV-infected cells (Fig. 3C).  

These data show that PRV US3 is unable to reduce MHC I cell surface expression in ST 

cells in the absence of other viral proteins, and thus that additional, possibly US3-

phosphorylated, viral proteins are involved in reducing MHC I levels on PRV-infected ST 

cells.  
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Figure 3. Kinase-intact PRV US3 is necessary, but not sufficient to downregulate cell surface 
MHC I in ST cells. (A) Relative cell surface expression of MHC I (white bars) and porcine pan-tissue 

marker (filled bars) on ST cells that were transiently co-transfected with a GFP-encoding control 

plasmid (pTrip) and a eukaryotic expression vector encoding either the PRV US3 long and short 

isoforms (pKG1) or the short isoform (pKG2). Flow cytometric analysis of GFP-positive cells was 

performed at 24 hours post transfection (hpt). The surface expression of MHC I and porcine pan-tissue 

marker molecules on ST cells that were transiently transfected with pTrip alone was set to 100%. (B) 

US3 expression in the conditions described in panel A was verified at 24 hpt by Western blot analysis. 

Actin was used as a loading control. (C) US3 expression levels in PRV-infected and pKG1 or pKG2-

transfected ST cells as determined by flow cytometry at 15 hpi or 24 hpt, respectively.  
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3.4 PRV-MEDIATED DOWNREGULATION OF CELL SURFACE MHC I IN PK-15 

CELLS PARTLY DEPENDS ON UL49.5 BUT DOES NOT DEPEND ON US3  

In PK-15 cells, similar as observed for ST cells, PRV was found to specifically downregulate 

cell surface MHC I, starting ≤6 hpi and progressing from that time point onwards (Fig. 4A). 

Again, the ability to downregulate MHC I cell surface expression was analyzed for a 

UL49.5null PRV, a US3null PRV, and the respective WT PRV strains at 15 hpi. MHC I cell 

surface levels were compared to mock-infected PK-15 cells (set to 100%). WT PRV infection 

resulted in a 60-65% reduction of MHC I cell surface expression. The UL49.5null PRV was 

partially impaired in downregulating MHC I, whereas the US3null PRV was not impaired in 

MHC I cell surface downregulation. A UL49.5 rescue virus behaved like WT virus (Fig. 4B). 

Expression of gE, US3 and UL49.5 was verified by Western blot analysis (Fig. 4C). These 

data indicate that, in PK-15 cells, UL49.5 and additional, yet unidentified viral proteins are 

involved in MHC I cell surface downregulation.  
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Figure 4. PRV-mediated downregulation of cell surface MHC I in PK-15 cells partly depends on 
UL49.5, but does not depend on US3. (A) Relative cell surface expression of MHC I (▲) and porcine 

pan-tissue marker (■) at different time points after PRV inoculation of PK-15 cells. At the indicated hpi, 

expression was determined by immunofluorescence staining and subsequent flow cytometric analysis. 

The surface expression of MHC I and porcine pan-tissue marker molecules at the time of inoculation 

(0 hpi) was set to 100%. (B) Relative MHC I expression on the cell surface of PK-15 cells infected with 

the indicated viruses (mock set to 100%). At 15 hpi, MHC I cell surface expression was determined by 

flow cytometry. Data represent the mean and standard deviation of three independent assays. 

Percentages indicated by the same letter do not significantly differ by the ANOVA post hoc Bonferroni 

test (α=0.05). (C) For each condition in panel B, US3 and UL49.5 expression at 15 hpi was confirmed 

by Western blot analysis. gE was used as an infection control and actin as a loading control.  
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3.5 UL49.5 AND US3 ARE NOT INVOLVED IN PRV-MEDIATED 

DOWNREGULATION OF CELL SURFACE MHC I IN PORCINE ALVEOLAR 

MACROPHAGES (PAM)  

Since the mechanism of PRV-mediated MHC I downregulation was different in ST versus 

PK-15 cells, additional experiments were performed in a third cell type: primary porcine 

alveolar macrophages (PAM). Like in ST and PK-15 cells, PRV was found to specifically and 

progressively downregulate cell surface MHC I in PAM from ≤6 hpi onwards (Fig. 5A). MHC I 

cell surface expression in PAM infected with UL49.5null PRV, US3null PRV or the 

corresponding isogenic WT PRV strains was analyzed at 15 hpi and compared to mock-

infected PAM (set to 100%). WT PRV-infected PAM showed a 40-50% MHC I 

downregulation. A US3null PRV resulted in a similar MHC I downregulation as its isogenic 

WT PRV, whereas a UL49.5null PRV showed a slight, but statistically insignificant, decrease 

in MHC I downregulating capacity compared with the corresponding WT PRV (Fig. 5B). MHC 

I downregulation was observed in different batches of primary PAM, i.e. macrophages 

derived from a different porcine source, albeit with slight differences in efficiency. Batch 

differences likely explain the slight differences in efficiency of MHC I downregulation 

observed in Fig. 5A versus Fig. 5B. Expression of gE, US3 and UL49.5 was verified by 

Western blot analysis (Fig. 5C). Thus, in PAM, PRV-mediated downregulation of cell surface 

MHC I appears to depend on viral proteins other than UL49.5 and US3.  
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Figure 5. PRV-mediated downregulation of cell surface MHC I in PAM is both US3- and UL49.5-
independent. (A) Relative cell surface expression of MHC I (▲) and porcine pan-tissue marker (■) at 

different time points after PRV inoculation of PAM shows an MHC I-specific downregulation. At the 

indicated hpi, expression was determined by immunofluorescence staining and subsequent flow 

cytometric analysis. The surface expression of both MHC I and porcine pan-tissue marker molecules 

at the time of inoculation (0 hpi) was set to 100%. (B) Relative MHC I expression on the cell surface of 

PAM infected with the indicated viruses (mock set to 100%). At 15 hpi, MHC I cell surface expression 

was determined by flow cytometry. Data represent the mean and standard deviation of three 

independent assays. Percentages indicated by the same letter do not significantly differ by the ANOVA 

post hoc Bonferroni test (α=0.05). (C) For each condition in panel B, US3 and UL49.5 expression at 15 

hpi was confirmed by Western blot analysis. gE was used as an infection control and actin as a 

loading control.  
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3.6 UL49.5 AND US3 EXPRESSION KINETICS ARE SIMILAR IN ST CELLS, PK-
15 CELLS, AND PAM 

In order to analyze whether the observed cell type variability was due to differential 

expression kinetics of UL49.5 and US3 in the different cell types, expression of these 

proteins during PRV infection of either cell type was analyzed by Western blot (Fig. 6). 

Expression kinetics were largely similar in all cell types tested. The US3 short isoform, an 

early protein, was expressed earlier than the US3 long isoform and UL49.5 in all cell types. 

Expression of UL49.5 was similar to that of gE, another viral envelope protein, and therefore 

appears to behave as a typical structural envelope protein. In addition, UL49.5 and US3 long 

isoform expression were strongly (ST and PK-15 cells), or completely (PAM) reduced upon 

phosphono-acetic acid (PAA) treatment, indicating that both UL49.5 and the US3 long 

isoform largely behave as late proteins in all cell types used. In conclusion, it appears 

unlikely that the observed cell type-dependent differences in MHC I downregulation 

mechanisms are due to differential expression patterns of UL49.5 and US3 in different cell 

types. 

 

 
Figure 6. UL49.5 and US3 expression patterns are similar in ST cells, PK-15 cells, and PAM. ST 

cells, PK-15 cells, and PAM were WT PRV-infected, either in the absence or presence of 250 µg/ml 

PAA. Expression of US3, UL49.5, and gE at the indicated time points post inoculation was analyzed 

by Western blot. Actin was used as a loading control. 

 

3.7 EARLY VIRAL PROTEIN(S) ARE INVOLVED IN PRV-MEDIATED 

DOWNREGULATION OF CELL SURFACE MHC I IN PK-15 CELLS AND PAM  

Since downregulation of cell surface MHC I in PK-15 cells and PAM was (partly) independent 

of UL49.5 and independent of US3, we tried to identify the time frame in which the 

unidentified additional viral protein(s) are expressed. In a first step, by inoculating PK-15 cells 
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and PAM with UV-inactivated PRV, it was examined whether de novo viral protein synthesis 

is required for cell surface MHC I downregulation in these cells. In PK-15 cells, MHC I cell 

surface expression levels in cells inoculated with UV-inactivated PRV were similar as those 

observed in mock-infected cells (set to 100%) (Fig. 7A). Interestingly, in PAM, UV-inactivated 

PRV induced a significant MHC I upregulation at the cell surface (Fig. 7B). Hence, de novo 

viral protein synthesis is required for cell surface MHC I downregulation in both PK-15 cells 

and PAM. In a second step, it was determined whether  early or late viral proteins are 

involved. In order to inhibit the synthesis of late viral proteins, PK-15 cells and PAM were WT 

PRV-infected in either the absence or the presence of 250 µg/ml PAA. In PAM, PAA 

treatment did not affect the ability of PRV to downregulate MHC I cell surface expression 

compared to untreated PRV-infected cells (Fig. 7B), indicating that one or more  early viral 

protein(s) are involved in the PRV-mediated MHC I downregulation in PAM. In PK-15 cells, 

PAA treatment partly increased MHC I cell surface expression compared to untreated PRV-

infected cells, but this was still substantially lower than MHC I expression on mock-infected 

PK-15 cells (Fig. 7A). This indicates that, also in PK-15 cells, a large fraction of the PRV-

mediated cell surface MHC I downregulation depends on one or more viral early protein(s). 

In conclusion, de novo protein synthesis of yet unidentified early viral protein(s) is required 

for efficient MHC I downregulation from the cell surface in both PAM and PK-15. 
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Figure 7. De novo protein synthesis of additional and yet unidentified early viral protein(s) is 
involved in PRV-mediated downregulation of cell surface MHC I in PK-15 cells and PAM. PK-15 

cells (A) and PAM (B) were either mock-infected, infected with a UV-inactivated WT PRV, or infected 

with WT PRV in either the absence or presence of 250 µg/ml PAA. At 15 hpi, MHC I cell surface 

expression was determined by flow cytometry (mock set to 100%). Data represent the mean and 

standard deviation of three independent assays. Percentages indicated by the same letter do not 

significantly differ by the ANOVA post hoc Bonferroni test (α=0.05).  

 

 

4 DISCUSSION 

The results presented in the current study show that the US3 protein of PRV is required for 

downregulation of MHC I from the cell surface of infected ST cells, but highlight that the 

mechanism(s) of PRV-mediated cell surface MHC I downregulation are highly cell type 

dependent. We found that a kinase-intact PRV US3 protein is required but not sufficient to 

reduce MHC I expression on the cell surface of ST cells. In contrast, US3 was not required 

for MHC I downregulation in PK-15 cells or PAM. PRV-mediated cell surface MHC I 
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downregulation was partially dependent on the UL49.5 glycoprotein in PK-15 cells, whereas 

UL49.5 was not required for downregulation of MHC I in both ST cells and PAM.  

Downregulation and modulation of cell surface MHC I during PRV infection have been 

reported before on PK-15 cells  (Ambagala et al., 2000; Ambagala et al., 2003) and murine 

cells (Mellencamp et al., 1991; Sparks-Thissen & Enquist, 1999). Before this study, VZV was 

the only alphaherpesvirus for which the US3 orthologue (ORF66) has been described to 

interfere with MHC I-restricted antigen presentation and MHC I cell surface expression 

(Abendroth et al., 2001; Eisfeld et al., 2007). In line with our data on ST cells, Eisfeld et al. 

(2007) reported that the ORF66-mediated MHC I downregulation was predominantly kinase-

dependent. In contrast to our current data on PRV US3, however, a kinase-dead ORF66 

VZV still retained some ability to downregulate MHC I cell surface expression (Eisfeld et al., 

2007). In further support of mechanistic differences in activity of PRV US3 and VZV ORF66 

regarding MHC I downregulation, is our finding that transfection of PRV US3 did not result in 

cell surface MHC I downregulation. VZV ORF66, on the other hand, has been reported to 

result in a significant reduction in MHC I cell surface expression upon transfection or 

transduction in fibroblasts (Abendroth et al., 2001; Eisfeld et al., 2007). Hence, VZV ORF66 

interacts with, and most likely phosphorylates, a cellular protein either directly or indirectly 

interfering with the antigen processing pathway, thereby impairing the MHC I transport from 

the ER to the trans-Golgi network (Eisfeld et al., 2007). Based on our observation that PRV 

US3 is unable to downregulate MHC I in the absence of other viral proteins, we suggest that 

US3 either (i) phosphorylates another viral protein that (in)directly interacts with a cellular 

protein involved in MHC I antigen presentation, or (ii) phosphorylates a cellular protein 

(in)directly involved in MHC I antigen presentation that may then be targeted or blocked by 

another viral protein during infection.  

In agreement with a previous report (van Zijl et al., 1990), the expression of the PRV US3 

long isoform showed a 4 to 6 h retardation compared to the short isoform in all cell types and 

was blocked in the presence of PAA (Fig. 6). Combined with our observation that PAA 

addition did not alter the level of MHC I downregulation during PRV infection in ST cells (data 

not shown), this indicates that the PRV US3 long isoform is dispensable for the observed 

US3-mediated reduction in MHC I surface expression in ST cells.  

It will be interesting to further dissect the mechanism and the relevance of the 

phosphorylation-mediated downregulation of MHC I by US3 in ST cells. Phosphorylation of 

different proteins involved in the MHC I antigen presentation pathway, including TAP and 

MHC I itself, may affect MHC I cell surface expression and efficient antigen presentation 

(Basha et al., 2008; Li et al., 2000b). Indeed, although phosphorylated TAP is able to bind 

both ATP and peptides, it is unable to transport peptides to the ER, resulting in a reduced 

MHC I cell surface expression (Li et al., 2000b). In addition, in transgenic mice expressing 
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MHC I molecules lacking conserved phosphorylation sites in their cytoplasmic domain, MHC 

I molecules are internalized less efficiently from the cell surface compared to mice 

expressing WT MHC I (Basha et al., 2008). Virus-mediated phosphorylation events in MHC I 

downregulation have been described before. For human immunodeficiency virus type 1 (HIV-

1), it has been shown that MHC I downregulation by the viral Nef protein is mediated by the 

assembly and activation of a cellular multikinase cascade involving a Src tyrosine family 

kinase, ZAP-70/Syk kinase, and class I phosphoinositide-3 kinase (Atkins et al., 2008; Hung 

et al., 2007). It has also been suggested that phosphorylation of the 72kDa human 

cytomegalovirus (HCMV) IE1 transcription factor by the viral pp65 matrix protein kinase limits 

proteasomal processing of IE1, and thus antigen presentation (Gilbert et al., 1996). 

Interestingly, it has recently been reported that HSV-1 US3-mediated phosphorylation of gB 

on a threonine residue in its cytoplasmic tail results in a downregulation of gB from the cell 

surface, possibly as an immune-evasion mechanism (Kato et al., 2009). 

Is it possible that US3 and UL49.5 co-operate in some way during MHC I downregulation? 

Based on our current data, this appears unlikely. Indeed, if UL49.5 and US3 were to co-

operate, one would expect that both UL49.5null and US3null PRV would be (partially) 

impaired in downregulating MHC I from the cell surface, which is not in line with our results, 

where we either see a requirement for US3 but not UL49.5 (ST), a partial requirement for 

UL49.5 but not US3 (PK-15) or no requirement for either protein (PAM). Hence, we 

hypothesize that US3 and UL49.5 act on different aspects of the MHC I antigen processing 

pathway in an unrelated manner. Nevertheless, at present, we can not formally exclude the 

possibility of co-operation between UL49.5 and US3. Future research will clarify this issue, 

e.g. by investigating MHC I downregulating capacity of a US3null/UL49.5null PRV double 

mutant.  

We noticed somewhat decreased expression levels of UL49.5 in US3null PRV-infected cells 

versus WT PRV-infected cells (e.g. Fig. 1C, Fig. 4C, Fig. 5C). This slight decrease is most 

likely due to the slight growth retardation of US3null PRV compared to WT PRV, as we and 

others observed previously in 1-step growth curves (eg. (Coller & Smith, 2008; Kimman et 

al., 1994; Van den Broeke et al., 2009a)). Kinetic analysis of the expression levels of UL49.5 

and, as a control, gE indeed confirmed a ± 2 h retardation in viral protein expression of both 

UL49.5 and gE in US3null PRV-infected cells (data not shown). The slight reduction in 

UL49.5 in US3null PRV-infected cells is unlikely to substantially affect MHC I downregulation. 

Indeed, in ST cells, US3null PRV failed to downregulate MHC I (Fig. 1). If this were due to 

the slightly lower level of UL49.5 observed with this virus, one would expect that a UL49.5null 

PRV also fails to downregulate MHC I, which is not the case (Fig. 1). 

Although expression kinetics of US3 and UL49.5 were largely similar in all cell types tested, 

expression of UL49.5 was slightly delayed in ST cells and PAM compared to PK-15 cells, 
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whereas US3 expression was slightly delayed in PK-15 cells and PAM (Fig. 6). Although the 

differences in expression kinetics of both US3 and UL49.5 between the different cell types 

are very small compared to the manifest differences in MHC I downregulation mechanisms, it 

may be interesting to further investigate whether these slight differences in expression 

kinetics may have some effect on the cell type-dependent mechanism of MHC I 

downregulation. 

Besides the differences in mechanism of MHC I downregulation between US3 of PRV 

(current study) and ORF66 of VZV (Abendroth et al., 2001; Eisfeld et al., 2007), other studies 

have shown that different orthologues of UL49.5, the other Varicellovirus protein that has 

been described to interfere with MHC I cell surface expression, also appears to act differently 

in closely related viruses: via inhibition of ATP binding to the nucleotide binding domain of 

TAP (EHV-1), degradation of TAP by mediating its targeting to the ubiquitin-proteasome 

pathway (BoHV-1), and/or arresting TAP in a translocation incompetent conformation (BoHV-

1, PRV and EHV-1) (Koppers-Lalic et al., 2008). These observations probably stress the 

importance for the virus to develop multiple strategies in order to interfere with the generation 

and/or presentation of antigenic peptide fragments to CTLs. Members of the beta- and 

gammaherpesvirus subfamilies also have evolved multiple and extremely diverse strategies 

to downregulate surface MHC I, by interacting with either TAP or other components of the 

MHC I antigen presentation pathway (Abele & Tampe, 2006; Lilley & Ploegh, 2005; Loch & 

Tampe, 2005). Our current finding that PRV downregulates MHC I differently in different cell 

types, and thus that the cellular environment may determine which viral MHC I-interfering 

mechanism is functional, may represent one hypothetical explanation for this diversity in 

mechanisms that herpesviruses have evolved to downregulate cell surface MHC I. This 

might be related to the fact that MHC-encoding genes are extremely polymorphic, possibly 

due to host-pathogen coevolution (Borghans et al., 2004; De Boer et al., 2004). Indeed, it 

has been demonstrated for several viruses, including PRV, mouse hepatitis virus, 

adenovirus, HSV and HCMV, that MHC I proteins derived from different alleles may show a 

differential regulation and sensitivity towards immuno-evasion upon viral infection (Beier et 

al., 1994; Hill et al., 1994; Machold et al., 1997; Sparks-Thissen & Enquist, 1999).  

It has been shown earlier that transduction of PRV UL49.5 in PK-15 cells reduced cell 

surface MHC I expression (Koppers-Lalic et al., 2008). This is in line with the current report, 

which extends these findings by demonstrating that UL49.5 also downregulates MHC I in PK-

15 cells during natural PRV infection. However, our findings indicate that besides UL49.5, 

additional, yet unidentified early proteins other than US3, are also involved in MHC I 

downregulation in PRV-infected PK-15 cells. This may correlate with earlier reports showing 

that during PRV infection of PK-15 cells, UL49.5 is involved in, but not solely responsible for, 

inhibition of TAP activity (Koppers-Lalic et al., 2005; Koppers-Lalic et al., 2008). It also 
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appears that the UL49.5 protein has different expression kinetics in different varicelloviruses. 

For BoHV-1, UL49.5 expression has been reported to be unaffected by the late protein 

synthesis inhibitor PAA (Lipinska et al., 2006), whereas in the current report, we found that 

PAA strongly reduced the expression of UL49.5 in all cell types tested (Fig. 6), indicating that 

in PRV, UL49.5 does not behave as a typical early viral protein.  

Since PRV-mediated cell surface MHC I downregulation in PK-15 cells and PAM was 

independent of US3 and was only partially (PK-15) or not (PAM) dependent on UL49.5, we 

tried to identify the time frame in which the unidentified additional viral protein(s) are 

expressed. First, we found that PRV-mediated cell surface MHC I downregulation is 

dependent on de novo viral protein synthesis, since UV-inactivated virus was unable to 

downregulate cell surface MHC I. This is in agreement with previous reports on PRV 

(Ambagala et al., 2000), BoHV-1 (Koppers-Lalic et al., 2001), EHV-1 (Ambagala et al., 2004; 

Rappocciolo et al., 2003), and feline herpesvirus type 1 (FeHV-1) (Montagnaro et al., 2009). 

Interestingly, whereas surface MHC I expression in ST (data not shown) and PK-15 cells was 

unaffected upon inoculation with UV-inactivated PRV, a significant MHC I upregulation was 

observed in PAM. This may correlate with earlier findings that UV-inactivated HSV-1 

upregulated, in addition to CD80 and CD86, MHC I expression in dendritic cells, which are, 

like macrophages, antigen presenting cells (Jones et al., 2003). Second, since infection in 

the presence of PAA did only partially (PK-15) or not (PAM) restore MHC I cell surface 

expression, MHC I downregulation largely depends on early viral protein synthesis. The 

involvement of early PRV proteins in MHC I downregulation from the cell surface 

corresponds with the observation that PRV infection resulted in a progressive downregulation 

of MHC I starting ≤6 hpi in all cell types tested, which is in line with a previous report on PRV 

(Ambagala et al., 2000). Besides PRV, it has also been shown that early protein(s) are 

responsible for MHC I downregulation by BoHV-1 (Koppers-Lalic et al., 2001), EHV-1  

(Ambagala et al., 2004; Rappocciolo et al., 2003), FeHV-1 (Montagnaro et al., 2009) and 

VZV (Abendroth et al., 2001). 

In the current report, we show that PRV US3 is able to interfere with MHC I-restricted antigen 

presentation, and that downregulation of cell surface MHC I in PRV-infected cells is not 

restricted to UL49.5. Since it is often difficult to extrapolate data from immortalized cell 

cultures to the in vivo situation, it will be crucial to further analyze the mechanism of PRV-

mediated MHC I downregulation in different relevant primary cell types. Our current finding 

that cell surface MHC I downregulation in PAM does not require UL49.5, nor US3 

underscores the importance of a continued search for viral proteins that interfere with MHC I 

in primary cell types.  

In conclusion, we report that the US3 orthologue of PRV is required but not sufficient for 

MHC I downregulation in ST cells. However, the mechanism(s) of PRV-mediated MHC I cell 
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surface downregulation are highly cell type-dependent, with variable roles for US3, UL49.5, 

and additional, unidentified early viral proteins.  
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A typical characteristic of herpesviruses is that they achieve lifelong persistence in their hosts 

by establishing latency from which the virus can reactivate upon specific stimuli. Reactivation 

may lead to spread of infectious virus and disease symptoms. In order to be able to spread in 

immune-competent hosts during reactivation periods, herpesviruses developed diverse 

strategies to avoid or delay antiviral host responses, thus enabling the virus to replicate, 

spread, and transmit to other hosts.  

 

In the current thesis, the US3 protein kinase of the porcine alphaherpesvirus pseudorabies 

virus (PRV) was studied in the context of immune evasion. We focused on the potential 

interference of PRV US3 with three aspects of the antiviral defense of the host: (i) apoptosis 

of infected cells, an intrinsic cellular antiviral response (Chapter 3), (ii) the antiviral effect of 

type I IFNs, an innate antiviral response (Chapter 4), and (iii) MHC I-mediated antigen 

presentation, a key component in the adaptive antiviral response (Chapter 5).  

 

 

Interference of US3 with apoptosis of PRV-infected cells 
To date, for PRV, the US3 protein is the only viral protein that has been reported to possess 

anti-apoptotic properties. Previously, PRV US3 has been shown to render cells less 

susceptible towards apoptosis induced by infection, overexpression of pro-apoptotic proteins 

of the Bcl-2 family, or exogenous apoptotic stimuli such as sorbitol and staurosporine 

(Geenen et al., 2005; Ogg et al., 2004).  

In the current thesis, we found that the kinase activity of the PRV US3 protein is required to 

protect cells towards infection- and staurosporine-induced apoptosis. This is in line with data 

obtained for HSV-1, since HSV-1 US3-mediated protection of cells from apoptosis triggered 

by the overexpression of pro-apoptotic proteins of the Bcl-2 family also depends on the 

kinase-activity of US3 (Ogg et al., 2004). Likewise, recently, others reported that the kinase 

activity of the US3 protein of Marek’s disease virus (MDV) is essential to prevent 

staurosporine-induced apoptosis (Schumacher et al., 2008). Since we and others have found 

that a kinase-intact US3 protein is able to protect cells from apoptosis in the absence of other 

viral proteins, US3 phosphorylates a cellular substrate(s), thereby either directly or indirectly 

preventing apoptosis. 

We have demonstrated that a kinase-intact PRV US3 results in phosphorylation of the pro-

apoptotic protein Bad in PRV-infected ST and HEp-2 cells. HSV-1 US3 has also been 

reported to phosphorylate Bad (Cartier et al., 2003a; Kato et al., 2005a). These data indicate 

that phosphorylation, and thereby inactivation, of Bad may be a conserved and potentially 

important aspect of the anti-apoptotic activity of US3. It is known that phosphorylation of Bad 
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at any of three regulatory serine residues (Ser112, Ser136, Ser155) interferes with the pro-

apoptotic activity of this protein (see Chapter 1, section 3.1.4.3.4). However, HSV-1 US3 

blocks the pro-apoptotic activity of mutant Bad in which the three regulatory serine residues 

were changed to alanine (Bad3S/A), suggesting that Bad phosphorylation at the regulatory 

sites is not an absolute prerequisite for the anti-apoptotic function of the HSV-1 US3 protein 

kinase. However, it was not examined whether Bad3S/A was phosphorylated on other residues 

than Ser112, Ser136, and Ser155 (Benetti et al., 2003; Ogg et al., 2004). Furthermore, it has 

also been shown that both HSV-1 and PRV US3 are able to block apoptosis induced by 

overexpression of Bax, a factor downstream of Bad, suggesting that US3 also blocks 

apoptosis at, or downstream of, Bax (Ogg et al., 2004). Interestingly, it has recently been 

demonstrated that transduction of HSV-1 US3 blocks proteolytic cleavage of procaspase-3 to 

form active caspase-3, possibly due to US3-mediated phosphorylation of procaspase-3 

(Benetti & Roizman, 2007). Thus, it appears that US3 is able to mediate its anti-apoptotic 

effect in several ways. It should be interesting to verify in the future whether PRV US3 also 

has the capacity, like HSV US3, to prevent Bad3S/A-induced apoptosis and whether PRV US3 

perhaps phosphorylates Bad3S/A on other residues than Ser112, Ser136, and/or Ser155. 

Of potential interest is our finding that during late stages of PRV infection of porcine cells, but 

not cells from other species, an additional, US3- and phosphorylation-independent 

modification of Bad occurred. Although the protein sequence of Bad is well conserved among 

different species (see Chapter 3.1, Fig. 6), it remains unclear whether the observed species 

specificity of the Bad modification is due to a species-specific difference in the Bad protein 

itself or rather to a species-specific difference in Bad modifying proteins. In addition, the 

exact nature, the modifying protein(s), and the biological significance of this additional Bad 

modification are still unknown and require further investigation.  

 

How does a virus benefit from preventing apoptosis of its host cell? The prevention of 

apoptosis during early stages of infection is generally thought to enable the virus to replicate 

longer and hence result in a higher yield of progeny virus. In this context, the anti-apoptotic 

properties of PRV US3 and HSV US3 may correlate with the fact that a US3null or a kinase-

dead US3 PRV and HSV reach lower end point titers than the WT virus in several, but not all, 

cell types and that a US3null virus shows a small plaque phenotype (Coller & Smith, 2008; 

Demmin et al., 2001; Kimman et al., 1994; Reynolds et al., 2002; Ryckman & Roller, 2004; 

Van den Broeke et al., 2009a; Van Minnebruggen et al., 2003).  

We confirmed that US3null PRV shows a cell type dependent reduction in both extracellular 

and cell-associated virus titers compared to the parental WT virus. We found that the broad-

spectrum caspase inhibitor Q-VD-OPh efficiently inhibited apoptosis during US3null PRV 

infection of ST and HEp-2 cells. Somewhat surprisingly, we demonstrated that blocking 
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caspase-mediated apoptosis during infection did not increase US3null PRV, nor WT PRV, 

extracellular or cell-associated virus titers, nor did it restore the small plaque phenotype of 

US3null PRV. Hence, the lower virus titers and reduced spread that are frequently 

associated with a US3null PRV appear not to depend on the anti-apoptotic activity of the 

US3 protein. This lack of correlation is in line with the fact that apoptosis in US3null PRV-

infected cells especially manifests itself late in infection, i.e. when virus titers have already 

reached their maximum (Geenen et al., 2005; Van den Broeke et al., 2009a). These findings 

do, however, not exclude a possible role for viral anti-apoptotic proteins in increasing virus 

titers. It is possible that additional anti-apoptotic viral proteins other than US3 may function 

earlier during infection and at least partly compensate for the loss of US3 due to redundancy. 

Thus, a significantly reduced virus yield due to apoptosis should then only be expected when 

several genes encoding anti-apoptotic proteins would be deleted simultaneously. To date, in 

contrast to HSV, US3 is the only PRV protein with demonstrated anti-apoptotic properties. 

Hence, further research is needed to identify additional anti-apoptotic PRV proteins in order 

to study the effect of multiple deletion mutants on infectious virus production and spread. Our 

data thus suggest that the effects of US3 on nuclear egress, the actin cytoskeleton, and/or 

still undefined processes, rather than on the apoptosis machinery, are involved in the direct 

effects of US3 on infectious virus production and virus spread.  

 

 

Interference of US3 with interferon-mediated antiviral effects 
Since the production of type I IFNs is the major innate immune response against viral 

infections, many herpesviruses have evolved strategies to interfere with several components 

of the IFN-system and hence inhibit IFN-induced antiviral effects (Garcia-Sastre & Biron, 

2006; Mossman, 2002; Mossman & Ashkar, 2005; Samuel, 2001). PRV is able to overcome 

the antiviral effects of a type I IFN-mediated innate immune response to some extent since 

the expression of a subset of genes normally induced by IFN-β was not induced during PRV 

infection, due to an inefficient STAT1 phosphorylation. Virus binding and entry were sufficient 

to reduce STAT1 phosphorylation, indicating that structural components of the virus particle 

are responsible for this process (Brukman & Enquist, 2006a). Since, HSV-1 US3 has been 

described to render cells less susceptible towards an IFN-α-mediated antiviral effect 

(Piroozmand et al., 2004), we investigated whether PRV US3 also counteracts the antiviral 

effects of IFN-α during PRV infection of ST and PK-15 cells. We found that, in contrast to 

HSV-1, PRV US3 does not interfere with the antiviral effects of IFN-α since both relative 

plaque number and relative plaque size did not differ between WT and US3null PRV infection 

with increasing IFN-α concentrations. Hence, our data indicate that viral protein(s) other than 
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US3 are involved in the earlier reported PRV-mediated counteraction of type I IFN-induced 

antiviral effects. Further research to explore the PRV-encoded proteins involved in evading 

the host innate antiviral defense may therefore be warranted.  

Although the same conclusion was reached in both ST and PK-15 cells, the reduction in 

plaque number and plaque size was significantly different between both cell lines. We 

observed a 20 to 30-fold reduction in plaque number upon PRV infection of ST cells that 

were pretreated for 24h with 50 or 100 U/ml IFN-α, suggesting that PRV is more prone to 

IFN-induced antiviral effects than HSV and VZV. Indeed, HSV-1 infection of Vero cells 

pretreated with 1000 U/ml IFN-α for 16h resulted in a 5-fold reduction in plaque number 

(Mossman et al., 2000) and VZV infection of melanoma MeWo cells pretreated with 1000 

U/ml IFN-α for 18h reduced plaque numbers only 1.3-fold (Ambagala & Cohen, 2007). 

However, in contrast to the strong reduction in plaque number in ST cells, we observed only 

a 2-fold reduction upon PRV infection of PK-15 cells, indicating that differences in cell type at 

least partly account for differences in IFN sensitivity. Hence, more research is needed to 

clarify whether or not PRV displays a higher susceptibility towards IFN-mediated antiviral 

responses or whether the observed differences are mainly due to differences in the used cell 

types. 

 

 

Interference of US3 with MHC I-mediated antigen presentation 

In order to limit or delay elimination of infected cells by cytotoxic T-lymphocytes (CTLs), 

many herpesviruses reduce MHC I cell surface expression by interfering with the MHC I 

antigen processing pathway. For the varicelloviruses, the largest subgroup of 

alphaherpesviruses, two viral proteins have been described to interfere with MHC I antigen 

processing and MHC I cell surface expression: the UL49.5 glycoprotein (gN) for BoHV-1, 

PRV, and EHV-1, but not for VZV, and the US3 orthologue ORF66 for VZV (Abendroth et al., 

2001; Eisfeld et al., 2007; Koppers-Lalic et al., 2005; Koppers-Lalic et al., 2008).  

In the current thesis, somewhat to our surprise, we found that the mechanism(s) of PRV-

mediated cell surface MHC I downregulation are highly cell type dependent. Indeed, a 

kinase-intact PRV US3 protein was required but not sufficient to downregulate MHC I 

expression on the cell surface of ST cells, whereas US3 was not involved in MHC I 

downregulation in PK-15 cells or porcine alveolar macrophages (PAM). Furthermore, PRV-

mediated cell surface MHC I downregulation was partially dependent on UL49.5 in PK-15 

cells, whereas UL49.5 was not required for downregulation of MHC I in both ST cells and 

PAM. In PAM, and, to a lesser extent, PK-15 cells, PRV-mediated MHC I downregulation 

largely relied on other, still unidentified viral proteins. Although we were not able to identify 

135 



Chapter 6 

these viral protein(s), we found that de novo protein synthesis of early viral protein(s) is 

required for efficient MHC I downregulation from the cell surface in these cell types. Further 

experiments using PRV mutants carrying a deletion in one or more early genes should clarify 

this issue. 

Interestingly, some mechanistic differences between VZV ORF66- and PRV US3-mediated 

cell surface MHC I downregulation appear to exist. Whereas we found that the PRV US3-

mediated MHC I downregulation in ST cells is entirely kinase-dependent, others reported that 

the VZV ORF66-mediated MHC I downregulation is predominantly kinase-dependent and 

that a kinase-dead ORF66 VZV still retains some ability to downregulate MHC I cell surface 

expression (Eisfeld et al., 2007). Furthermore, transfection of PRV US3 did not result in cell 

surface MHC I downregulation while VZV ORF66 has been reported to result in a significant 

reduction in MHC I cell surface expression upon transfection or transduction in fibroblasts 

(Abendroth et al., 2001; Eisfeld et al., 2007). This points to a substantial mechanistic 

evidence since it indicates that the effect of PRV US3 on MHC I occurs via (phosphorylation 

of) additional viral proteins, whereas VZV ORF66 appears to act directly on the cellular MHC 

I pathway. Although the mechanism of US3-mediated cell surface MHC I downregulation in 

ST cells remains unclear, we demonstrated that it is not caused by general MHC I 

degradation.  

 

 

General remarks 
Conservation of US3 functions 

Our data indicate that some functions of US3 appear to be better conserved than others. 

This may either indicate differences in substrate specificity of different US3 orthologues or 

may suggest that the putative cellular components involved in less conserved US3 

phenotypes may show considerable variation among species, or a combination of both. 

Unfortunately, the mechanisms behind most of the functions of US3 are still poorly 

understood, making it impossible at this stage to thoroughly assess these possibilities.  

The finding in this thesis, combined with similar data for HSV-1 (Cartier et al., 2003a), that 

US3 mediates its anti-apoptotic activity at least partly by phosphorylating the pro-apoptotic 

protein Bad might be well conserved over different species since the protein sequence of 

Bad is well conserved among different species (see Chapter 3.1, Fig. 6). This may correlate 

with the observation that the anti-apoptotic activity of US3 is strongly conserved among 

several alphaherpesviruses, including HSV-1, HSV-2, VZV, PRV, and MDV (Asano et al., 

2000; Asano et al., 1999; Benetti & Roizman, 2007; Cartier et al., 2003a; Geenen et al., 

2005; Jerome et al., 1999; Leopardi et al., 1997; Munger et al., 2001; Murata et al., 2002; 
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Ogg et al., 2004; Schaap et al., 2005; Schumacher et al., 2008). On the other hand, the US3 

protein of BoHV-1 does not display anti-apoptotic properties since a US3null virus yielded 

similar levels of apoptosis as a WT virus after infection, osmotic shock, or sorbitol treatment 

(Takashima et al., 1999), indicating that conservation of the US3 substrate does not 

completely explain the conservation of US3 functions.  

For PRV, p21-activated kinases (PAKs), central molecules in actin-regulating Rho GTPase 

signaling pathways, have recently been identified as critical US3 substrates for the US3-

mediated actin rearrangements (Van den Broeke et al., 2009b). Similar as Bad, PAKs are 

conserved proteins, again possibly being one of the reasons why these actin cytoskeletal 

rearrangements are conserved among different alphaherpesviruses, including PRV, HSV-2, 

MDV, BoHV-1, and BoHV-5 (Brzozowska et al., 2009; Calton et al., 2004; Favoreel et al., 

2005; Finnen et al., 2009; Schumacher et al., 2005; Schumacher et al., 2008; Van den 

Broeke et al., 2009a; Van den Broeke et al., 2009b; Van Minnebruggen et al., 2003)  

(Ladelfa, M.F., 2009, personal communication). However, also in this case, conservation of 

the cellular substrate does not (completely) explain the potential conservation of US3 

functions. Indeed, whereas the kinase-activity of US3 is required for US3-mediated actin 

cytoskeletal rearrangements induced by PRV, HSV-2, and BoHV-1 (Brzozowska et al., 2009; 

Finnen et al., 2009; Van den Broeke et al., 2009a), these effects appeared to be independent 

of the kinase activity of US3 for MDV (Schumacher et al., 2008), thereby pointing to another 

mode of action.  

In any case, the apparently less conserved functions of US3 identified in the current thesis 

such as its interference with the antiviral activity of IFN and the MHC I cell surface 

expression may indicate differences in substrate specificity of different US3 orthologues or 

may suggest that the putative cellular components involved in these phenotypes may show 

considerable variation among species. One method to discriminate between these 

possibilities would be to switch US3 orthologues between different species and analyze the 

ability of these heterologously complemented US3 viruses to interfere with IFN-induced 

antiviral effects and MHC I-mediated antigen presentation. Such heterologously 

complemented alphaherpesviruses have been constructed before for other viral proteins like 

gB  and UL3.5 (Fuchs et al., 1997a; Kopp & Mettenleiter, 1992). Another possibility to study 

functional complementation is infection of a cell line stably transfected with the US3 protein 

of a certain alphaherpesvirus with another alphaherpesvirus lacking US3. This method has 

been used before for other viral proteins like gB (Mettenleiter & Spear, 1994; Rauh et al., 

1991). 
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Cell type dependency 

Cell type dependent outcomes were noticed during all research topics discussed in this 

thesis: (i) the US3- and phosphorylation-independent Bad modification only occurred in 

porcine cell lines and not in cell lines derived from other species (human, rabbit, mouse, 

African green monkey) (Chapter 3.1), (ii) ST cells showed higher levels of apoptosis than 

HEp-2 cells during PRV infection (Chapter 3.2), (iii) compared to the WT virus, extracellular 

and cell-associated virus titers of US3null PRV were significantly more reduced in HEp-2 

cells than in ST cells (Chapter 3.2), (iv) PRV-infected ST cells were much more sensitive to 

the antiviral effects of IFN-α than PRV-infected PK-15 cells (Chapter 4), and (v) the viral 

proteins involved in, and hence the mechanism of, reducing MHC I expression at the cell 

surface were highly cell type dependent (Chapter 5). These observations stress the 

importance of including several cell types in in vitro research. Although challenging, this also 

points towards the need for more in vitro research on primary cell types that are target cells 

during in vivo infection, in addition to the current studies that are mainly focussed on 

immortalized cell lines.  

 

In each study performed during this thesis, minimally two cell lines were included in order to 

minimize artifacts due to cell type specificity: ST and HEp-2 cells for the apoptosis research, 

ST and PK-15 cells for the IFN research, and ST, PK-15, and PAM for the MHC I research. 

Seen the striking cell type-dependency of viral proteins responsible for cell surface MHC I 

downregulation during PRV infection, it will be interesting to specifically investigate the 

mechanism of this process in important primary cell types, such as respiratory epithelial cells 

and fibroblasts, monocytes and lymphocytes, endothelial cells, and neurons. The latter are 

generally thought to express no or very low levels of MHC I molecules at the cell surface but 

specific stimuli, such as productive HSV infection and IFN-γ, may stimulate MHC I expression 

(Neumann et al., 1995; Neumann et al., 1997; Pereira & Simmons, 1999). There are also 

clear indications that trigeminal neurons are recognized by CTLs during latency, which is 

important to suppress reactivation and retain latency (Knickelbein et al., 2008). Hence, in 

infected neurons, it appears that alphaherpesviruses may upregulate rather than 

downregulate MHC I cell surface expression.  

 

Redundancy 

Several processes investigated in the current thesis suggest redundancy of viral proteins.  

As already mentioned before, the observation that PRV US3-mediated inhibition of apoptosis 

does not affect infectious virus titers or virus spread does not necessarily mean that viral 

anti-apoptotic proteins are not involved in increasing the amount of progeny virus. Indeed, 

additional anti-apoptotic viral proteins may at least partly compensate for the loss of US3. 
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Hence, in this case, a significantly reduced virus yield due to apoptosis should only be 

noticed when several genes encoding anti-apoptotic proteins would be deleted 

simultaneously, e.g. US3 and other, yet unidentified, viral anti-apoptotic proteins.  
The finding that not all US3 orthologues counteract an IFN-induced antiviral state might also 

be due to redundancy. Indeed, e.g. HSV-1 encodes multiple viral proteins to protect the virus 

from an IFN-mediated antiviral immune response by interfering with several components of 

the IFN-system, stressing the importance for the virus to interfere with the antiviral innate 

immunity. Hence, as discussed above for the anti-apoptotic proteins encoded by PRV, also 

in the search for viral antagonists of the IFN-system, multiple deletions could result in new or 

severe phenotypes not seen by the individual mutants.  

Finally, verifying the cell surface MHC I downregulating capacity of a US3null/UL49.5null 

PRV double mutant could clarify whether US3 and UL49.5 act in a redundant way or not in 

PAM and other primary cells. In case of redundancy, MHC I cell surface levels should then 

be similar to MHC I levels on mock-infected cells, whereas the single deletion mutants 

should act as or similar to the WT virus.  

 

Examples of redundancy of alphaherpesvirus-encoded proteins have been reported before. 

For example, tegumentation and envelopment are driven by specific protein-protein 

interactions that appear, at least in cultured cells, to exhibit a remarkable redundancy 

(Mettenleiter, 2002a). Indeed, simultaneous deletion of PRV gE and gM drastically inhibits 

secondary envelopment, while single deletions had only minor effects (Brack et al., 1999; 

Brack et al., 2000). A similar phenotype was observed with HSV-1 mutants simultaneously 

lacking gD and gE (Farnsworth et al., 2003). In addition, gB and gH act in a redundant 

fashion during the de-envelopment of primary enveloped HSV-1 virions (Farnsworth et al., 

2007). Similarly, several tegument proteins also show substantial redundancy during virus 

maturation (Fuchs et al., 2003). 

 

Redundancy stresses the importance of the availability of a large variety of virus mutants 

since both single and multiple mutants are extremely important tools to examine potential 

redundant effects. The redundancy in viral proteins for several aspects of alphaherpesvirus 

replication, spread, and immune evasion seems atypically inefficient and unnecessarily 

complex for viruses. Perhaps, a putative explanation may be found in the evolutionary history 

of these viruses. Herpesviruses appear to have originated early in evolution, since 

herpesviruses have been identified in nearly every class of animal species, including oysters 

(Farley et al., 1972). Hence, herpesviruses have co-evolved with their hosts, what has 

exceptionally fine-tuned their pathogenesis, exemplified by their ability to establish latency 

and recurrent reactivation, typically without severe symptoms but allowing efficient inter-host 
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spread. The subtle and complex interplay between the virus and its host may require an 

extensive toolbox with apparently redundant proteins to allow delicate and timely interactions 

with different cell types during infection. 
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Table A1. Herpesvirus-encoded antagonists of apoptosis. See text for references.  

virus    protein apoptotic stimulus mechanism

HSV-1 US3 prevents caspase-mediated cleavage of full-length Bad due to a 
post-translational Bad modification  

  prevents granzyme B-induced cleavage of full-length Bid, likely due 
to a US3-mediated phosphorylation of Bid 

  blocks proteolytic cleavage of procaspase-3 to form active caspase-
3, likely due to a US3-mediated phosphorylation of procaspase-3 

  

infection, anti-Fas antibody, UV-irradiation, 
sorbitol, granzyme B, transfection of procaspase-
3, overexpression of pro-apoptotic Bcl-2 family 
members, US1.5 and UL13 proteins 

US3-mediated phosphorylation of Bad 

 US5 (gJ) infection, anti-Fas antibody, UV-irradiation, 
granzyme B, perforin  

? 

 US6(gD)   

   

 

    

   

infection ?

 ICP4 infection, hyperthermia ?

 ICP6 infection acts at or upstream of caspase-8 activation 

 ICP22 infection partly by effect on US5 expression? 

 ICP27 infection partly by effect on US5 expression? 

 LATs infection, anti-Fas antibody, UV-irradiation, 
camptothecin, etoposide, ceramide, transfection 
of active caspase-8  

increase level of Bcl-XL and reduce level of Bcl-XS

HSV-2 US3 infection, sorbitol ?

 ICP10 infection, TNF, FasL acts at or upstream of caspase-8 activation 

VZV ORF66 infection ?

 

 



 

Table A1. Herpesvirus-encoded antagonists of apoptosis. See text for references. (continued) 

virus    protein apoptotic stimulus mechanism

PRV US3 sorbitol, staurosporine, overexpression of pro-
apoptotic Bcl-2 family members 

? 

MDV MEQ TNF-α, C2-ceramide, UV-irradiation, serum 
deprivation 

increases transcription of anti-apoptotic genes and decreases 
transcription of pro-apoptotic genes 

 US3   

   

staurosporine ?

BoHV-1 gG infection ?

 LR gene products infection, C6-ceramide, fumonisin B1, etoposide ? 

?: not known 

 



 

Table A2. Herpesvirus-encoded antagonists of IFN-mediated antiviral effects. See text for references. 

inhibition    virus protein(s) mechanism

IFN production HSV-1 ICP0 inhibition of IRF3 and IRF7 activity 

  ICP27 inhibition of IRF3 and NF-κB activation 

  γ34.5 inhibition of IRF3 activation by inhibiting TBK1 

  US3 inhibition of IRF3 activation 

  vhs reduction of dsRNA levels 

 VZV ? inhibition of the NF-κB pathway 

 BoHV-1 bICP0 inhibition of IRF3 activation by inhibiting TBK1 and IKKi 

IFN signaling HSV-1 ICP27 inhibition of STAT1 activation and nuclear accumulation of pSTAT1 

   US3 inhibition of IFN-γ dependent gene expression by phosphorylating IFNGR1 

  UL13 + vhs inhibition of JAK/STAT phosphorylation by induction of SOCS3 

  vhs decrease of JAK1 and STAT2 levels 

   downregulation of IFGR1 

   inhibition of STAT1 phosphorylation 

   interference with production of IFN-inducible gene transcripts 

 VZV ? inhibition of STAT1, JAK2, IRF1 and CIITA expression 

  ORF66 inhibition of STAT1 phosphorylation 

 PRV ? inhibition of STAT1 phosphorylation 

 
 

 



 

Table A2. Herpesvirus-encoded antagonists of IFN-mediated antiviral effects. See text for references. (continued) 

inhibition    virus protein(s) mechanism

HSV-1 ICP0 enhances proteasomal degradation of IFN-inducible gene products 

 γ34.5 interferes with PKR function by dephosphorylating phosphorylated eIF2α by recruiting 
the cellular protein phosphatase-1α 

 US3 overcomes an IFN-induced antiviral state 

 IFN-inducible 
antiviral proteins

 US11 inhibition of PKR and OAS activation by dsRNA sequestration 

inhibition of PACT-induced PKR activation by direct interaction with PKR 

  vhs degradation of mRNA of IFN-inducible genes 

  ? inhibition of RNaseL pathway by viral 2-5A derivatives 

 VZV IE63 (ORF63) inhibition of eIF2α phosphorylation 

 PRV EP0 overcomes an IFN-induced antiviral state 
 

?: not known 

 



 

 

    

Table A3. Herpesvirus-encoded antagonists of MHC I-restricted antigen presentation. See text for references. 

virus protein(s) target mechanism

HSV-1/2 ICP47 TAP inhibition of peptide binding 

VZV ORF66 MHC I transport retardation from ER to Golgi (?) 

BoHV-1 UL49.5 TAP degradation of TAP1, TAP2, and tapasin 

  TAP inhibition of peptide transport due to a translocation incompetent conformation 

EHV-1 UL49.5 TAP inhibition of ATP binding 

 UL49.5 TAP inhibition of peptide transport due to a translocation incompetent conformation 

EHV-4 UL49.5 TAP inhibition of ATP binding 

PRV UL49.5 TAP inhibition of peptide transport due to a translocation incompetent conformation 

 
 
 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SUMMARY / SAMENVATTING 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Summary - Samenvatting 

SUMMARY  
 

A typical characteristic of herpesviruses is that they achieve lifelong persistence in the 

infected host by establishing latency from which the virus can reactivate upon specific stimuli. 

Reactivation may lead to spread of infectious virus and the occurrence of disease symptoms. 

In order to be able to spread in immune-competent hosts during reactivation periods, 

herpesviruses have developed diverse strategies to avoid or delay antiviral host responses, 

thus enabling the virus to replicate, spread, and transmit to other hosts.  

 

The aim of this thesis was to study the potential of the multifunctional US3 serine/threonine 

kinase of the porcine alphaherpesvirus pseudorabies virus (PRV) to interfere with three 

aspects of the antiviral defense of the host: (i) apoptosis of infected cells, an intrinsic cellular 

antiviral response, (ii) the antiviral effect of type I interferon (IFN), an innate antiviral 

response, and (iii) MHC I-mediated antigen presentation, a key component in the adaptive 

antiviral response.  

 

Chapter 1 is divided in three sections. First, a general introduction about PRV is given. 

Second, characteristics and functions of alphaherpesvirus US3 protein kinase orthologues 

are reviewed. Finally, an overview of the antiviral responses mentioned above and the 

respective currently known alphaherpesvirus-encoded antagonists is given. 

 

In Chapter 2, the aims of the thesis are described. 

 

In Chapter 3, the interference of the PRV US3 protein with apoptotic cell death and the 

biological significance thereof for infectious virus production were investigated.  

US3 orthologues of several alphaherpesviruses (HSV-1, HSV-2, VZV, PRV, MDV) have 

been reported to contain anti-apoptotic properties in response to several apoptotic stimuli. In 

Chapter 3.1, it is demonstrated that the kinase-activity of the PRV US3 protein is required to 

protect cells from apoptosis induced by PRV infection or staurosporine treatment. 

Furthermore, a kinase-intact PRV US3 led to phosphorylation of the pro-apoptotic cellular 

protein Bad in both porcine ST cells and human HEp-2 cells. Phosphorylation of Bad on 

serine residues 112, 136, and/or 155 has previously been associated with the inactivation of 

this pro-apoptotic protein. Hence, the obtained results suggest that PRV US3 exerts its anti-

apoptotic effects at least partly by phosphorylating, and thus inactivating, Bad. Interestingly, 

an additional, US3- and phosphorylation-independent Bad modification occurred in porcine 

cells, but not in cells from other species, during late stages of PRV infection. The exact 
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nature, the modifying protein(s), and the biological significance of this additional Bad 

modification remain unknown and require further investigation.  

The prevention of apoptosis during early stages of infection is generally thought to favor virus 

replication and hence to result in a higher yield of progeny virus. Hence, the frequently 

observed lower end point titers and small plaque phenotype of a US3null and a kinase-dead 

US3 PRV may correlate with the anti-apoptotic properties of US3. Therefore, in Chapter 3.2, 

the impact of PRV US3-mediated inhibition of apoptosis on infectious virus production was 

examined in ST and HEp-2 cells. In agreement with previous reports, US3null PRV showed a 

cell type dependent reduction in both extracellular and cell-associated virus titers compared 

to the parental wild type (WT) virus. A broad-spectrum caspase inhibitor efficiently inhibited 

apoptosis during US3null PRV infection of ST and HEp-2 cells. Somewhat surprisingly, 

blocking caspase-mediated apoptosis during infection did not increase extracellular or cell-

associated virus titers of US3null or WT PRV, nor did it restore the small plaque phenotype 

of US3null PRV. The observed results thus suggest that the effects of US3 on nuclear 

egress, the actin cytoskeleton, and/or still undefined processes, rather than on apoptosis, are 

involved in the direct effects of US3 on infectious virus production and virus spread. 

However, it is mentioned that these data do not exclude a possible role for anti-apoptotic viral 

proteins in increasing virus titers and virus spread since additional, yet unidentified, anti-

apoptotic viral proteins may at least partly compensate for the loss of US3 due to 

redundancy. 

 
The production of type I interferons (IFNs) constitutes the major innate immune response 

against viral infections. Therefore, it comes as no surprise that many herpesviruses have 

acquired strategies to interfere with several components of the IFN-system and hence inhibit 

IFN-induced antiviral effects. Previously, it has been shown that PRV is able to overcome the 

antiviral effects of a type I IFN-mediated innate immune response to some extent and that 

structural components of the virus particle are involved in this process(Brukman & Enquist, 

2006a). In Chapter 4, it was investigated whether PRV US3, like its orthologue of HSV-1, 

renders PRV-infected cells less susceptible to IFN-α-induced antiviral effects. Therefore, ST 

and PK-15 cells were infected with either WT or US3null PRV in the presence of 0, 10, 50 or 

100 U/ml IFN-α. ST cells showed a significantly larger reduction in plaque number and 

plaque size than PK-15 cells, indicating that differences in cell type at least partly account for 

the previously reported differences in IFN-sensitivity between different alphaherpesviruses. 

Both relative plaque number and relative plaque size did not differ between WT and US3null 

PRV infection with increasing IFN-α concentrations in either cell type, indicating that viral 

protein(s) other than US3 are involved in the earlier reported PRV-mediated counteraction of 

type I IFN-induced antiviral effects. It is concluded that further research is needed (i) to clarify 
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whether or not PRV displays a higher susceptibility towards type I IFN-mediated antiviral 

effects than other alphaherpesviruses or whether the reported differences are mainly due to 

differences in the used cell types, and (ii) to identify the PRV-encoded proteins involved in 

evading the host innate antiviral defense.  

 

Cytotoxic T-lymphocytes (CTLs) are crucial components of the adaptive immune response 

involved in clearance of viral infections. In order to limit or delay elimination of infected cells 

by CTLs, many herpesviruses reduce MHC I cell surface expression via interference with the 

MHC I-mediated antigen processing pathway. For the varicelloviruses, the largest subgroup 

of alphaherpesviruses, two viral proteins have been described to interfere with MHC I antigen 

processing and MHC I cell surface expression: the UL49.5 glycoprotein (gN) for BoHV-1, 

PRV, and EHV-1, but not for VZV, and the US3 orthologue ORF66 for VZV. In Chapter 5, it 

was investigated whether PRV US3 interferes with the cell surface expression of MHC I. 

PRV infection resulted in significantly reduced MHC I cell surface expression levels in ST 

cells, PK-15 cells, and porcine alveolar macrophages (PAM). However, the mechanism(s) of 

this PRV-mediated cell surface MHC I downregulation appeared highly cell type dependent. 

Indeed, a kinase-intact US3 was required but not sufficient to reduce MHC I levels on the cell 

surface of ST cells, whereas US3 was not required for MHC I downregulation in PK-15 cells 

or PAM. In addition, PRV-mediated downregulation of MHC I from the cell surface depended 

partially on UL49.5 in PK-15 cells, whereas UL49.5 was not required for downregulation of 

MHC I in both ST cells and PAM. In PAM and, to a lesser extent, PK-15 cells, reduction of 

MHC I cell surface expression largely relied on other, still unidentified viral proteins. Although 

these viral protein(s) could not be identified yet, de novo protein synthesis of early viral 

protein(s) was required for efficient downregulation of cell surface MHC I in these cell types. 

The mechanism of US3-mediated cell surface MHC I downregulation in ST cells remains 

unclear, but is not caused by general MHC I degradation. The surprisingly cell type-

dependent results point to the importance of the use of highly relevant primary cell types in 

further elucidation of the role and mechanism of US3, UL49.5, and other viral proteins 

involved in the PRV-mediated downregulation of MHC I cell surface expression.  

 

Chapter 6 contains a general discussion on the results obtained in this thesis, with emphasis 

on the conservation of US3-orthologue functions in several alphaherpesviruses, cell type 

dependency, and redundancy of viral proteins. 

 

In Chapter 7, the references cited throughout the thesis are listed.   
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SAMENVATTING 

 

Een typisch kenmerk van herpesvirussen is dat ze levenslang aanwezig blijven in de 

geïnfecteerde gastheer door het induceren van latentie. Onder invloed van specifieke stimuli 

kunnen herpesvirussen reactiveren uit latentie, waarbij het virus opnieuw kan spreiden en 

ziektesymptomen kan ontwikkelen. Opdat ze tijdens periodes van reactivatie zouden kunnen 

vermeerderen en spreiden in immunocompetente gastheren hebben herpesvirussen diverse 

strategieën ontwikkeld die de antivirale afweermechanismen van de gastheer ontwijken of 

vertragen. Dit laat het virus toe om te vermeerderen, te spreiden en uiteindelijk nieuwe 

gastheren te infecteren.  

 

In deze thesis werd de mogelijke interferentie van het US3 serine/threonine kinase van het 

pseudorabiësvirus (PRV), een alfaherpesvirus van het varken, met drie aspecten van de 

antivirale afweer van de gastheer bestudeerd: (i) apoptose van virus-geïnfecteerde cellen, 

een intrinsieke cellulaire antivirale afweer, (ii) het antiviraal effect van type I interferon (IFN), 

een aangeboren aspecifieke antivirale respons, en (iii) MHC I-gemedieerde 

antigeenpresentatie, een proces dat een cruciale rol speelt in de adaptieve antivirale afweer.  

 

Hoofdstuk 1 is onderverdeeld in drie delen. Na een algemene introductie over het 

pseudorabiesvirus worden de eigenschappen en functies van alfaherpesvirus US3 proteïne 

kinase orthologen besproken. Tot slot wordt een overzicht gegeven van de antivirale 

responsen hierboven vermeld en de respectievelijke alfaherpesvirus-gecodeerde 

antagonisten. 

 

In Hoofdstuk 2 worden de doelstellingen van de thesis uiteengezet. 

 

In Hoofdstuk 3 werden de interferentie van het PRV US3 proteïne met apoptose en de 

biologische relevantie hiervan voor de productie van infectieus virus beschreven. 

Het is gekend dat US3 orthologen van verschillende alfaherpesvirussen (HSV-1, HSV-2, 

VZV, PRV, MDV) anti-apoptotische eigenschappen bezitten. Uit de resultaten in Hoofdstuk 
3.1 blijkt dat de kinase-activiteit van het PRV US3 proteïne vereist is om cellen te 

beschermen tegen apoptose geïnduceerd door PRV infectie of staurosporine behandeling. 

Bovendien wordt aangetoond dat een kinase-intact PRV US3 leidt tot fosforylatie van het 

pro-apoptotische cellulaire eiwit Bad in zowel porciene ST cellen als humane HEp-2 cellen. 

Fosforylatie van Bad op de serine residuen 112, 136, en/of 155 is geassocieerd met de 

inactivatie van dit pro-apoptotische eiwit. Bijgevolg suggereren de bekomen resultaten dat de 
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anti-apoptotische eigenschappen van PRV US3 ten minste gedeeltelijk te wijten zijn aan het 

vermogen van US3 om Bad te fosforyleren en dus te inactiveren. Tevens werd tijdens late 

stadia van PRV infectie een bijkomende, US3- en fosforylatie-onafhankelijke Bad modificatie 

waargenomen in varkenscellen, maar niet in cellen afkomstig van andere species. De soort 

modificatie, de modificerende proteïnen en de biologische relevantie van deze Bad-

modificatie blijven echter onduidelijk en vergen bijkomend onderzoek. 

Er wordt aangenomen dat preventie van apoptose tijdens de vroege stadia van een infectie 

een gunstige invloed heeft op de virusreplicatie en resulteert in een groter aantal nieuwe 

viruspartikels. Bijgevolg kunnen de lagere virustiters en kleinere virusplaques die vaak 

worden waargenomen bij PRV mutanten die geen US3 of een kinase-inactief US3 bevatten 

mogelijks correleren met de anti-apoptotische eigenschappen van US3. Om dit te 

onderzoeken werd in Hoofdstuk 3.2 de impact van PRV US3-gemedieerde inhibitie van 

apoptose op de productie van infectieus virus nagegaan in ST en HEp-2 cellen. In 

overeenstemming met eerdere publicaties werd aangetoond dat een US3-negatief PRV een 

celtype-afhankelijke reductie vertoont in extracellulaire en celgeassocieerde virustiters ten 

opzichte van wild type (WT) PRV. Een breedspectrum caspase-inhibitor was in staat om 

efficiënt apoptose te inhiberen tijdens infectie van ST en HEp-2 cellen met een US3-negatief 

PRV. Inhibitie van caspase-gemedieerde apoptose tijdens infectie met een US3-negatief of 

WT PRV leidde echter niet tot hogere extracellulaire of celgeassocieerde virustiters. Ook 

werden de kleine plaques bekomen met US3-negatief PRV niet groter in de aanwezigheid 

van de breedspectrum caspase-inhibitor. De bevindingen in dit hoofdstuk suggereren dat 

andere effecten van US3, die niet te maken hebben met de anti-apoptotische activiteit van dit 

eiwit, een direct effect hebben op de productie van infectieuze viruspartikels en 

virusspreiding. Mogelijke andere effecten zijn de eerder beschreven effecten van US3 op 

transport van het virus uit de kern, op het actine cytoskelet en/of nog onbekende US3-

gemedieerde processen. De bekomen data sluiten echter niet uit dat anti-apoptotische virale 

eiwitten de virusproductie en virusspreiding kunnen bevorderen aangezien andere, nog niet-

geïdentificeerde virale anti-apoptotische eiwitten mogelijks de rol van US3 gedeeltelijk 

overnemen bij afwezigheid van dit eiwit. 

 

De productie van type I IFN vormt de belangrijkste aangeboren immuunrespons tegen virale 

infecties. Daarom hebben veel herpesvirussen strategieën ontwikkeld die interfereren met 

diverse componenten van het IFN systeem om type I IFN-geïnduceerde antivirale effecten te 

beperken. Eerder werd aangetoond dat PRV de antivirale effecten van een type I IFN-

gemedieerde aspecifieke immuunrespons gedeeltelijk kan omzeilen, en dat structurele virale 

eiwitten daarvoor verantwoordelijk zijn. Daarom werd in Hoofdstuk 4 onderzocht of PRV 

US3, net als HSV-1 US3, geïnfecteerde cellen minder gevoelig maakt voor IFN-α-
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geïnduceerde antivirale effecten. ST en PK-15 cellen werden geïnfecteerd met WT of US3-

negatief PRV in de aanwezigheid van 0, 10, 50 of 100 U/ml IFN-α. ST cellen vertoonden een 

beduidend grotere reductie in plaque-aantal en plaquegrootte dan PK-15 cellen. Eerder 

gerapporteerde verschillen in IFN-gevoeligheid tussen verschillende alfaherpesvirussen 

kunnen bijgevolg minstens deels te wijten zijn aan een verschil in het gebruikte celtype. Noch 

in ST cellen, noch in PK-15 cellen verschilden het relatief plaque-aantal en de relatieve 

plaquegrootte tussen een US3-negatief PRV en een WT PRV infectie wanneer toenemende 

concentraties IFN-α werden gebruikt. Dit suggereert dat andere virale eiwitten dan US3 

betrokken zijn in de eerder gerapporteerde interferentie van PRV met de type I IFN 

signaaltransductie. Verder onderzoek is nodig om (i) na te gaan of PRV effectief gevoeliger 

is voor type I IFN-gemedieerde antivirale effecten dan andere alfaherpesvirussen of dat de 

gerapporteerde verschillen eerder te wijten zijn aan een verschil in celtype, en (ii) de PRV-

gecodeerde eiwitten betrokken in het ontwijken van de aangeboren antivirale afweer te 

identificeren. 

 

Cytotoxische T-lymfocyten (CTLs) zijn cruciale componenten van de adaptieve 

immuunrespons tegenover virale infecties. Om eliminatie van geïnfecteerde cellen door 

CTLs te beperken of te vertragen, reduceren verschillende herpesvirussen de expressie van 

MHC I moleculen op het celoppervlak door interferentie met de MHC I-gemedieerde 

antigeenpresentatie. Voor de varicellovirussen, de grootste subgroep van 

alfaherpesvirussen, zijn twee virale proteïnen geïdentificeerd die interfereren met de MHC I 

antigeenpresentatie en MHC I celoppervlakte-expressie: het UL49.5 glycoproteïne (gN) voor 

BoHV-1, PRV en EHV-1, maar niet voor VZV, en het US3 ortoloog ORF66 voor VZV. In 

Hoofdstuk 5 werd nagegaan of PRV US3 interfereert met de MHC I-gemedieerde 

antigeenpresentatie. PRV infectie resulteerde in een significante reductie in MHC I expressie 

op het celoppervlak van ST cellen, PK-15 cellen en alveolaire varkensmacrofagen (PAM). De 

mechanismen van deze PRV-geïnduceerde downregulatie van oppervlakte MHC I bleken 

sterk celtype-afhankelijk. Een kinase-intact US3 was immers vereist maar niet voldoende om 

MHC I expressie te reduceren op het oppervlak van ST cellen, terwijl US3 hiervoor niet 

vereist was in PK-15 cellen of PAM. Bovendien werd aangetoond dat de PRV-gemedieerde 

downregulatie van celoppervlakte MHC I gedeeltelijk afhankelijk is van UL49.5 in PK-15 

cellen, terwijl UL49.5 niet vereist was voor MHC I downregulatie in ST cellen en PAM. In 

PAM en in mindere mate PK-15 cellen was de MHC I reductie grotendeels te wijten aan 

andere, nog niet geïdentificeerde virale eiwitten. Hoewel deze virale eiwitten nog niet werden 

geïdentificeerd, bleek de novo proteïne synthese van vroege virale eiwitten vereist voor een 

efficiënte downregulatie van oppervlakte MHC I in deze twee celtypes. Het mechanisme van 

de US3-gemedieerde reductie van oppervlakte MHC I in ST cellen is nog niet opgehelderd, 
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maar is niet te wijten aan een algemene degradatie van MHC I. De onverwachte celtype-

afhankelijke resultaten tonen het belang aan van het gebruik van relevante primaire celtypes 

in toekomstig onderzoek om de rol en mechanismen van US3, UL49.5 en andere virale 

eiwitten in de PRV-geïnduceerde reductie van MHC I oppervlakte expressie verder op te 

helderen.  

 

Hoofdstuk 6 bevat een algemene discussie over de bekomen resultaten. De nadruk wordt 

hierbij gelegd op de conservatie van US3-ortholoog functies bij verschillende 

alfaherpesvirussen, celtype-afhankelijkheid en redundantie van virale eiwitten. 

 

In Hoofdstuk 7 worden de geciteerde referenties vermeld. 
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fysiologie bureau 1 en later bureau 2, om na dé (!) verhuis uiteindelijk definitief te stranden 

op de derde verdieping. De enige constante hierbij was dat ik steeds beschikte over een 

(koudbloedige) harem :-). Céline, jij bent mijn trouwste bureaugenoot (de laatste maanden 

eerder serregenoot) geweest tijdens al dat verhuizen. Aanvankelijk werkten we samen op de 

PRV-gemedieerde veranderingen van het cytoskelet, maar al gauw hadden we grotendeels 

ons eigen onderzoek. Proficiat met je mooie publicaties, je mag er trots op zijn! Ik wil je 

bedanken voor de goede samenwerking, je opgewektheid en uiteraard ook voor de steun en 

het medeleven tijdens de moeilijkere (schrijf)momenten. Nina, ik wens je veel geluk bij het 

vervolg van je doctoraat en wil je eveneens bedanken voor de steun de afgelopen maanden. 
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Hoe jij en Céline er altijd in slagen om koud te hebben, is volgens mij trouwens ook een 

doctoraatsonderzoek waard ;-). Thary en Maria, jullie hebben ondertussen wellicht jullie draai 

gevonden in het labo. Veel succes met jullie onderzoek en voor Maria ook met de lessen 

Nederlands. Ook mijn eerdere bureaugenootjes van de voorbije jaren wil ik hierbij bedanken, 

nl. Ann, Kris, Kristien, Maryam en Nick. Maryam, good luck with finishing your PhD and I 

really hope that you will be able to live in a free and democratic Iran one day… Nick, met jou 

heb ik maar kort de bureau (nu ja, bureau is misschien veel gezegd) gedeeld, maar 

niettegenstaande hadden we de voorbije jaren een goed contact. Ik heb je steeds weten te 

appreciëren, zowel op wetenschappelijk vlak als daarbuiten. Je konijn en stapels 

boterhammen zullen me nog lang bijblijven :-).  

 

Naast Ann, Céline, Hannah en Nick was het labo Virologie ook een weerzien met een aantal 

andere studiegenoten. Hanne, jij hebt het de voorbije jaren zeker ook niet gemakkelijk gehad 

en je hebt je doctoraat dan ook dubbel en dik verdiend. Merci om af en toe naar mijn gezaag 

te luisteren als er weer eens iets niet lukte en voor de steun gedurende dit doctoraat. Ik wens 

je het allerbeste toe in alles wat je onderneemt! Sarah C., wij vormden in een inmiddels 

behoorlijk ver verleden een onovertroffen duo tijdens de practica ‘Gentechnologische en 

moleculaire analysetechnieken’. Wie had toen en tijdens de fameuze boerekotfuiven, waar 

we toch allebei trouwe klant waren, ooit gedacht dat we op hetzelfde labo een doctoraat 

zouden doen? Hoed af voor je werk met de CTLs en je immunologische kennis! Ik wil je heel 

erg bedanken voor alle wetenschappelijke en minder wetenschappelijke hulp de afgelopen 

jaren en voor je niet te onderschatten bijdrage aan de goeie sfeer op het labo. Veel plezier 

en succes met je nieuwe job! Sarah G., jou heb ik eigenlijk maar echt leren kennen tijdens 

ons doctoraat. Je explantmodel heeft me altijd geboeid, het is eens iets anders dan pakweg 

ST cellen hé. Merci voor de vele avondbabbels in ‘den eersten bureau’, je interesse in mijn 

werk en je aangename gezelschap tijdens de congressen. Ik wens je het allerbeste! 

 

Een van de weinige zekerheden de afgelopen jaren was dat je ’s avonds en in het weekend 

zelden alleen was op ‘de Viro’. Naast een aantal van de reeds eerder vermelde 

doctoraatsstudenten zijn er nog een paar andere ‘late vogels’ die ik zou willen bedanken 

voor hun gezelschap tijdens de vele late labo-uurtjes. Wander, jij bent zonder twijfel een van 

de markantste figuren van het labo, of om het met je eigen woorden te zeggen: je bent een 

beetje een vreemd kereltje :-). Zoveel energie, kennis, kritische noot en gezwans in 1 lijf, dat 

moet een unicum zijn! Het werken in ‘het moleculair’ was steeds aangenamer als je in de 

buurt was. De wijze waarop je ‘moleculair!’ kunt roepen is onnavolgbaar, je zou het moeten 

patenteren ;-). Merijn, jij bent het levende bewijs dat ook KUL’ers een versterking voor onze 

alma mater kunnen zijn ;-). Ik vond het erg aangenaam om jou als collega te hebben en heb 
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genoten van onze gezamenlijke cultureel verantwoorde activiteiten. Succes met het vervolg 

van je doctoraat! Sjouke, je enthousiasme voor wetenschappelijk onderzoek, je doorzetting 

en je ‘no nonsense’ aanpak heb ik steeds geapprecieerd. Met jou als assistent waait er een 

nieuwe wind door het labo en ik ben dan ook verheugd dat er eindelijk een deftige 
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vakkundige wijze te verwijderen… Je bent een straffe ‘madam’! Leslie, jij bent eveneens een 
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your enormous motivation, inquisitiveness and perseverance. I wish you all the best! David, 

sinds je vertrek is er toch beduidend minder vettige klap te horen, al kan dat natuurlijk puur 
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De overige (ex-)labogenootjes van de voorbije jaren wil ik eveneens bedanken voor  hun 

bijdrage tot de goeie labosfeer en de vele verjaardagstaarten en andere traktaties. Edith, 

Annelies, Eva en Maaike van ‘den Immuno’ wil ik bedanken voor de aangename babbels en 
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Ik wil ook de vrienden bedanken voor hun interesse en steun de afgelopen jaren (niet zelden 

omdat we lotgenoten waren…), in het bijzonder David, Delphine en Sofie. David, merci ook 

voor de vele concertjes tijdens de studententijd en erna, we hebben toch al een paar 

pareltjes gezien!  

 

Uiteraard wil ik ook mijn ouders, broer en grootouders bedanken voor hun interesse in mijn 
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ganse dagen zo druk mee bezig was... Mama en papa, ook heel erg bedankt voor de morele 

en praktische ondersteuning de voorbije jaren! Nu dit doctoraat achter de rug is, beloof ik dat 

ik de woorden ‘geen tijd’ minder in de mond zal nemen en de stress en gejaagdheid wat 

achterwege zal proberen te laten… Peng, jij hebt dit heuglijke moment jammer genoeg net 

niet meer mogen meemaken, maar ik ben ervan overtuigd dat je nu fier op me zou zijn. 
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‘legendarische voorgerechtjes’ :-).  
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