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ABSTRACT 

This thesis defines a novel role for the Herpes Simplex Virus (HSV) 

tegument protein, virion protein (VP) 11/12 as a modulator of host cell signalling.  

Studies aimed at examining infection induced lymphocyte inactivation, revealed 

that VP11/12 is tyrosine phosphorylated in three lymphocyte lineages (T cell, B 

cell and NK cell) following exposure to HSV-1 or HSV-2 infected fibroblasts.  

Tyrosine phosphorylation of VP11/12 was greater in lymphocytes compared to 

fibroblasts or epithelial cells and phosphorylation was enhanced by the 

lymphocyte specific Src family kinase (SFK) Lck during transfection- or 

infection-based assays.  This suggested that VP11/12 is a substrate of Lck or a 

kinase activated by Lck.  Lck is best known for initiating intracellular signalling 

downstream of the T cell receptor (TCR) and NK cell receptors.  However, 

VP11/12 null HSV mutants retained the ability to block TCR signalling and NK 

cell cytotoxicity.   

Phosphorylation of VP11/12 occurred in the absence of any known Lck 

stimulus, like TCR ligation.  Infection alone may activate Lck since Lck in 

infected Jurkat cells displayed features characteristic of activation: a reduced 

electrophoretic mobility in sodium dodecyl sulphate polyacrylamide gel and a 

marked increase in phosphorylation at the activation loop tyrosine (Y394).  SFK 

substrates sometimes activate their cognate kinase through high affinity binding 

of the SFK Src homology (SH) 2 or SH3 domains.  VP11/12 may serve this dual 



function since it interacts with Lck or Lck signalling complexes and is strictly 

required for Lck activation during infection.   

SFKs including Lck lie upstream of the canonical phosphoinositide 3-

kinase (PI3K)-Akt pathway in signalling emanating from immune receptors, 

growth factor receptors and polyoma middle T antigen (MTAg).  In HSV 

infection of Jurkat T cells and human embryonic lung fibroblasts, we find that 

VP11/12 interacts with PI3K either directly or indirectly and is required for 

infection induced activation of the PI3K-Akt signalling pathway.  SFK activity is 

required for tyrosine phosphorylation of VP11/12, VP11/12-PI3K interactions, 

and Akt activation in infected fibroblasts.  This data suggests that VP11/12 

orchestrates signalling analogous to that of MTAg.  In this model, VP11/12 

activates SFKs to induce its own phosphorylation, subsequently allowing for 

interactions with PI3K and activation of Akt. 
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4EBP1 eukaryotic translation initiation factor 4E (eIF4E) binding protein 1 
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gI glycoprotein I 
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Grb2 growth factor receptor-bound protein 2 

GSK3 glycogen synthase kinase 3 

GTP guanosine triphosphate 

HCF-1 host cell factor 1 

hCMV human cytomegalovirus 

HEL human embryonic lung fibroblast 

HHV human herpesvirus 

HIV-1 human immunodeficiency virus 1 

hpi hours post-infection 

HSV herpes simplex virus 

HVEM herpes virus entry mediator 

ICP infected cell protein 

IFN interferon 

IL interleukin 

IP3 inositol 1,4,5-triphosphate 

IRS-1 insulin receptor substrate-1 

ITAM immunoreceptor tyrosine-based activation motif 

KSHV Kaposi’s sarcoma-associated herpesvirus  

L particles light particles 

LAT latency associated transcripts 

LAT linker for the activation of T cells 

Lck lymphocyte-specific cytoplasmic protein-tyrosine kinase 

MAPK mitogen associated protein kinase 

MEF mouse embryonic fibroblast 

MOI multiplicity of infection 



MTAg middle T antigen 

mTORC mammalian target of rapamycin complex 

NK natural killer 

ORF open reading frame 

PBS phosphate buffer saline 

PDGFR-β platelet derived growth factor receptor β 

PDK1 3-phosphoinositide-depedent kinase 1  

PFU plaque forming unit 

PH pleckstrin homology  

PI3K phosphoinositide 3-kinase 

PIP2 phosphatidylinositol 4,5-biphosphate  

PIP3 phosphatidylinositol 3,4,5-triphosphate 

PKC protein kinase C 

PLC-γ phospholipase C γ  

PMA phorbol myristate acetate 

PrV pseudorabies virus 

PTB phosphotyrosine binding group 

PTEN phosphatase and tensin homologue 

Rheb Ras homologue enriched in brain 

Rheb-GAP Rheb-GTPase activating protein 

S6K p70 ribosomal S6 kinase 

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis  

SFK Src Family Kinase 

SH Src homology 

SLP-76 Src homology 2 (SH2) domain-containing leukocyte phosphoprotein of 76 kDa 

TAP transporter associated with antigen processing 

TCR T cell receptor 

Th T helper 

TMP terminal membrane protein 

TNF-α tumour necrosis factor α 

TSC2 tuberous sclerosis complex 2 



UL unique long 

US unique short 

vhs virion host shut-off 

VP virion protein 

v-Src viral Src 

VZV varicella-zoster virus 

ZAP-70 zeta-chain (TCR) associated protein kinase 70kDa 
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1.1  OVERVIEW OF HERPES SIMPLEX VIRUS -1 (HSV-1) 

1.1.1  HSV-1: a Brief Introduction 

 HSV-1 is a highly prevalent human pathogen.  Initial infection occurs at 

the epithelia surrounding the mouth or less commonly through the eye.  The virus 

then enters the innervating neurons and travels retrograde to establish latency in 

the trigeminal ganglion (48).  The incidence of HSV-1 infection increases with 

age (87, 114, 181).  By the age of 60, HSV-1 DNA is found in the trigeminal 

ganglion of ca. 75-100% of individuals (87, 114, 144).  The proficient spread of 

HSV-1 is mostly due to asymptomatic shedding of the virus.  One study 

demonstrated that 92% of asymptomatic individuals shed HSV-1 in their tears or 

saliva at least once during a one month period (97).  Most HSV-1 infections 

remain asymptomatic.  However, during periods of stress or 

immunocompromisation reactivation of the lytic life cycle can occur at the initial 

site of infection or in the central nervous system, leading to “cold sores”, 

progressive blindness or lethal encephalitis (181). 

1.1.2   Taxonomy 

 HSV-1 is a member of the herpesviridae family within the order of 

herpesvirales (41).  The herpesviridae infect mammals, birds and reptiles and 
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there are presently over 200 viruses classified within this family (162).  Originally 

herpesvirus classification was based on virion morphology, and more recent 

herpesvirus classification is based on genomic sequence data (162).  The 

herpesviridae share a common virion structure (described in detail for HSV-1, 

Section 1.1.2) (162).  Herpesviridae infection is most often asymptomatic with the 

virus establishing a latent infection in which no progeny virions are produced and 

only a subset of viral genes are expressed.  However, all eight herpesviruses 

known to infect humans have the potential to inflict disease.  Potential disease 

states include chicken pox/shingles induced by varicella-zoster virus (VZV); 

mononucleosis induced by Epstein-Barr virus (EBV); and tumourogenesis 

inflicted by EBV or Kaposi’s sarcoma-associated herpesvirus (KSHV).  

The herpesviridae contains three subfamilies, alphaherpesvirinae, 

betaherpesvirinae, and gammaherpesvirinae, as well as numerous unassigned 

viruses (41).  The alphaherpesvirinae have a variable host range, multiply rapidly, 

and establish latency in the sensory ganglia (162).  This subfamily is subdivided 

into four genera (simplexvirus, varicellovirus, mardivirus, and iltovirus), and 

includes three human viruses, HSV-1, HSV-2 and VZV (1).   The 

betaherpesvirinae have a restricted host range, a long reproductive cycle, and 

maintain latency in secretory glands, lymphoreticular cells, kidneys, and other 

tissues (162). This subfamily includes human cytomegalovirus (hCMV), human 

herpesvirus (HHV)- 6 and HHV-7 (1).  Finally, the gammaherpesvirinae primarily 
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infect T and B cells, and establish latency in lymphoid tissue.  This subfamily 

includes the human viruses, EBV and KSHV (162). 

The taxonomic classification of HSV-1 relative to the eight known human 

herpesviruses is outlined in Figure 1. 
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 Figure 1.  Taxonomy of Herpes Simplex Virus (HSV)-1 

Taxonomy of HSV-1 also known as human herpesvirus 1 (HHV-1) relative to the 

eight known human herpes viruses: Herpes simplex virus 2 (HSV-2/HHV-2), 

Varicella-zoster virus (VZV/ HHV-3), Epstein-Barr virus (EBV/HHV-4), Human 

cytomegalovirus (hCMV/HHV-5), HHV-6, HHV-7, Kaposi’s sarcoma-associated 

herpesvirus (KSHV/HHV-8). 
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1.1.3  Virion Structure 

At the core of the HSV-1 virion is a 152 261 base pair (bp) double 

stranded genomic DNA molecule held within a nucleocapsid (Figure 2A).  A 

matrix of proteins known as the tegument surrounds the capsid, and both the 

capsid and the tegument are encased by a lipid envelope decorated with mostly 

glycosylated proteins (181).  The average size of the entire virion is 225 nm (181), 

and the size varies based on factors like the variable thickness of the tegument 

(162).  

1.1.3.1  Envelope 

 The HSV-1 envelope is derived from host cell membrane (206).  Although 

the origin of the virion envelope is a subject of debate, current evidence suggests 

that it is derived from the trans-Golgi network (136).  The envelope contains ca. 9 

viral glycoproteins (glycoprotein B (gB), gC, gD, gE, gG, gH, gI, gL, gM) and at 

least 2 non-glycosylated proteins (unique long 20 (UL20), unique short 9 (US9)) 

(181).  During viral entry the virion envelope fuses with the plasma membrane in 

a process facilitated by gD, gB, gH and gL (reviewed in (76)). 

1.1.3.2 Capsid 

The capsid is composed of 162 capsomers arranged with icosahedral 

symmetry (T=16).  The outer shell of the capsid consists of four viral proteins 
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with virion protein (VP) 5 as the major capsid component forming the penton and 

hexon capsomers (181).  Triplexes made up of two UL18 molecules and one 

UL38 molecule reside between the connecting capsomers (181), and VP26 forms 

hexamers attached to the hexameric capsomers  (262).  At one of the twelve 

capsid vertices resides the portal, a ring-like dodecamer of UL6, used for 

packaging viral DNA and possibly used to release the genomic DNA into the 

nucleus following viral entry (136).    

1.1.3.3 Tegument 

The tegument layer consists of at least twenty proteins packaged between 

the envelope and the capsid (reviewed in (99)).  Tegument assembly is believed to 

be an organized process, however any order of assembly has yet to be fully 

defined.  Tegument proteins have been shown to segregate into inner and outer 

layers and the absence of inner tegument proteins UL36 and UL37 prevents 

tegument and virion assembly (45, 46).  The integrity of tegument protein 

interactions is further apparent through experiments with partially assembled 

virion particles which lack capsids, known as light particles (L-particles) (134, 

220).  The tegument of these particles remains intact upon removal of the virion 

envelope (134).  The tegument may also support virion integrity through 

interactions with capsid and envelope proteins.  In support of this theory, VP22 

and VP16 have been shown to interact with the envelope embedded proteins, gE 

and gM, and gH and gD respectively (136).   
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In addition to structural functions, tegument proteins are thought to play 

important roles in promoting virus replication and suppressing host cell defences 

early during infection.  Tegument proteins are ideally situated to perform such a 

function, since many of these proteins disperse throughout the host cell cytoplasm 

following viral entry.  A basis for this theory is found in the known functions of 

tegument proteins, virion host shut-off (vhs) protein and VP16.  VP16 promotes 

immediate early gene transcription and is essential for viral replication (reviewed 

in (247)) and vhs provides a potent block in host protein synthesis through RNA 

degradation (reviewed in (202)). 

1.1.4  Lytic Cycle 

 The lytic cycle of HSV-1 (Figure 2b) produces progeny virus during 

primary infection and reactivation (symptomatic and asymptomatic).  HSV-1 

enters through fusion of the viral envelope and the plasma membrane (reviewed in 

(76)).  Entry requires envelope embedded proteins.  The initial binding of HSV-1 

to the cell surface is enhanced by the interactions between heparan sulphate of cell 

surface proteoglycans and gC, (or gB in the absence of gC) (77, 78, 193, 246).  

Cell surface receptor binding by gD is then essential for virus entry (115).  The 

cell surface receptors involved in this process have not been wholly identified, but 

are known to include Nectin-1, the herpesvirus entry mediator (HVEM) and 

heparan sulphate modified by 3-O-sulfotransferases (76).  Fusion of the viral 

envelope and the cellular membrane follows, and this requires gD, gB, and a 
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heterodimer of gH and gL (226).    Upon membrane fusion outer tegument 

proteins like VP16 are thought to be released into the cytoplasm while inner 

tegument proteins including UL36 and UL37 remain associated with the capsid 

(shown for the related alphaherpesvirus, pseudorabies virus (PrV) (70)).  The 

microtubule network and the cellular motor protein dynein transport the capsid 

and associated tegument proteins to the nucleus, where UL36 aids in the release 

of viral genomic DNA into the nuclear pore (30, 50, 107, 225).   

HSV-1 DNA replication and gene transcription take place in the nucleus. 

All viral genes are transcribed by host RNA polymerase II (3), and transcriptional 

regulation segregates the genes into immediate early (α), delayed early (β), leaky 

late (γ1) and true late (γ2) kinetic classes (81).  Transcription of α genes is 

promoted by a complex consisting of VP16, host transcription factors Oct-1 and 

host cell factor 1 (HCF-1) (reviewed in (247) and (57)).  This step is crucial for 

viral replication, since most of the α gene products are required for subsequent 

viral gene expression (82).  For example, infected cell protein 4 (ICP4) is essential 

for the virus to achieve full expression of all post-α genes (44, 171, 240), and 

ICP0 is required for full expression of α, β and γ genes during infections initiated 

at a low multiplicity of infection (MOI) (184, 215).  Similarly, many β genes 

protein products enhance subsequent transcription of γ1 genes, and are strictly 

required for transcription of γ2 genes (82).  These β genes products are required 

for genome replication and include UL9, which binds the origin of replication and 
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initiates helicase activity; ICP8, which binds single stranded DNA; the helicase-

primase complex of UL5, UL8 and UL52;  and the DNA polymerase holoenzyme 

subunits UL30 and UL42 (181).  Viral DNA replication facilitated by these 

delayed early proteins is believed to titre out inhibitory DNA binding elements, 

which may include ICP4 bound to the γ2 promoter (174, 181).  The γ genes 

encode many of the virion structural proteins and their expression marks the onset 

of virion assembly and egress from the infected cell.   

Assembly (reviewed in (136)) begins in the nucleus where one genomic 

unit of the replicated, concatemeric viral DNA is loaded into the capsid in place of 

the scaffold proteins VP21 and VP22a (181).  Enveloped HSV virions are present 

in the perinuclear space, and it was originally thought that the final stage of virion 

assembly, which encloses the capsid and tegument proteins in a glycoprotein 

embedded envelope, occurs at the nuclear membrane.  Presently, the primary 

nuclear enveloped virion is thought to represent a transient stage of virion 

assembly and final virion assembly is thought to occur in the cytoplasm based on 

several observations.  1)  The lipid composition of the extracellular virion 

envelope differs from the nuclear membrane and resembles a plasma or Golgi-

derived membrane (228).  2)  An HSV mutant genetically modified to restrict gD 

localization to the nucleus and the endoplasmic reticulum produces progeny 

primary virions in the perinuclear space which express gD, and produces mature 

extracellular virions that lack gD (198).  3) Envelope glycoprotein B, tegument 

proteins VP16 and VP11/12, and the major capsid protein, VP5, are concentrated 
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at cytoplasmic foci believed to be sites of virion assembly (154).  4) Capsids have 

been seen juxtaposed to invaginated cytoplasmic vesicles (209); in theory, capsids 

entering these vesicles would acquire a Golgi-derived double membrane and 

would egress from the cell by exocytosis.   

How capsids translocate from the nucleus to cytoplasmic sites of virion 

assembly remains a point of contention.  Enlarged nuclear pores have been 

observed during infection by the related bovine herpesvirus-1 and these pores 

represent one possible means of capsid nuclear export (242).  However, most 

evidence to date supports an envelopment-deenvelopment model of nuclear 

egress.  In this model, the primary virion envelope is acquired at the inner nuclear 

membrane by a mechanism that is known to involve lamina restructuring by 

UL31, UL34 (178, 179, 197), the cellular protein kinase C (161), and the viral 

serine/threonine kinase, US3 (146).  This primary envelope then presumably fuses 

with the outer nuclear membrane to expel naked capsids into the cytoplasm by a 

process that is known to require gB (55, 245), gH (55), as well as US3 (179, 245).   
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Figure 2.  The HSV-1 Virion and Lytic Lifecycle 

A)  An outline of the structural components of the HSV-1 virion.   B)  The HSV-1 

lytic lifecycle. The virus binds, enters via membrane fusion and injects the viral 

genome into the nucleus (1).  The VP16 transcriptional complex initiates gene 

transcription (2).  Genes are transcribed in kinetic classes (α, β, γ) (3,4,5).  β gene 

products support viral DNA replication (4). γ genes encode virion structural 

proteins and allow for virion assembly beginning with viral DNA packaging into 

nucleocapsids (5).  It has been theorized that assembly of the virion is completed 

as the capsid enters Golgi derived vesicles and newly formed virions are then 

transported to the cell surface (6).
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1.1.5  HSV-1 Latency 

HSV-1 latent infection in the human trigeminal ganglion and in the 

sensory ganglia of mouse and rabbit experimental models is characterized by 

restricted viral gene expression.  The only viral gene products expressed in 

abundance are the latency associated transcripts (LATs): RNA species that are not 

known to be translated into protein (106, 180, 212, 213).   

The mechanisms that restrict viral gene expression and viral replication 

during HSV-1 latency are not fully understood, but remain an active area of 

research.  The virus may actively induce latency through LAT transcripts, which 

have been shown to repress lytic gene expression (25, 66).  The latent genome 

associates with nucleosomes, suggesting that chromatinization may play a role in 

limiting viral gene expression (47).  Neuronal cells may express a repressive host 

factor and/or may lack a host factor required for viral replication.  For example, 

neurons have weak expression of the α gene transcription factor Oct-1 (72), and it 

has been suggested that, in neurons, the related transcription factor Oct-2 out-

competes this small amount of Oct-1 for binding at the α gene promoter (100, 

116).  Finally, the immune system may repress viral replication.  Low levels of 

HSV proteins have been detected in the trigeminal ganglion (56, 71, 105).  It is 

believed that these viral proteins are the result of a low basal level of reactivation, 

and that these proteins may activate cluster of differentiation 8 (CD8)+ cytotoxic T 

lymphocytes (CTL), which have been shown to suppress reactivation in mice 

(120, 196). 
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1.1.5  HSV Immune Evasion 

 To ensure survival and production of progeny virus HSV-1 encodes 

proteins that prevent detection by the host innate and adaptive immune systems.  

ICP0, ICP27, ICP34.5, vhs, and US3 inhibit a variety of processes associated with 

the type I IFN response of innate immunity (reviewed in (159)).  gC binds the 

complement component C3b (61), and inhibits the alternative complement 

cascade (62), a process that normally results in lysis of infected cells or virus 

particles.   gE and gI form a heterodimer on the infected cell surface which binds 

host antibodies (9, 91, 92).  This viral encoded Fc receptor prevents virus particle 

neutralization by the classical complement pathway (60), and impedes infected 

cell lysis by antibody dependent cellular cytotoxicity (51). 

1.1.5.1  HSV Evasion of T Cells and NK Cells 

 In humans, T cells have been shown to reside near HSV-1 lytically 

infected epithelial cells (36), and latently infected trigeminal ganglion (222).  

Thus, HSV must evade these adaptive immune cells to allow for progeny virion 

production.  Natural killer (NK) cells and CTL eliminate cells that pose a danger 

to the host and as such play a crucial role in limiting the severity of disease caused 

by HSV (49, 158).  CTL recognize virus infected cells through T cell receptor 

(TCR) binding of a specific viral peptide presented within a specific MHC I 

molecule.  Many viruses evade CTL detection by downregulating cell surface 

expression of MHC I (4).  NK cells complement CTL in viral immunity by 
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specifically killing cells that lack cell surface MHC I (95).  HSV has evolved at 

least three distinct mechanisms to evade NK cell and CTL killing.  1) HSV-1 

infected cells are innately resistant to CTL and NK cell killing due to virus 

encoded anti-apoptotic proteins, like US3 (22, 90).  2) The tegument protein vhs 

inhibits synthesis of MHC I (224), and the immediate early protein ICP47 binds 

the transporter associated with antigen processing (TAP) to interfere with peptide 

loading of MHC I and trap MHC I in the endoplasmic reticulum (252).  

Collectively, these processes prevent viral peptide presentation to CTL (224, 252).  

3) CTL and NK cells exposed to HSV infected cells become infected through cell 

to cell spread of the virus (8), and infection renders these lymphocytes incapable 

of killing immunological targets including virus infected cells, allogeneic cells 

and cells with low MHC I expression (28, 166-168, 251). 

1.1.5.2  TCR Signalling 

Upon TCR binding of a viral peptide presented in the context of an MHC 

molecule, the T cell becomes active and able to respond to the presence of this 

intracellular pathogen (Figure 3).   The TCR complex consists of a variable α and 

β chain that recognize specific peptide-MHC complexes, and CD3 dimers 

(CD3ε/γ, CD3 ε/δ and CD3 ζ/ζ) which collectively contain 10 immunoreceptor 

tyrosine-based activation motifs (ITAMs; consensus sequence 

D/EXXYXXI/LX(6-8)YXXI/L; (177)) capable of propagating intracellular 

signalling (108).  The co-receptors CD8 (for CTL) and CD4 (for T helper (Th) 
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cells) bind the invariant region of MHCI and MHCII, respectively.  The Src 

family kinase (SFK) lymphocyte-specific cytoplasmic protein-tyrosine kinase 

(Lck) is recruited to the immune synapse through non-covalent interactions with 

CD4 and CD8 and initiates intracellular signalling following TCR ligation (216, 

231).  Lck phosphorylates the CD3 ζ ITAMs to allow for ITAM binding by ζ-

associated protein of 70 kDa (ZAP-70) (24, 88, 229).  Active ZAP-70 

phosphorylates the transmembrane adaptor protein, linker for the activation of T 

cells (LAT) (259), followed by the cytosolic adaptor protein Src homology 2 

(SH2) domain-containing leukocyte phosphoprotein of 76 kDa (SLP-76) (19).  

Upon tyrosine phosphorylation, these adaptors bind a myriad of signal 

transducing proteins which activate the Ras-mitogen associated protein kinase 

(MAPK) pathway; the phosphoinositide 3-kinase (PI3K)-Akt pathway; and the 

phospholipase C γ (PLC-γ)− inositol 1,4,5-triphosphate(IP3)/1,2-diacylglycerol 

(DAG) pathway, which results in activation of protein kinase C (PKC) and 

intracellular Ca2+ signalling (203).   In response to a viral antigen, this signalling 

allows for viral clearance by instructing CD4+ Th cells to produce and secrete pro-

inflammatory Th1 cytokines and by instructing CD8+ CTL to kill the infected cell 

through secretion of cytotoxic granzymes and perforin. 
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Figure 3.  The TCR Signalling Pathway. 

The TCR binds to a specific peptide presented on the cell surface by MHC.  The CD8 co-

receptor binds MHCI and concomitantly recruits Lck to the immune synapse.  Lck 

phosphorylates the CD3 ITAMs.  ZAP-70 binds the phosphorylated ITAM and 

phosphorylates the downstream adaptor, LAT (note: LAT is not drawn as a 

transmembrane protein due to spatial restraints).  Phosphorylated LAT recruits a critical 

adaptor protein SLP-76 through their mutual binding partner GADS.  As well, 

phosphorylated LAT recruits the signalling effectors, PLCγ1, PI3K, and the Grb2-SOS 

complex.  PI3K activates the PI3K-Akt signalling pathway; SOS activates the Ras-

ERK1/2(MAPK) pathway; and PLCγ1 allows for intracellular Ca2+ signalling and 

activation of PKC.
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1.1.5.3  Infection-induced Modulation of TCR Signalling 

T lymphocyte inactivation by HSV-1 is due in part to active remodeling of 

signalling downstream of the TCR.   Sloan et. al. have shown that a direct 

infection by HSV inhibits TCR mediated Ca2+signalling and activation of the 

MAPKs ERK1 and ERK2 in the immortalized CD4+ Jurkat T cell line (199).  

HSV does not induce a global inhibition of cellular signalling.  Phorbol myristate 

acetate (PMA) and ionomycin can bypass the HSV signalling blockade to trigger 

ERK1/2 activation, indicating that HSV specifically targets TCR-mediated 

activation of ERK1/2 (199).  HSV also targets only specific intracellular 

signalling events in the TCR pathway.  Lck mediated activation of ZAP-70 

remains intact, however signalling is inhibited prior to phosphorylation of LAT 

and the association of LAT with downstream effectors growth factor receptor-

bound protein 2 (Grb2), Grb2-related adaptor protein downstream of Shc (GADS) 

and PLC-γ (199).  The nature of the HSV TCR signalling blockade allows for a 

specific cytokine response upon TCR ligation.  Production of the pro-

inflammatory Th1 cytokines IFN-γ, tumor necrosis factor α (TNF-α) and 

interleukin 2 (IL-2) is abrogated, however the Th2 (tolerance-inducing) cytokine 

IL-10 is  produced at a level comparable to that of uninfected cells  (200).  This 

remodeling of TCR signalling may be facilitated by viral modulation of several 

signalling effectors.  For example, it has been suggested that the specific 

induction of IL-10 requires infection induced activation of p38 and JNK kinases 

(200). 
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HSV-1 virions seem to be sufficient to inhibit TCR signalling.  Infection 

by UV-killed HSV and infection in the presence of the protein synthesis inhibitor 

cycloheximide indicates that de novo virus protein production is not required for 

inhibition of TCR signalling (199).  This suggests a potential role for the HSV-1 

tegument proteins.  Notably, the potent shut off of host protein translation by the 

tegument protein vhs is not required for inactivation of CTL (166).  One report 

deemed the tegument protein US3 to be necessary (201), however no mechanism 

of action was defined and no subsequent reports have implicated US3 in this 

process.  Further experimentation is required to fully define the contribution of 

US3 and other virion components to the TCR signalling blockade.  During our 

studies of the HSV-1 induced blockade of TCR signalling we obtained evidence 

that the viral tegument protein VP11/12 is able to modulate the activity of Lck.  

These studies form the basis of this thesis. 

1.2  VIRAL AND CELLULAR ACTIVATION OF SRC FAMILY KINASES  

 Lck and other SFKs (Src, Fyn, Yes, Fgr, Hck, Blk, Lyn) are non-receptor 

tyrosine kinases that have been studied extensively for their roles in cancer, 

phagocytosis, cell adhesion, and signalling through growth factor receptors and 

immune receptors (reviewed in (11, 17, 123)).  The N-terminus (50-70 amino 

acids) of each SFK consists of a sequence that is unique to the individual SFK, 

but always encompasses a myristoylation or palmitoylation site that allows for 

constitutive membrane association (103, 176).   This allows SFKs to initiate 
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intracellular signalling downstream of membrane embedded receptors.  While 

viruses are known to impair immune receptor signalling by disrupting SFK 

activation (27, 63, 85, 94, 138, 223), active SFKs are also needed to promote 

cellular functions that benefit the virus, like enhanced cell survival or enhanced 

viral spread (discussed in detail in section 1.2.2).   

1.2.1  SRC Family Kinase Activation 

    On a biochemical level, SFK activity is enhanced as the enzyme switches 

from a “closed” inactive conformation to an “open” active configuration (Figure 

4). This conformational change is regulated by the phosphorylation state of a C-

terminal inhibitory tyrosine residue, and by the binding of ligands to the Src 

homology (SH) 2 and SH3 domains of the SFK (reviewed for Src in (182)).  

Crystal structures of inactive SFKs indicate that the closed conformation is 

characterized by intramolecular interactions between the SH2 domain and the C-

terminal inhibitory phosphotyrosine motif, and between the SH3 domain and the 

linker region connecting the SH2 domain and the catalytic domain (195, 249). 

Dephosphorylation of the inhibitory tyrosine is sufficient to trigger an open 

conformation and enzyme activation (5, 29, 102, 248).  Kinase activity can also be 

triggered by signalling adaptors and SFK substrates which bind to the SFK SH2 

and/or SH3 domains and disrupt their interactions with the intramolecular 

inhibitory motifs (reviewed in (17, 54)). The affinity of SH2 domains for 

phosphotyrosine depends on the amino acid sequence surrounding the 
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phosphotyrosine residue (204).  High affinity motifs found in a variety of 

signalling proteins are able to out-compete the relatively low affinity SFK C-

terminal inhibitory tyrosine for binding to the SH2 domain, leading to enzyme 

activation (121).  In some circumstances, this allows an SFK substrate to activate 

its cognate kinase.  Similarly, high-affinity ligands of the SH3 domain are able to 

induce activation by disrupting inhibitory interactions of the SH3-SH2/kinase 

linker region (54).  

 

 In the open and active conformation, the key regulatory tyrosine residue 

in the SFK activation loop is exposed for phosphorylation (195, 248, 249).  This 

modification is symptomatic of activation, and significantly enhances kinase 

activity by reinforcing the open conformation (37, 250). Phosphorylation of the 

activating tyrosine plays a dominant role in enzyme activation in vitro, since it 

blocks the negative effect of phosphorylating the C-terminal inhibitory tyrosine 

(218).  The activation loop tyrosine also appears to be dominant in vivo, as 

documented by observations that SFKs activated by hydrogen peroxide or the 

SH3 ligand human immunodeficiency virus 1 (HIV-1) Nef display enhanced 

phosphorylation of the activating tyrosine and no measurable decrease in 

phosphorylation at the inhibitory tyrosine (73, 111). 
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Figure 4.  SFK Activation. 

SFKs are held in a “closed” and inactive conformation by intramolecular 

interactions of the SH2 and SH3 domains.  Dephosphorylation of the inhibitory 

SH2 binding motif in the C-terminal tail is sufficient to “open” and activate an 

SFK.  Adaptors and substrates of SFKs activate the kinase through high affinity 

binding of the SH2 and/or SH3 domains.  In the active conformation, a regulatory 

tyrosine in the kinase loop is exposed for phosphorylation.  Phosphorylation of 

this residue reinforces the active conformation in a manner that supersedes any 

effect of the inhibitory phosphotyrosine. 
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1.2.2  Viral Modulation of SFK-mediated Signalling 

Many viruses activate SFKs to initiate cellular signalling processes that 

benefit the virus.  Polyoma middle T antigen (MTAg) stimulates Src to trigger 

cell cycle entry and DNA replication, thereby providing the environment needed 

for viral genome replication (reviewed in (84, 188)).  Vaccinia virus produces 

cell-associated progeny virus particles that initiate outside-in signalling to activate 

Src.  Src then phosphorylates the vaccinia protein A36R, triggering the formation 

of actin tails which facilitate virus spread by thrusting the cell-associated virus 

particles toward neighbouring uninfected cells (reviewed in (147)).    

In the gammaherpesvirinae, genes next to the terminal repeats of the 

genome encode a family of signal transducing proteins called terminal membrane 

proteins (TMPs).  TMPs physically interact with SFKs, to facilitate SFK 

activation while also acting as SFK substrates (reviewed in (16)).  TMPs 

orchestrate signalling pathways that can regulate lytic or latent infection, and alter 

cell survival and/or immune function in infected lymphocytes (16).  For example, 

the TMP LMP2A of EBV interacts with the SFK Lyn to impair immune function, 

maintain latent infection, and promote survival of latently infected B cells 

(reviewed in (160)).  LMP2A promotes degradation of Lyn to prevent B cell 

receptor (BCR) signalling (137).  This facilitates immune evasion and 

simultaneously suppresses viral reactivation from latency (63, 137, 138).  

However, B cells normally require tonic BCR stimulation to survive (141). For 
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this reason, LMP2A-Lyn interactions also induce pro-survival signals by 

activating the PI3K-Akt signalling pathway (64, 219).   

1.3  CELLULAR AND VIRAL INITIATION OF PI3K-AKT SIGNALLING 

As discussed in detail in section 1.3.3, the PI3K-Akt signalling axis is 

found downstream of SFK activation in many pathways.  This includes signalling 

emanating from immune receptors, TCR and BCR (reviewed in (75, 203)); 

growth factor receptors, platelet derived growth factor receptor β (PDGFR-β) and 

insulin receptor (reviewed in (151)); and the viral protein MTAg (reviewed in 

(26)).  Modulation of PI3K-Akt signalling through SFKs or by any other means 

allows a virus like HSV-1 to control a diverse array of biological functions 

including cell motility, growth, proliferation, transcription, translation and 

metabolism (reviewed in (126)).   

1.3.1  PI3K-Akt Signalling 

Active Class IA PI3K initiates signalling through the PI3K-Akt signalling 

module (Figure 5).  There are three classes of PI3Ks, Class I PI3Ks are 

subdivided into class IA PI3Ks, activated downstream of receptor tyrosine 

kinases, G protein coupled receptors and Ras, and class IB PI3Ks, activated 

exclusively by G protein coupled receptors; the function of class II PI3Ks is 

unknown; and class III PI3Ks are important regulators of vesicle trafficking (119).  

Class IA PI3K (here forth referred to as PI3K) consists of a catalytic subunit 
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p110, and a regulatory subunit p85.  The regulatory subunit known as p85 has five 

isoforms encoded by three genes: p85 β,  p55γ and p85 α as well as its splice 

variants p55α and p50α (119).  The p85 α  and p85 β subunits contain one SH3, 

one BCR homology (BH) domain and two SH2 adaptor domains, while the 

p55α, p55γ and p50α subunits contain only SH2 adaptor domains.   

PI3K activity is initiated as it is brought to its lipid substrate by 

interactions of the p85 adaptor subunit and membrane associated proteins, like the 

activated PDGFR-β receptor (253), the insulin receptor adaptor protein, IRS-1 

(149), and the viral MTAg (221).  Once proximal to its substrate, PI3K converts 

phosphatidylinositol 4,5-biphosphate (PIP2) to phosphatidylinositol 3,4,5-

triphosphate (PIP3), a secondary messenger that leads directly to Akt activation 

(119).  This activity may be antagonized by the lipid phosphatase and tensin 

homologue (PTEN), an important negative regulator of PI3K-Akt signalling 

(119).   

The formation of PIP3 allows for Akt activation since PIP3 specifically 

binds the pleckstrin homology (PH) domains of Akt and the Akt activator, 3-

phosphoinositide-depedent kinase 1 (PDK1) (152).  Co-localization of Akt and 

PDK1, and a conformational change in Akt induced by PIP3 binding allows 

PDK1to phosphorylate Akt at threonine 308 (T308) of the activation loop (210, 

214).  Full Akt kinase activity also requires phosphorylation at serine 473 (S473) 

of the Akt hydrophobic motif by an enzyme known as PDK2 (186).  Several 

kinases have been proposed to act as PDK2, and the mammalian target of 
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rapamycin complex 2 (mTORC2) is currently the favoured candidate (186).  The 

final biological outcome of this pathway depends on the specific substrate(s) 

targeted by active Akt (reviewed in (126)).   

Active Akt phosphorylates numerous substrates to prevent apoptosis and 

promote cell survival, metabolism, growth, and proliferation.  Among the known 

Akt substrates are the proapoptotic BH3-only protein BAD (40, 43); the 

proapoptotic forkhead box 0 (FOXO) transcription factors (18); GSK3, a kinase 

implicated in the control of transcription factors activator protein 1 (AP-1) and 

cAMP response element-binding protein (CREB) as well as glycogen and protein 

synthesis (35); and  tuberous sclerosis complex 2 (TSC2), a negative regulator of 

mTORC1 which plays a critical role in promoting translation (outlined in detail in 

section 1.3.2) (86, 127, 169).   
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Figure 5.  PI3K-Akt Signalling 

Upon recruitment to a membrane PI3K converts PIP2 to PIP3.  PTEN 

phosphatase antagonizes this activity to act as a negative regulator of PI3K-Akt 

signalling.  The PH domains of Akt and its activator, PDK1 bind PIP3.  This 

allows PDK1 to phosphorylate T308 of the Akt activation loop.  For full kinase 

activity, Akt must also be phosphorylated at S473 of the hydrophobic motif by 

PDK2. 
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1.3.2 Viral Modulation of Akt Signalling 

The importance of Akt signalling in viral infection is highlighted by the 

discovery of Akt as a viral oncogene with cellular homologues (208).  In this 

instance Akt activity prevents apoptosis and promotes infected cell survival.  

Many viruses have now been shown to manipulate Akt to the same end.  This 

ensures infected cell survival for viruses like EBV (42, 190, 219), human 

papilloma virus (257), and hepatitis B virus (194).   

In addition to promoting infected cell survival, viruses and viral proteins 

initiate a number of biological functions through activation of PI3K-Akt 

signalling.  The EBV protein BRLF1 activates signalling to promote viral gene 

transcription and subsequently initiate lytic replication in EBV positive cell lines 

(39).  Akt signalling is critical for entry of Zaire ebolavirus (185), and HIV-1 uses 

at least two viral proteins to enhance virion production through Akt signalling. 

HIV-1 gp120 initiates signalling as it binds the virion to the cell surface during 

viral entry, and HIV-1 Nef participates in the assembly of a PI3K signalling 

complex (59, 117). 

Viruses are also thought to activate mTORC1 signalling downstream of 

the PI3K-Akt pathway (Figure 6), to enhance viral protein translation (reviewed 

in (20)).  The canonical mTORC-1 pathway leads to phosphorylation and 

activation of p70 ribosomal S6 kinase (S6K), and hyperphosphorylation and 

inhibition of eukaryotic translation initiation factor 4E (eIF4E) binding protein 1 
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(4EBP1).   These two events converge to enhance translation.  It is of note that 

active mTORC1 also supports cellular functions other than translation like the 

enhancement of viral DNA replication observed during adenovirus infection 

(155).  During hCMV (93), and adenovirus infection (155) mTORC1 activation is 

known to require the activity of PI3K.  However, in other viral infections the 

mTORC1 pathway may be activated either directly by a virus-encoded protein or 

it may be targeted through an alternate cellular mechanism, like the ill defined 

pathway linking excess amino acids and mTORC1 activation (reviewed in (52) 

and (165)). 
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Figure 6.  Akt-mediated Activation of mTORC1 Signalling. 

Akt phosphorylates TSC2 to inactivate the mTORC1 inhibitor, TSC1/TSC2.  

mTORC1 is active when bound to Ras homologue enriched in brain (Rheb)-

guanosine triphosphate (GTP) and is inactive when bound to Rheb-guanosine 

diphosphate (GDP).  TSC1/TSC2 acts as a Rheb-GTPase activating protein 

(Rheb-GAP), to hydrolyze Rheb-bound GTP and inactivate mTORC1.  Active 

mTORC1 enhances translation through two phosphorylation events.  

Phosphorylation of 4EBP1 causes the release of the translation initiation factor 

eIF4E; phosphorylation of S6K activates this kinase and stimulates translation 

through phosphorylation of S6K substrates including the ribosomal protein S6. 
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1.3.3 SFKs Upstream of Akt 

Several lines of evidence suggest that SFKs influence the PI3K-Akt 

signalling axis; however the underlying mechanisms of this link have not been 

clearly defined.  The strongest correlation between SFK activity and Akt 

signalling is provided by studies of viral Src (v-Src) from Rous sarcoma virus.  

Minor differences in amino acid sequence makes v-Src a constitutively active 

form of cellular Src (reviewed in (131)).  Transformation of cells by v-Src is 

accompanied by the formation of a v-Src-PI3K complex and an increase in PI3K 

activity (65).  This suggests that an active SFK is sufficient to induce PI3K-Akt 

signalling.  Early studies suggested that the mechanism responsible for this 

activation involves direct binding of v-Src and PI3K since the SH3 domains of v-

Src (122), Lck (235), and Fyn (170) bind PI3K in vitro.  However, in vivo data 

supporting this theory seem to be lacking. 

SFKs are found upstream of the PI3K-Akt signalling module in many 

pathways, including signalling initiated by the TCR (203) ; the BCR (75); 

PDGFR-β (10, 142, 254); the insulin receptor (149, 151, 254); and polyoma virus 

MTAg (221).  In these signalling pathways SFKs control PI3K activation by 

mediating phosphorylation of a PI3K p85 SH2 binding motif(s) (consensus 

sequence YXXM).  This was most clearly demonstrated in the PDGFR-β pathway 

(Figure 7).  Upon receptor ligation PDGFR-β binds the Src SH2 domain at one of 
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two compensatory juxtamembrane motifs, and this high affinity binding activates 

Src (142, 227).  A conservative tyrosine to phenylalanine mutation in these motifs 

ablates Src binding and activation (142, 227).  As a consequence tyrosine 

phosphorylation of the PDGFR-β receptor is severely reduced and 

phosphotyrosine mediated binding of downstream effectors (including of PI3K) is 

ablated (10).  The above experiments clearly outlined the mechanism of PDGFR-

β-Src-PI3K signalling.  However, in this pathway it is unclear whether Src 

phosphorylates the YXXM motif directly or indirectly through activation of a 

downstream kinase.   

Signalling initiated by MTAg is thought to result in Src directly 

phosphorylating two PI3K p85 SH2 binding motif.  MTAg contains a putative 

high affinity SFK SH2 binding motif (YEEI) that is believed to bind and activate 

Src.  Evidence suggests that active Src bound to MTAg directly phosphorylates 

the YXXM motif found within MTAg (14, 33, 34, 187), and this phosphorylated 

motif facilitates PI3K binding and PI3K-Akt signalling in vivo (217, 221).   

In signalling downstream of the insulin receptor Src activates an 

intermediate kinase to mediate phosphorylation of the YXXM motif and elicit 

PI3K activity.  Downstream of insulin receptor ligation Src phosphorylates the 

insulin receptor to enhance the receptor’s kinase activity (254), and   the insulin 

receptor phosphorylates YXXM in the membrane associated adaptor protein IRS-

1 to initiate PI3K-Akt signalling (149). 
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During TCR signalling the mechanism of SFK mediated PI3K activation 

is more complex.  Lck phosphorylates the ITAM motif of the CD3ζ chain of the 

TCR complex, and this indirectly leads to activation of the ZAP-70 (reviewed in 

(203)).  ZAP-70 in turn phosphorylates the membrane associated adaptor protein, 

LAT.  PI3K associates with LAT, however this interaction may involve additional 

unidentified adaptor proteins since LAT does not contain a YXXM motif (258). 

One report suggested an alternative in vivo mechanism for SFK-mediated 

activation of PI3K-Akt signalling whereby active SFKs inhibit PTEN activity 

(124).  Although, this second in vivo mechanism is not well established, it is an 

intriguing possibility that SFKs may simultaneously active PI3K and suppress 

PTEN to induce Akt activity in vivo. 
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Figure 7.  PDGFR-β Signalling 

 Ligand-occupied PDGFR-β autophosphorylates to create SH2 docking sites for 

downstream effectors.  The Src SH2 domain binds with high affinity in the 

juxtamembrane region.  Src mediates phosphorylation of SH2 binding motifs of 

downstream effectors including PI3K either directly or indirectly through 

activation of a separate kinase.  SH2-mediated binding of PI3K to PDGFR-β 

initiates the PI3K-Akt pathway. 
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1.4  HSV INFECTION INDUCED ACTIVATION OF SFKs AND AKT 

 HSV infection is known to activate a number of signal transducing 

proteins including p38 (135, 255), JNK (135, 255), SFKs (113), Akt (12) and 

mTORC1 (237).  HSV induced activation of p38 and JNK in T cells and non-

lymphocyte cell lines is well established (135, 200, 255).  In non-lymphocyte cells 

ICP27 is responsible for p38 and JNK activation (74), and it has been suggested 

that this signalling stabilizes the expression of a subset of host mRNA transcripts 

(31).  In T cells this signalling is implicated in enhancing the production of the 

Th2 cytokine, IL10 (200).  HSV infection-induced activation of SFKs, Akt and 

mTORC1 has not been the subject of much investigation.  The HSV encoded 

signalling modulators activating these kinases, the cellular signalling pathways 

involved, and the biological consequences of activation have yet to be fully 

explored. 

1.4.1  HSV Infection-Induced Activation of SFKs 

  Src isolated from HSV infected fibroblasts has a slightly elevated level of 

in vitro activity compared to Src isolated from mock infected cells (113).  

Consistent with SFK activation, SFKs in an infected cell display a small but 

distinct decrease in electrophoretic mobility through sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) and an increase in 

phosphorylation at the activating tyrosine (113). Three viral encoded proteins 



36 

 

have been implicated in the activation of SFKs.  The change in electrophoretic 

mobility was influenced by the viral kinases US3 and UL13, while the increase in 

activating phosphorylation required the viral immediate early protein ICP0 (113).  

ICP0 was also shown to interact with the isolated SH3 domains of the SFKs Src, 

Yes, Fyn and Fgr suggesting that it directly influences SFK activity (113).  The 

mechanism by which US3, UL13, and ICP0 activate SFKs, any subsequent 

cellular signalling, and any associated biological functions have yet to be fully 

explored. 

1.4.3  HSV Infection-Induced Activation of Akt and mTORC1 

Although HSV is capable of activating Akt and the prototypical Akt 

downstream target mTORC1; it is not known whether these active kinases 

constitute a common pathway during HSV infection.  In the epithelial cell line, 

HEp-2, HSV-1 strain F activates Akt early in infection (12).  Late in infection Akt 

activation is suppressed by the viral serine-threonine kinase US3, since activation 

of Akt is only induced by US3 null mutants of HSV-1 (12).  It is possible that 

US3 negatively regulates Akt by directly phosphorylating cellular proteins that 

participate in Akt signalling.  Any viral or cellular component(s) acting with US3 

to suppress Akt activation and those activating Akt in the absence of US3 have 

yet to be defined. 

HSV-1 infection has also been shown to induce activation of the Akt target 

mTORC1 in primary fibroblasts and several cell lines (237).  In these experiments 
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activation of mTORC1 was measured as a rapamycin sensitive 

hyperphosphorylation of 4EBP1 (237).  Whether HSV-induced Akt signalling 

enhances mTORC1 activation has yet to be investigated. 

1.5  VIRION PROTEIN 11/12 

This document describes the HSV-1 tegument protein VP11/12 as a 

modulator of SFK-PI3K-Akt signalling.  VP11/12 is an outer tegument protein 

which should disperse into the cytoplasm upon viral entry and is then free to 

translocate to various cellular locations for immediate manipulation of host cell 

functions (99).  VP11/12 is one of the most abundant HSV-1 tegument proteins 

(260).  Despite the implied importance of VP11/12 in HSV infection, VP11/12 

lacked a well established function at the onset of my doctoral studies. 

VP11/12 was originally named according to its migration relative to other 

virion proteins in SDS-PAGE.  It was named as two proteins (VP11 and VP12) 

since it sometimes forms a doublet of proteins at the molecular weights of ca. 87 

and 93 kDa (207).  Subsequently, VP11/12 was shown to be one protein encoded 

by the open reading frame UL46 (260).  

Transient transfection assays originally suggested that VP11/12 enhances 

α gene transcription in collaboration with VP16 and suppresses α gene 

transcription in the absence of VP16 (96, 133).  Consistent with this hypothesis, 

VP11/12 and VP16 have been shown to physically interact (96, 234).  However, 
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the role of VP11/12 in modulating immediate early gene expression during 

infection was brought into question upon construction of viral mutants bearing 

null mutations in the UL46 open reading frame.  The VP11/12 null virus is viable 

in cultured cells and displays no detectable defect in α gene expression (261).  

Thus, the primary function of VP11/12 during infection had yet to be discovered.  

Tegument proteins like VP11/12 are thought to guide the capsid through 

the various stages of virion assembly.  Studies of the US3 protein have established 

that this protein enhances primary envelopment (145, 179, 245).  Other tegument 

proteins are also thought to navigate capsids through virion assembly, based on 

observed interactions between capsids and the tegument protein.  For example, 

VP11/12, UL37 and vhs associate with capsid in the nucleus, suggesting a role in 

the early stages of virion assembly (21, 175).  As well, VP16 associates with 

capsid found between the outer and inner nuclear membranes, suggesting a role in 

the nuclear egress of capsids (150).   

Some evidence suggests that VP11/12 may guide capsids through virion 

assembly in the cytoplasm.  The bulk of VP11/12 localizes to the perinuclear 

cytoplasmic foci thought to be sites of virion assembly (96, 154, 243); VP11/12 

has been shown to rapidly translocate in the cytoplasm (243); and VP11/12 

displays strong interactions with capsids in vitro (148).  Collectively, these 

observations suggest that VP11/12 may accompany capsids to various sites of 

assembly in the cytoplasm.  Importantly, VP11/12 is not essential for virus 
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replication in cell culture (261). Therefore any role for VP11/12 in virion 

assembly must be compensated by some other viral or cellular protein. 

The sub-cellular localization of VP11/12 suggests that VP11/12 serves a 

function at the plasma membrane or other cellular membranes.  Subcellular 

fractionation experiments indicate that VP11/12 associates with membranes in the 

infected cell but not within mature virions (148), suggesting that membrane 

association is reversible and occurs before the final stages of virion assembly.  

There is also evidence suggesting that VP11/12 delivered by the infecting virion 

localizes to the plasma membrane shortly following viral entry (243). This 

suggests that VP11/12 may function at membranes, either upon viral entry or at 

later stages prior to virion assembly. 

This document outlines an investigation into the function of the HSV-1 

tegument protein VP11/12.  Our studies began with the discovery that VP11/12 is 

heavily tyrosine phosphorylated in B, T and NK lymphocytes. From this initial 

observation we found that the lymphocyte specific SFK Lck enhances tyrosine 

phosphorylation of VP11/12 in the context of an infection or a transfection, 

suggesting that VP11/12 is a substrate of Lck or a kinase downstream of Lck 

(Chapter 3).  We discovered that HSV-1 infection activates Lck, and that this 

activation strictly requires VP11/12.  Furthermore, we demonstrated an interaction 

between VP11/12 and Lck during infection which suggests that VP11/12 activates 

Lck directly (Chapter 4).  Finally, we investigated signalling downstream of 

VP11/12-Lck interactions.  We found that VP11/12 interacts with PI3K and that 
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VP11/12 is required to induce SFK-dependent signalling through the PI3K-Akt 

signalling axis.  Interestingly, VP11/12 is not required for infection-induced 

activation of mTORC1, implying that mTORC1 signalling is independent of the 

PI3K-Akt module in the context of HSV-1 infection (Chapter 5). 



 

 

 

 

 

CHAPTER 2: Materials and Methods 
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2.1  Cells and Viruses 

NK-92 cells (ATCC) and 721.221 B cells (98) were a gift from Dr. Debby 

Burshtyn (University of Alberta, Edmonton, AB).  NK-92 cells were grown in α 

minimal essential medium (αMEM Gibco) supplemented with 12.5% horse serum 

(Sigma), 12.5% fetal bovine serum (FBS) (PAA laboratories Inc.), 0.2 mM 

inositol  (Sigma), 0.1 mM 2-mercaptoethanol (BDH), 0.02 mM folic acid 

(Sigma), 2 mM l-glutamine (Gibco), 20µg/mL gentamycin(Gibco) and 100U/mL 

IL-2 (Hoffmann-LaRoche Inc.).  721.221 B cells were maintained in Iscove’s 

modified Dulbecco’s medium with NaHCO3 and without l-glutamine (Sigma) 

supplemented with 10% FBS, 4mM l-glutamine and 100U/mL 

penicillin/streptomycin (Gibco).   

Jurkat 6.8 and JCAM1.6 (69) were donated by Dr. Hanne Ostergaard and 

were originally from ATCC.  Jurkat and JCAM cells were maintained in RPMI 

1640 medium with l-glutamine (Gibco) supplemented with 10% FBS, 200 mM l-

glutamine, 100 mM sodium pyruvate (Gibco) and 100U/mL 

penicillin/streptomycin.   

Human embryonic lung (HEL) fibroblasts, human U2OS osteosarcoma 

cells, and Vero cells were obtained from ATCC.  HEL fibroblasts and U2OS cells 
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were maintained in Dulbecco’s modified eagle’s medium (DMEM, Gibco) 

supplemented with 10% FBS, 100 mM sodium pyruvate and 100 U/mL 

penicillin/streptomycin, while Vero cells (obtained from ATCC) were maintained 

in DMEM supplemented with 5% FBS and 100 U/mL penicillin/streptomycin.   

CD8+ T cells were kindly donated by Dr. Chris Bleakley (University of 

Alberta, Edmonton, AB).  CD8+ T cells were derived from human peripheral 

blood lymphocytes, isolated as described previously (6) and selected based on 

CD8 expression using the RosetteSep human CD8+ T cell enrichment cocktail 

(Stem Cell Technologies).  The CD8+ T cells were maintained as described 

previously for unsorted human peripheral blood lymphocytes (6).   

Cells were kept at 37oC and 5% CO2 in a humidified chamber except 

during viral stock preparations.  Most virus stocks were prepared from infected 

Vero cells maintained at 34oC and 5% CO2 in 199 medium supplemented with 5% 

FBS and 100 U/mL penicillin/streptomycin. For experiments involving the n212 

virus and its parental strain KOS, viruses were prepared from infected U20S cells.    

The HSV-1 strain KOS ICP0 mutant n212 was a kind gift from Dr. 

Priscilla Schaffer.  HSV-1 strain F and the F-derived mutants R7356 (UL13-), 

R7041 (US3-), and R7306 (US3 repair virus) were generously provided by Dr. 

Bernard Roizman (University of Chicago, Chicago, IL).  The HSV-1 KOS 

recombinants, GHSV-UL46 (243), and KOS-G (139) have been described 

previously. 
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2.2  Virus Infection 

 Jurkat and JCAM cells were directly infected at a multiplicity of infection 

(MOI) of 10 plaque forming units (PFU) per cell in a small volume of serum free 

RPMI (4 million cells/200 µL), at 37oC for 1 hour.  HEL and Vero were similarly 

directly infected at an MOI of 10 in a small volume of serum free DMEM (1 

million cells/500 µL), at 37oC for 1 hour.  Infected cells were harvested at 4-20 

hours post-infection (hpi), as indicated in the figure legend.  Where indicated, the 

PI3K inhibitors Wortmannin (Sigma-Aldrich) and Ly294002 (Sigma-Aldrich); the 

Src-family kinase inhibitor PP2 (Calbiochem); and the inactive analogue of 

Ly294002, Ly303511 (EMD Chemicals) were added to the infection at a final 

concentration of 1 µM, 20µM, 10µM and 20 µM, respectively. 

 In some experiments lymphocytes were infected indirectly by co-culture 

with infected HEL fibroblasts.  HEL fibroblasts were infected at an MOI of 10 

PFU/cell and the infection was allowed to proceed for 12 hours.  Infected cells 

were then washed with phosphate buffered saline (PBS).  Lymphocyctes were 

added to the fibroblasts at a 1:1 ratio unless otherwise stated, and the culture was 

incubated for 3-4 hours. Where indicated, the Src-family kinase inhibitor PP2 

(Calbiochem) was added to a final concentration of 10 µM during the co-culture 

period.  The lymphocytes were then collected and for most experiments they were 

used directly for a lytic assay or western blot analysis.  In the analysis of SFK 
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activation in infected CD8+ T cells, the lymphocytes were cultured for an 

additional 5 hours prior to western blot analysis. 

2.3  Construction of UL46 Null HSV 

The HSV-1 bacterial artificial chromosome (BAC), KOS-37, a gift from 

Dr. David Leib (University of Washington, St. Louis, MO), was mutated at the 

UL46 locus (67).  Mutagenesis was performed using a form of bacterial 

recombination called recombineering  (reviewed in (32)) according to the public 

protocol (http://web.ncifcrf.gov/research/brb/protocal.aspx).  Specifically, E. coli 

SW102, which contains a lambda prophage tightly controlled by a temperature 

sensitive repressor was used (239).  SW102 also contains a deletion of the galK 

gene in an otherwise intact galactose operon. When provided in trans galK allows 

for galactose metabolism and consequently positive selection in the presence of 

galactose and negative selection in the presence of the galactose derivative, 2-

deoxy-galactose (DOG).   

The UL46 open reading frame (ORF) of the KOS-37 BAC was initially 

replaced by the galK gene (∆UL46galK).  GalK was then precisely removed to 

form a seamless deletion of UL46 (∆UL46) or was repaired by replacement of the 

UL46 ORF (RUL46).  For the construction of ∆UL46galK a linear galK 

expression cassette was amplified by PCR of pgalK (239) using primers 

consisting of sequence homologous to 50 bp immediately upstream of the UL46 
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start codon and 54 bp immediately downstream of the UL46 stop codon (Primer 1 

and Primer 2; see Table 1).   

For the construction of ∆UL46, a linear oligo homologous to the regions 

immediately flanking UL46, 50 bp immediately upstream and 54 bp downstream 

of the UL46 ORF was used (oligo 1; Table 1).   

To construct RUL46, a linear cassette of the UL46 ORF was amplified 

from KOS-37, primed 52 bp upstream of the UL46 start codon and 57 bp 

downstream of the UL46 stop codon (Primer 3 and 4; Table 1).   

Recombineering was performed as follows.  KOS-37 was electroporated 

into SW102, and transformants were grown at 32oC in the presence of 12.5µg/mL 

chloramphenicol.  Recombination machinery was induced by growth in liquid 

culture at 42oC for 15-30 minutes.  Following induction, the appropriate linear 

cassette was transformed into cells by electroporation.  The galK expression 

cassette was used first to replace the UL46 ORF of KOS-37(∆UL46galK) and 

positive selection was performed by growth on M63 minimal agar containing 

galactose and subcloning on MacConkey agar (Becton Dickinson) with galactose.  

Subsequently transformation of the linear oligo replaced galK to form a seamless 

deletion of the UL46 ORF (∆UL46), and, in parallel, the UL46 cassette replaced 

galK (RUL46).  ∆UL46 and RUL46 recombination events were negatively 

selected on M63 minimal media containing 2-DOG (Sigma).  All transformed 

candidate colonies were screened by PCR of BAC DNA with primers internal to 
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the galK ORF (Primer 5 and 6; Table 1), primers internal to the UL46 ORF 

(Primer 7 and 8; Table 1) and primers flanking the UL46 ORF (Primer 9 and 10; 

Table 1).  BACs were isolated using a large construct purification kit (Qiagen).  

Viruses were derived by transfection of BACs into the Cre-Vero epithelial cell 

line using lipofectamine (Invitrogen) (previously described (67)). 

2.4  Plasmid Construction 

A plasmid containing the HSV-1 KOS UL46 ORF (pUL46) was made by 

inserting into the EcoRI and XhoI restriction sites of pcDNA3.1, PCR product 

spanning from 10bp upstream of the UL46 start codon to 30bp downstream of the 

stop codon (Invitrogen) (Primer 11 and 12; Table 1).    

A plasmid containing flanking sequences of HSV-1 KOS UL46 ORF 

(pL1R1) was made by first inserting a PCR product beginning 18 bp downstream 

of the UL46 stop codon and spanning 455 bp of downstream sequence (Primer 13 

and 14; Table 1) into the XbaI and NotI restriction sites of pBluescript SK+ 

(Fermentas).  A PCR product of 350bp immediately upstream of the UL46 start 

codon was then inserted into the resulting plasmid at the NotI and SacI restriction 

sites (Primer 15 and 16; Table 1). 

For construction of pGUL46 a GFP tag was inserted into pUL46 10 amino 

acids from the C terminus of VP11/12 (at K709), to give a VP11/12-GFP fusion 

protein analogous to that of GHSV-UL46 (243).  First, a portion of the multiple 



48 

 

cloning site of pUL46, containing a HindIII restriction site was removed by 

excision of the NheI-EcoRI fragment.  GFP cDNA was amplified from pEGFP-

N1 (Clontech) (Primer 17 and 18; Table 1).  GFP cDNA was then inserted into 

the remaining HindIII restriction site within UL46. 
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Table 1.  Table of Primers 

  5' → 3'  (capitals indicate HSV sequence) 

Primer 1 
GACAAACAGGGGGAAAGGGGCGTGGTCTAGCGACGGCAGCACGGGCGGAGGCGT- 
cctgttgacaattaatcatcggca 

Primer 2 
GGACGCGGCATAACTCCGACCGGCGGGTCCCGACCGAACGGGCGTCACC- 
tcagcactgtcctgctcctt 

Oligo 1 
GACAAACAGGGGGAAAGGGGCGTGGTCTAGCGACGGCAGCACGGGCGGAGGCGT/ 
GGTGACGCCCGTTCGGTCGGGACCCGCCGGTCGGAGTTATGCCGCGTCC  

Primer 3 GTCGACAAACAGGGGGAAAG 

Primer 4 CTGGACGCGGCATAACTC 

Primer 5 ccattgtcgcacatgaaaac    

Primer 6 tccagtgaagcggaagaact 

Primer 7 GGACTCAGCCGGTGACATAC 

Primer 8 AAGTACCTGCAGACGGTGGT 

Primer 9 GACAAACAGGGGGAAAGG 

Primer 10 GGACGCGGCATAACTCC 

Primer 11 ttgaattcGGGCGTCACCATGCAG 

Primer 12 tttctcgagGTCTAGCGACGGCAGCAC 

Primer 13 tctctagaGTCCAGTCGGCAAGATCCTC 

Primer 14 ttttgcggccgCACGCCTCCGCCCGTGCTGC 

Primer 15 gtttgcggccgcGGTGACGCCCGTTCGGT 

Primer 16 ttgagctcCGGAGCACGTGGATCTGC 

Primer 17 gtcaaagcttAAGATGGTGAGCAAGGGCGA 

Primer 18 cttgaagcttCTTGTACAGCTCGTCC 



50 

 

 

2.5  Southern Blot 

 BAC DNA and viral DNA of each UL46 mutant was digested by NotI, 

BamHI, ApaLI, HincII and MluI.  For probes, the UL46 ORF from pUL46 was 

isolated by digestion with EcoRI and XhoI, the galK ORF was isolated from 

pgalK by digestion with EcoRI and NotI and the 5’and 3’ flanking regions of 

UL46 were isolated from pL1R1 by digestion with XbaI, NotI and SacI.  P32 

labeling of the UL46, galK and flank probes and southern blotting of the BAC and 

viral DNA were performed as previously described (139). 

2.6  Lytic Assay   

Target 721.221 B cells were labeled with 100 µCi Na2
51CrO4 

(PerkinElmer) for 1.5-3 hours at 37oC and were then washed and resuspended in 

medium for NK-92 cells.  NK-92 and 721.221 cells were co-incubated at the 

indicated effector: target (E:T) ratios for 4-5 hours at 37oC.  Radioactivity was 

measured using a 1450 Wallac Microbeta TriLux liquid scintillation counter.  

Lysis was calculated as follows: percentage of lysis = (radioactivity of sample 

(counts per minute; cpm) – radioactivity of minimum target lysis (cpm))/ 

radioactivity of maximum target lysis (cpm).  The radioactivity of minimum 

target lysis was determined by radioactivity measurements of 721.221 cells in the 
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absence of NK-92 effectors.  The radioactivity of maximum target lysis was 

measured by radioactivity measurements of 721.221 cells in the presence of 5% 

IGEPAL CA-630 (Sigma). 

2.7  Immunoprecipitation 

Cell extracts of 16 million Jurkat or 4 million HEL were prepared at 4oC 

by a 20 minute incubation in lysis buffer (1% Nonidet, 0.25% sodium 

deoxycholate, 150mM NaCl, 1mM EGTA, 10mM NaF, 10mM β-glycerol 

phosphate, 1mM Na3VO4, 50mM Tris-HCl pH 7.4) supplemented with a complete 

protease inhibitor cocktail (Roche).  All steps were carried out at 4oC.  Cell lysate 

was cleared of debris by centrifugation at 16, 000 x g for 15 min.  The clarified 

lysate was preabsored to protein G Sepharose during 30 min incubation.  The 

appropriate amount of antibody was bound to protein G Sepharose during 2 hour 

or overnight incubation in PBS.  These conjugates were washed twice with lysis 

buffer.  After preabsorption 100 µL was retained as a lysate control and the 

remaining lysate was incubated with the protein G Sepharose conjugated antibody 

and 0.1% BSA for 1-2 hours.   Precipitates were washed three times with lysis 

buffer. 
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2.8  Western Blot 

Cell extracts were collected and cleared of debris as described for 

immunoprecipitation samples in section 2.7.  Cell extracts or immunoprecipitation 

samples separated by 8%, 10% or 12.5% SDS-PAGE were transferred to a 

nitrocellulose membrane (Hybond ECL, Ambersham Pharmacia). Specific 

proteins were detected using HRP-conjugated secondary antibodies (Promega) 

and an ECL plus detection system (Amersham Biosciences), or were detected and 

quantified using fluorochome-conjugated secondary antibodies, an Odyssey 

infrared imager (LI-COR Biosciences), and Odyssey application software v. 1.2.  

For detection by ECL, membranes were incubated for 1 hour in a 4% bovine 

serum albumin (BSA) TBS-T (25 mM Tris, pH 8, 150 mM NaCl, 0.1% Tween-

20) solution. For detection by the Odyssey infrared imager, Odyssey blocking 

buffer (LI-COR Biosciences) diluted 1:1 in TBS-T was used in place of BSA 

TBS-T.  Primary antibodies were incubated with the membrane for 1 hour or 

overnight at 4oC.  Secondary antibodies were incubated with the membrane for 1 

hour or overnight at 4oC.  In some cases membranes were stripped with stripping 

buffer (62.5 mM Tris pH 6.7, 2% SDS, 0.7% β-mercaptoethanol) for reprobing. 

2.9  Antibodies 

Immunoprecipitation was performed using anti-phosphotyrosine (4G10, 4 

µg, Upstate), anti-GFP (2µL, kind gift of Dr. Luc Berthiaume (University of 



53 

 

Alberta, Edmonton, AB)), anti-Lck (3A5, 1 µg, Santa Cruz Biotechnology Inc.), 

anti-phospho-Src family (Tyr416) (20 µL, Cell Signalling) anti-p85 (4 µg, 

Millipore), and anti-rabbit IgG (4 µg, Sigma).   

Antibodies used for primary detection by western blot included antibodies 

directed against phosphotyrosine (1/20,000), anti-UL46 (1/30,000), Lck (1/1000), 

p85 (1/10,000), GFP (1/3000), VP16 (LP1, 1/32, 0000, provided by Dr. Tony 

Minson (University of Cambridge, Cambridge, UK)), ICP27 (#1113, 1/2500, 

Goodwin Institute), and actin (1/1000, Sigma).  Antibodies directed against the 

following were also used for primary detection by western blot (1/1000, Cell 

Signalling): phospho-Src family (Tyr 416), phospho-Akt (Thr308), phospho-Akt 

(Ser473), Akt, phospho-p38(Thr180/Tyr182), p38, phospho-SAPK/JNK 

(Thr183/Tyr185), SAPK/JNK, phospho-p70 S6 Kinase (Thr389), p70 S6 Kinase , 

4E-BP1, phospho-GSK-3β (Ser9) , GSK-3β (27C10).  For detection of the Lck 

protein in immunoprecipitates rabbit IgG TrueBlot (1/1000, eBioscience) and 

mouse TrueBlot ULTRA (1/1000, eBioscience) secondary antibodies were used. 

Other secondary antibodies included donkey anti-mouse IR800 (1:15,000, 

Rockland inc.), goat anti-rabbit Alexa Fluor680 (1:15, 0000, Invitrogen), goat 

anti-mouse Alexa Fluor680 (1:15, 0000, Invitrogen), goat anti-rabbit HRP 

(1/3000, Promega), goat anti-mouse HRP (1/5000, Promega), and donkey anti-

goat HRP (1/15, 000, Jackson ImmunoResearch). 
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TCR stimulation was performed by incubation with soluble anti-CD3 (10 

µg/mL, OKT3, eBioscience) for 15 minutes at 4oC, followed by incubation with 

anti-mouse IgG2a (15 µg/mL, Sigma-Aldrich) for 15 minutes at 4oC.  Signalling 

was then initiated through incubation of the cells at 37oC for 10 minutes. 

2.10  Transfection 

Vero cells were transfected with empty vector pcDNA3.1 (Invitrogen), 

plasmid for Lck expression (pSX-SR Lck Y505F), plasmid for VP11/12 

expression (pUL46) or plasmid for expression of a GFP tagged version of 

VP11/12 (pUL46-GFP) using Lipofectamine (Invitrogen) according to the 

manufacturer’s instructions.  pSX-SR Lck Y505F has been described previously 

(238), and was kindly donated by Dr. Debby N. Burshtyn (University of Alberta, 

Edmonton, AB).  



 

 

 

 

CHAPTER 3: Lymphocyte-specific Tyrosine 
Phosphorylation of VP11/12: a role for the 

SFK, Lck 

 

This chapter is based on the unique observation of a ca. 90 kDa tyrosine 

phosphorylated protein in lymphocytes exposed to HSV infected fibroblasts.  This 

original observation was made by Dr. George Zahariadis in the laboratory of Dr. 

Keith R. Jerome (University of Washington, Seattle, WA).  Dr. George Zahariadis 

contributed to the experimental planning of the work in this chapter.  Rosalyn 

Doepker, and Jessica M. Maciejko executed the experiments planned by Dr. 

George Zahariadis.  Experiments performed by these individuals are indicated in 

the figure legends.  Most of the work in this chapter was published in the Journal 

of Virology (256). 
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3.1  RATIONALE 

As reviewed in the introduction (section 1.1.5), HSV infects CTL and NK 

cells by cell to cell spread of the virus (7), and the virion itself is sufficient to 

inactivate these cells from within so that they are unresponsive to multiple 

immunological targets (28, 166-168, 199, 251).  We aimed to define common 

changes in T cell and NK cell signalling following exposure to HSV under 

conditions that allow for killer lymphocyte inactivation.  We hypothesized that 

HSV alters phosphotyrosine mediated signalling in T cells and NK cells to induce 

lymphocyte inactivation.  To address this hypothesis we examined total cellular 

protein tyrosine phosphorylation in HSV inactivated lymphocytes.  As described 

in this chapter, we unexpectedly discovered tyrosine phosphorylation of the 

tegument protein VP11/12 in lymphocytes exposed to HSV infected cells and in 

directly infected lymphocytes.  During the course of our research, studies by 

Sloan et. al. highlighted the importance of phosphotyrosine modulation in HSV 

lymphocyte evasion.  Sloan et. al. demonstrated that HSV inhibits TCR signalling 

at or prior to the phosphorylation of LAT, and that HSV induced T cell inactivity 

is attenuated by phosphotyrosine phosphatase inhibitors (199).  Therefore we 

investigated whether VP11/12 is the component of the HSV-1 virion responsible 

for attenuating TCR signalling and NK cell cytotoxicity. 
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3.2  RESULTS 

3.2.1  Exposure to HSV Induces Pronounced Tyrosine Phosphorylation of a 90 

kDa Protein in Lymphocytes 

To broadly examine HSV induced changes in phosphotyrosine mediated 

signalling we examined protein tyrosine phosphorylation in NK, T, and B cell 

lines following exposure to HSV-infected fibroblasts under conditions that allow 

for lymphocyte inactivation (Figure 8). To this end, HEL fibroblasts were mock 

infected, infected with HSV-1 strain F and infected HSV-2 strain HG52 for 12 

hours.  Lymphocytes of the CD4+ T cell line, Jurkat, the B cell line, 721.221 and 

the NK cell line, NK-92 were then exposed to the HEL fibroblasts for 4 hours.  

Lysates from these cells were analyzed by western blot with an antibody against 

phosphotyrosine.  All three lymphocyte lineages displayed low levels of tyrosine 

phosphorylated proteins following exposure to mock infected fibroblasts.  By 

contrast, cells of each lineage displayed marked tyrosine phosphorylation of a ca. 

90 kDa protein upon exposure to HSV-1 or HSV-2 infected fibroblasts.   In some 

experiments, exposure of Jurkat T cells to HSV-1 and HSV-2 infected fibroblasts 

also induced the appearance of tyrosine phosphorylated proteins of ca. 35-40 kDa, 

55-60 kDa and 60-65 kDa (Figure 8 and Figure 11).  However, detection of these 

phosphoproteins was less consistent.  Overall, our result show that cells from 

three distinct lymphocyte lineages express a ca. 90 kDa tyrosine phosphorylated 

protein following exposure to HSV infected fibroblasts.
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Figure 8.  Lymphocytes exposed to HSV display tyrosine phosphorylation of 
a 90 kDa protein. 

HEL fibroblasts were mock-infected or infected by HSV-1 F or HSV-2 HG52 for 

12 hours.  Lymphocyte cell lines (Jurkat T cells, 721.221 B cells and NK-92 NK 

cells) were incubated with mock and HSV infected fibroblasts as indicated for 4 

hours.  Protein was collected from the non-adherent lymphocytes and tyrosine 

phosphorylated proteins were detected by western blot analysis using an anti-

phosphotyrosine antibody. * Experiment performed by G. Zahariadis and R.C. 

Doepker * Experiment repeated by G. Zahariadis and J. Maciejko 
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3.2.2  Jurkat T cells Phosphorylate VP11/12 

We aimed to identify the 90 kDa tyrosine phosphorylated protein present 

in lymphocytes exposed to HSV infected fibroblasts, under the assumption that 

this phosphoprotein may play a role in HSV-mediated lymphocyte inactivation.  

Jurkat T cells and NK-92 cells were exposed to HSV-2 HG52 infected fibroblasts 

(as described for Figure 8).  The ca. 90 kDa and 60 kDa phosphoprotein bands 

were isolated by anti-phosphotyrosine immunoprecipitation and separation 

through SDS-PAGE.  Mass spectrometry was used to make a crude identification 

of the ca. 90 and 60 kDa phosphoproteins.  The HSV-2 HG52 protein, VP11/12 

was among the proteins identified in both the 60 and 90 kDa fractions 

(unpublished data of Rosalyn Doepker).   

VP11/12 was originally identified as two protein species of ca. 87 kDa and 

93 kDa (207).  Therefore, it was possible that our 90 kDa phosphoprotein of 

interest is full length VP11/12, while the 60 kDa phosphoprotein observed less 

frequently is a degraded, cleaved or truncated product of VP11/12.  To 

corroborate the initial identification of VP11/12 as a tyrosine phosphorylated 

protein, Jurkat T cells were exposed to infected fibroblasts and were then 

subjected to immuprecipitation/western blot analysis of phosphotyrosine and 

VP11/12 (Figure 9).  Jurkat T cells were exposed to HEL fibroblasts infected by 

HSV-2 HG52, HSV-1 KOS, and the HSV-1 KOS derivative GHSV-UL46 which 
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encodes a VP11/12-GFP fusion protein (243).  Immunoprecipitation of anti-

phosphotyrosine (pY) and western blot analysis using antisera reactive to HSV-2 

VP11/12 (96) demonstrated detectable levels of phospho-VP11/12 (ca. 90 kDa) in 

Jurkat cells exposed to HSV-1 KOS and HSV-2 HG52 and detectable levels of 

phospho-VP11/12-GFP (ca. 120 kDa) in Jurkat cells exposed to GHSV-UL46 

(Figure 9A).  Similarly, anti-GFP immunoprecipitates of Jurkat T cells exposed to 

GHSV-UL46 yielded a large amount of tyrosine phosphorylated protein 

corresponding  to the molecular weight of VP11/12-GFP (ca. 120 kDa) (Figure 

9B).  Interestingly, immunoprecipitation of VP11/12-GFP also pulled down 

tyrosine phosphorylated proteins at molecular weights below that of VP11/12-

GFP (< 120 kDa).  Further investigation is required to determine if these proteins 

are associated with VP11/12 during infection or are the product of VP11/12 

degradation, truncation or cleavage.  Collectively, this data strongly suggests that 

Jurkat T cells exposed to HSV infected fibroblasts acquire a tyrosine 

phosphorylated form of VP11/12. 
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Figure 9.  The HSV tegument protein VP11/12 is tyrosine phosphorylated in 
Jurkat T cells. 

Jurkat T cells were exposed to mock-infected HEL fibroblasts or HEL fibroblasts 

infected by HSV-2 HG52, HSV-1 KOS, or a KOS derivative containing a GFP-

tagged VP11/12, GHSV-UL46.  Protein was collected from the Jurkat T cells.   A)  

Western blot of anti-UL46 reactive proteins in anti-phosphotyrosine 

immunoprecipitate.  *Similar results seen Jurkat cells exposed to HSV-1 KOS and 

HSV-2 HG52 and tested by G. Zahariadis and R.C. Doepker. B) Western blot of 

anti-phosphotyrosine reactive proteins in cell lysate and anti-GFP 

immunoprecipitate.  Results confirmed through reciprocal immunoprecipitation 

using anti-phosphotyrosine followed by anti-GFP western blot. 
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3.2.3  Construction of VP11/12 Null HSV 

 To investigate whether VP11/12 represents all or a fraction of the ca. 90 

kDa anti-phosphotyrosine band that we observed in lymphocytes exposed to HSV, 

we constructed a VP11/12 null mutant of HSV.  To this end the VP11/12 open 

reading frame of the UL46 gene was precisely removed from the HSV-1 BAC 

KOS-37 using a bacterial homologous recombination system known as  

recombineering (reviewed in (32) and outlined in detail in chapter 2).  Briefly, the 

bacterial selection gene galK was inserted in place of the VP11/12 open reading 

frame (∆UL46galK), and recombinants were positively selected.  The galK gene 

was then replaced with either a seamless deletion of the VP11/12 open reading 

fame (∆UL46) or a repaired open reading frame (RUL46), and recombinants were 

negatively selected.  Candidate colonies were initially identified through a PCR 

screen for the desired mutation, and a restriction enzyme digest was performed to 

assay the BAC for any large and undesired insertions or deletions. 

    The accuracy of recombination at the UL46 ORF in the mutant BACs 

was tested by Southern blot of infected cell DNA (Figure 10).  Southern blots 

were probed with DNA homologous to the VP11/12 open reading frame (UL46), 

the galK open reading frame (galK) and the sequence flanking UL46 (Flanks ; 

350 bp 5’ and 455 bp 3’ of the UL46 ORF).  DNA of infected cells was digested 

with BamHI or MluI, which cut within the VP11/12 ORF or the galK gene, 
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respectively (Probes and cut sites illustrated in Figure 10A).  The wild type KOS-

37 infected cell DNA bound the flanks and UL46 probes to demonstrate the 8055 

bp and 717 bp fragments generated by digestion with BamHI, as well as the 3027 

bp fragment generated by digestion with MluI (Figure 10B).  Consistent with 

replacement of the VP11/12 ORF by the galK gene,  ∆UL46galK infected cell 

DNA gave rise to a single 7933 bp fragment upon digestion with BamHI and two 

fragments of 1317 bp and 784 bp upon digestion with MluI, all of which bound 

the flanks and the galK probes, but not the UL46 probe.  Digestion of ∆UL46 

infected cell DNA by both BamHI and MluI generated a single fragment which 

only bound the flanks probe and not the galK or UL46 probes.  Furthermore, 

digestion of the ∆UL46 sample by MluI generated an 870 bp fragment which is 

consistent with a seamless deletion of the VP11/12 ORF (2157 bp) when 

compared to the fragment in the KOS-37 sample (3027 bp).   The Southern blot of 

RUL46 infected cell DNA is identical to that of wild type KOS-37 indicating 

efficient repair of the VP11/12 ORF.  Collectively, this data indicates that the 

galK expression cassette was inserted specifically into the VP11/12 ORF in 

∆UL46galK and was subsequently removed to form a seamless deletion (∆UL46) 

or a repaired UL46 ORF (RUL46).   
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Figure 10.  Validation of UL46 targeted recombination. 

A)  A schematic of a southern blot comparison of the wild-type HSV-1 KOS37, UL46 

null mutant (ΔUL46galk and ΔUL46) and UL46 repair virus (UL46R) genomes.  DNA 

cleavage by BamHI, or MluI and annealment of probes for the UL46 ORF, the galK ORF 

or the sequence flanking UL46 (less than 500 bp 5’ and 3’) are illustrated.  B)  Southern 

blot (outlined in A) of DNA from wild-type HSV-1 KOS37, ΔUL46galk, ΔUL46 and 

UL46R infected Vero.  This experiment was repeated with DNA isolated from the 

corresponding bacterial clone.   *Viruses constructed by M.J. Wagner and J. Maciejko 
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3.2.4  VP11/12 is the Main Component of the 90 kDa Tyrosine Phosphorylated 

Protein(s) in Jurkat T cells Exposed to HSV 

The UL46 null viruses (∆UL46galK, ∆UL46) lack the genetic sequence 

for VP11/12 expression.  We wanted to confirm the desired mutation at the 

protein level by examining VP11/12 expression in infected HEL and Vero, using 

antisera reactive to HSV-2 VP11/12 (96)(Figure 11A).   Examining lysates from 

infected HEL or Vero (data not shown), we found expression of VP11/12 in 

fibroblasts infected by HSV-2 HG52, wild-type KOS-37 and RUL46, but not in 

fibroblasts that were infected by ΔUL46galK and ΔUL46.  Importantly, the 

absence of VP11/12 in ΔUL46galK and ΔUL46 is not due to a general 

impairment of HSV protein expression, since the VP16 protein which has similar 

expression kinetics to VP11/12 is found at comparable levels in all HSV infected 

samples.  This confirms that VP11/12 is efficiently expressed in RUL46 and is not 

expressed in ΔUL46galK or ΔUL46. 

We further wanted to assess whether VP11/12 accounted for all or part of 

the 90 kDa tyrosine phosphorylated protein(s) that we observe in lymphocytes 

exposed to HSV.  Jurkat T cells and NK-92 cells were exposed to HEL fibroblasts 

infected by HSV-2 HG52, wild-type KOS-37, VP11/12 null viruses, ∆UL46galk 

and ∆UL46, and the repaired virus, RUL46.  Exposure to HSV-2 HG52, HSV-1 

KOS37 and RUL46 resulted in the appearance of a ca. 90 kDa tyrosine 

phosphorylated protein in Jurkat cells (Figure 11B) and NK-92 cells (data not 
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shown).  By contrast, this phosphoprotein was notably absent in cells exposed to 

VP11/12 null virus (ΔUL46galK and ΔUL46).    Interestingly, KOS-37 and 

RUL46 samples displayed bands corresponding to lower molecular weight 

phosphoproteins (ca. 35-40 kDa, 55-60 kDa, and 60-65 kDa) which were weak or 

absent in ∆UL46galK and ∆UL46 samples.  These phosphoproteins may be 

VP11/12 degradation, truncation or cleavage products or they may be indicative 

of VP11/12 directly or indirectly promoting cellular tyrosine phosphorylation 

events.  Since the 60 kDa tyrosine phosphorylated protein(s) was predicted by 

mass spectrometry to contain VP11/12, the absence of the ca. 60-65 kDa band 

does argue for the existence of VP11/12 cleavage or degradation products.  Along 

with the data from Figure 9, this experiment indicates that VP11/12 is tyrosine 

phosphorylated in lymphocytes exposed to HSV infected fibroblasts. 
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Figure 11.  VP11/12 is the main component of the 90kDa phosphoprotein in 
HSV exposed Jurkat cells. 

A) Western blot for the indicated proteins in HEL infected by KOS37, ∆UL46galK, 

∆UL46 and RUL46. Similar results were obtained in infected Vero cells. B) Western blot 

of phosphotyrosine in Jurkat cells exposed to mock-infected HEL fibroblasts and HEL 

fibroblasts infected by HSV-2 HG52, HSV-1 KOS 37, UL46 null viruses ΔUL46galk, or 

ΔUL46 and UL46 repair virus UL46R. This experiment was repeated three times (twice 

using direct infection). * Experiment in B performed by M.J. Wagner and J. Maciejko
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3.2.5  Tyrosine Phosphorylation of VP11/12 is Enhanced in Lymphocytes  

 Our data indicates that multiple lineages of lymphocytes tyrosine 

phosphorylate the viral protein VP11/12 of HSV-1 and HSV-2. Previously, as 

much as eight tyrosine phosphorylated proteins were observed in HSV-1 infected 

HeLa epithelial cells and 3T3 mouse embryonic fibroblasts (13).  We wanted to 

determine if tyrosine phosphorylated VP11/12 is present in multiple infected cell 

types or if VP11/12 tyrosine phosphorylation is a lymphocyte-specific event.   

We observed tyrosine phosphorylated VP11/12 in lymphocytes following 

co-cultured with HSV infected HEL fibroblasts.  Therefore, we first asked 

whether VP11/12 was tyrosine phosphorylated in the HEL fibroblasts of these co-

cultures.  HEL cells were mock infected, infected by wild-type HSV-1 KOS and 

infected by GHSV-UL46.  Jurkat T cells and NK -92 cells were exposed to some 

of the fibroblast cultures for 4 hours (at 12-16 hpi).   Tyrosine phosphorylated 

proteins in HEL fibroblasts (16 hpi) were compared to that of Jurkat T cells and 

NK-92.  The ca. 90 kDa VP11/12 and the ca. 120 kDa VP11/12-GFP displayed a 

much higher level of tyrosine phosphorylation in Jurkat T cells and NK-92 cells 

(Figure 12A).  Upon over-exposure of the western blots we were able to observe 

anti-phosphotyrosine band(s) corresponding to the molecular weight of VP11/12 

and VP11/12-GFP in fibroblast samples, but the intensity of these bands was 



69 

 

much weaker than that observed in lymphocyte samples.  This result suggests that 

VP11/12 tyrosine phosphorylation is more prominent in lymphocytes. 

To further examine the extent to which VP11/12 tyrosine phosphorylation 

is lymphocyte specific, we examined this phosphorylation in equivalent levels of 

infected cell protein from Jurkat T cells, Vero and HeLa epithelial cells (Figure 

12B).  Jurkat T cells, unlike primary T cells and some lymphocyte cell lines, can 

be directly infected by HSV.  Thus, each cell type was directly infected by HSV-1 

KOS and GHSV-UL46 for 9 hours.   Anti-phosphotyrosine bands corresponding 

to VP11/12 (ca. 90 kDa) and VP11/12-GFP (ca. 120 kDa) were apparent in the 

samples of Vero and Jurkat cells; however, the intensity of these bands was much 

greater in the Jurkat T cell sample.  Collectively, the data in Figure 12 suggests 

that a greater number of VP11/12 molecules or a greater number of VP11/12 

tyrosine residues are phosphorylated in lymphocytes. 
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Figure 12.  Tyrosine phosphorylation of VP11/12 is enhanced in lymphocytes. 

 A) HEL fibroblasts were mock infected, infected by HSV-1 KOS or the KOS 

mutant containing a GFP-tagged VP11/12, GHSV-UL46 for 12 hours then some 

cultures were exposed to Jurkat or NK-92 cells for 6 hours.  HEL fibroblasts at 18 

hours post infection and in Jurkat and NK-92 cells exposed to infected HEL 

fibroblasts at 12-18 hours post infection were analyzed for phosphotyrosine by 

western blot.  *Experiment in A performed by R. Doepker and G. Zahariadis and 

repeated twice, using Jurkat and HEL cells. B) Jurkat, Vero and HeLa cells were 

directly infected by cell-free HSV-1 KOS and GHSV-UL46 for 9 hours.  

Phosphotyrosine was detected by western blot in infected cell lysates normalized 

for protein content. 
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3.2.6  Phosphorylation of VP11/12 Requires the Lymphocyte Specific SFK, Lck 

The cell type-specific nature of VP11/12 tyrosine phosphorylation 

suggested the involvement of a lymphocyte-specific kinase.  As one possibility 

we examined the lymphocyte specific SFK Lck, which is known to play a critical 

role in TCR signalling.  To determine if Lck is necessary for VP11/12 tyrosine 

phosphorylation, we assessed phosphorylation in the Lck deficient Jurkat 

derivative cell line, JCAM1.6 and in Jurkat cells exposed to the SFK specific 

inhibitor PP2 (Figure 13A).   Marked tyrosine phosphorylation of VP11/12 was 

evident in untreated Jurkat T cells exposed to HSV-1 KOS and HSV-2 HG52 

infected HEL fibroblasts.  By contrast, JCAM1.6 cells and Jurkat T cells exposed 

to PP2 demonstrated low levels of tyrosine phosphorylated VP11/12 despite 

consistent expression of VP11/12 between samples (Figure 13B). In separate 

experiments VP11/12 expression was decreased in JCAM1.6 samples or in 

samples where Jurkat T cells had been exposed to PP2 (data not shown).  

However, decreases in total VP11/12 were slight compared to the decrease in 

VP11/12 tyrosine phosphorylation.  This suggests that the activity of the SFK Lck 

is required for VP11/12 tyrosine phosphorylation. 
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Figure 13.  Lck and SFK activity are necessary for tyrosine phosphorylation 
of VP11/12. 

Jurkat T cells and cells of the Lck deficient Jurkat derivative cell line, JCAM1.6, 

were exposed to mock, HSV-2 HG52 and HSV-1 KOS infected HEL fibroblasts 

in the presence or absence of the SFK inhibitor, PP2, as indicated.  

Phosphotyrosine and the indicated proteins were detected by western blot.  

*Experiment performed by R. Doepker and repeated once. 
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3.2.7  Lck Enhances VP11/12 Tyrosine Phosphorylation 

The preceding experiment suggests that VP11/12 may be a substrate of 

Lck or a tyrosine kinase activated by Lck.  To further investigate this possibility 

we asked if overexpression of Lck is sufficient to induce tyrosine phosphorylation 

of VP11/12 in Vero cells (Figure 14). Cells were transfected with plasmid(s) 

encoding VP11/12, a VP11/12-GFP fusion protein (VP11/12-GFP), and 

constitutively active Lck (Y505F Lck).  Constitutively active Lck encoding a 

Y505F mutation was used in this experiment to ensure activation of Lck in the 

absence of the leukocyte specific phosphatase and activator of Lck, CD45 (104, 

164, 191).  It is well known that Lck Y505F enhances tyrosine phosphorylation of 

cellular proteins, including the autophosphorylation of Lck (5, 128).  Accordingly, 

all cells expressing Lck demonstrated a tyrosine phosphorylated protein of ca. 56 

kDa that we assume is Lck.  Unique anti-phosphotyrosine reactive bands were 

observed in samples that contained Lck and VP11/12 or VP11/12-GFP compared 

to samples containing Lck alone.  This included evidence of a tyrosine 

phosphorylated VP11/12 seen as a doublet of ca. 90 kDa, and tyrosine 

phosphorylated VP11/12-GFP which resolved as a single band of ca. 120 kDa.  

Samples expressing VP11/12 or VP11/12-GFP alone also contained anti-

phosphotyrosine reactive bands corresponding to ca. 90 kDa and ca. 120 kDa, 

respectively.  However, the intensity of these bands was much weaker in the 
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absence of Lck.  Thus, Lck greatly enhanced tyrosine phosphorylation of VP11/12 

and VP11/12-GFP.    

The unique anti-phosphotyrosine reactive bands observed in samples 

containing Lck and VP11/12 or VP11/12-GFP also included proteins of lower 

molecular weight.  This included the 56-60 kDa protein that we assume to be 

phospho-Lck as well as unidentified proteins of ca. 60 kDa (seen in both samples) 

and ca. 30 kDa and 40 kDa (seen in samples containing VP11/12).  Analysis of 

GFP in the VP11/12-GFP containing samples indicates that VP11/12-GFP gives 

rise to degradation products and suggests that the low molecular weight 

phosphoproteins may be the result of VP11/12 and VP11/12-GFP degradation.  

Alternatively, these phosphoproteins may be indicative of cellular tyrosine 

phosphorylation events induced by exogenous expression of Lck and VP11/12.  

Additional experiments are required to identify these proteins and the purpose of 

their tyrosine phosphorylation.  Overall, this data shows that Lck is sufficient to 

enhance VP11/12 tyrosine phosphorylation in vivo. 
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Figure 14.  Lck is sufficient to enhance tyrosine phosphorylation of VP11/12. 

Vero cells were transfected with plasmids encoding constitutively active Lck, 

(Lck Y502F), VP11/12 (UL46) and a VP11/12 GFP fusion protein (UL46-GFP), 

as indicated.  Phosphotyrosine, GFP and β-actin were detected by western blot of 

cell lysates collected 48 hours post-transfection.  Similar results were seen in one 

repeat of this experiment. 
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3.2.8  VP11/12 is Not Required for HSV Induced Inhibition of TCR Signalling or 

NK cell Cytotoxicity 

 As reviewed in the introduction (section 1.1.5), CTL and NK cells are 

functionally inactivated by HSV.  As a first step in examining the role of VP11/12 

in lymphocyte inactivation, we asked if VP11/12 is required for the HSV-induced 

blockade to TCR signalling in Jurkat T cells (199). Jurkat T cells were directly 

infected by wild-type KOS-37, the UL46 null mutant ∆UL46 and the UL46-

repaired virus RUL46.  At 8 hpi, half of the cells from each infected culture were 

stimulated by cross-linking the TCR with an anti-CD3 antibody (OKT-3). To 

assay for efficient TCR signalling, phosphorylation of the signalling effector 

ERK1/2 was measured by Western blot (Figure 15a). As previously report by 

Sloan et. al. (199), HSV infection severely impairs ERK1/2 phosphorylation in 

response to TCR ligation.  Infection by wild type KOS-37, the repaired virus, 

RUL46 and the VP11/12 null virus ∆UL46 efficiently attenuated ERK1/2 

phosphorylation (Figure 15A and B).  Thus, VP11/12 is not required for the HSV-

induced blockade of TCR signalling in Jurkat T cells.  

We further investigated whether or not VP11/12 is required for 

HSVinfection-induced attenuation of NK cell killing.  NK-92 cells were exposed 

to mock and HSV infected HEL fibroblasts.  NK-92 cytotoxicity toward a 51Cr-

labelled MHC I-low B cell line 721.221 was then measured in a 51Cr release assay 
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(Figure 16).  Compared to mock exposure, exposure to KOS37, ∆UL46galK, 

∆UL46, and RUL46 inhibited NK-92 killing of 721.221 cells.  Therefore VP11/12 

is not necessary for HSV-induced inactivation of the NK-92 cell line. 
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Figure 15.  VP11/12 is not necessary for HSV-mediated inhibition of TCR 
signalling. 

Jurkat T cells were exposed to mock, KOS37, ∆UL46 and RUL46 infected HEL 

fibroblasts.  TCR signalling was then stimulated with anti-CD3 (OKT3) as 

indicated.  Signalling was measured by western blot analysis of the active form of 

Erk1/2.  A)  Western blot detection of the active, phosphorylated form of Erk 1/2 

(anti-ErkpT202/Y204) and total Erk1/2 (anti-Erk). B)  The infrared signal 

obtained with the anti-ErkpT202/Y204 antibody in (A) was divided by the signal 

obtained with the anti-Erk antibody.  This experiment was repeated once. 
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Figure 16.  VP11/12 is not necessary for HSV-mediated inhibition of NK cell 
cytotoxicity. 

NK-92 cells were exposed to mock, KOS37, ∆UL46galK, ∆UL46 and RUL46 

infected HEL fibroblasts and were then removed and assessed for their ability to 

kill chromium labeled target cells (B cell lymphoma cell line, 721.221) during a 4 

hour incubation.  NK-92 cytotoxicity is expressed as a percentage of lysis, 

determined by measurement of chromium release.  Mean values of quadruplicate 

samples ± standard error is shown. *Experiment performed by M.J. Wagner and J. 

Maciejko.  This experiment was repeated once, using Mock , KOS37, ∆UL46galK 

and RUL46 viruses. 
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3.2.9  VP11/12 is Not Required for Immediate Early Gene Expression 

Previously, transient transfection studies suggested that VP11/12 enhances 

VP16 transactivation of α gene transcription (reviewed in section 1.5) (96, 133).  

However, VP11/12 null virus failed to demonstrate altered α gene expression in a 

non-lymphoid cell line (260, 261).  The tyrosine phosphorylation of VP11/12 that 

we observe in lymphocytes might influence VP11/12 function.  To test whether 

tyrosine phosphorylated VP11/12 enhances α gene expression during infection, 

we infected Jurkat cells with KOS-37, ∆UL46 and RUL46 at MOI of 1, 10 and 

100, and we compared the level of the immediate-early protein ICP27 between 

samples (Figure 17A).  The relative level of ICP27 (normalized to β-actin) in 

∆UL46 was comparable to that of KOS37 and RUL46 (Figure17B), indicating 

that VP11/12 has little if any effect on the expression of this α gene under the 

conditions of our assay. 
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Figure 17.  VP11/12 is not necessary for immediate early protein expression. 

Jurkat T cells were directly infected with KOS37, ∆UL46 and RUL46 at an MOI of 0.1, 

1, or 10 as indicated. At 4 hpi the accumulation of the immediate early protein ICP27 was 

assessed by western blot. A) Western blot of the immediate early HSV protein ICP27 and 

protein β-Actin. B) The infrared signal from the anti-ICP27 antibody quantitated relative 

to that of the anti-β-Actin antibody. Similar results seen in four replicate experiments.
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3.3  SUMMARY OF RESULTS 

The results outlined in this chapter suggest that the HSV tegument protein 

VP11/12 is tyrosine phosphorylated by Lck directly or is tyrosine phosphorylated 

by a kinase activated downstream of Lck during lymphocyte infection. 

In this study, we observe protein(s) of ca. 90 kDa which form an anti-

phosphotyrosine reactive band in western blot analysis of multiple lymphocyte 

lineages (B, T and NK cells) following exposure to HSV-1 and HSV-2 infected 

fibroblasts (Figure 8).  Our data show that VP11/12 is tyrosine phosphorylated 

during HSV infection (Figure 9) and identify VP11/12 as the major component of 

this band (Figure 11).  Tyrosine phosphorylation of VP11/12 is enhanced in an 

infected lymphocyte cell line (Jurkat) compared to infected fibroblast (HEL) or 

epithelial (Vero) cell lines (Figure 12).  Consistent with the lymphocyte specific 

nature of tyrosine phosphorylation, the lymphocyte specific SFK, Lck enhances 

VP11/12 tyrosine phosphorylation in the context of HSV infection (Figure 13), 

and VP11/12/Lck transfection (Figure 14).   

Lck plays an integral role in lymphocyte signalling, however VP11/12 is 

not necessary for infection-induced functional inactivation of NK cells (Figure 

16) or abrogation of TCR signalling (Figure 15).  We conclude that Lck mediated 

phosphorylation of VP11/12 may inhibit immune related signalling, however if 

this is the case then other HSV proteins must also impede these pathways to 

compensate for VP11/12 in its absence. 
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VP11/12 was previously reported to augment VP16-mediated expression 

of α genes in transfection based assays (96, 133).  However, VP11/12 null virus 

expresses normal levels of α proteins in non-lymphoid cells (261).  We find that 

VP11/12 is also dispensable for proper expression of α gene products during 

infection of Jurkat T cells (Figure 17).  Therefore the molecular and cellular 

functions of tyrosine phosphorylated VP11/12 have yet to be determined. 



 

 
 
 
 
 

CHAPTER 4: HSV-1 Requires VP11/12 to 
Induce Phosphorylation of the Activating 

Tyrosine (Y394) of Lck in T cells 
 

The work in this chapter was published in the Journal of Virology (236). 
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4.1  RATIONALE 

In cellular signalling Lck activity is stimulated by activated receptors 

including the TCR (203), the IL-2 receptor (53), and ephrin-A (79, 80).  In 

chapter 3, the data suggested that VP11/12 is a substrate of Lck or a kinase 

activated downstream of Lck.  However, tyrosine phosphorylation of VP11/12 

occurred in the absence of any known Lck stimulus.  Therefore, we hypothesized 

that HSV-1 infection activates Lck.   

HSV encodes four viral proteins that may activate Lck during infection.  

ICP0, US3, and UL13 are candidate activators of Lck since these proteins were 

previously implicated in the activation of non-lymphocyte SFKs (113).  VP11/12 

may also activate Lck.  As reviewed in the introduction (section 1.2.1), substrates 

of SFKs can activate their cognate kinase when they contain high affinity SH2 

binding motifs (121).  Analysis of the VP11/12 sequence indicates the presence of 

the preferred SFK SH2 binding sequence YEEI (156, 204).  This sequence is 

predicted to bind, “open” and activate SFKs.  Thus, the second objective of my 

PhD studies was to evaluate the activation status of Lck during infection, and (if 

Lck is active) define virus encoded modulators of Lck activity.   
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4.2  RESULTS 

4.2.1  HSV Infection Enhances Phosphorylation of the Activation Loop Tyrosine 

of a 56 kDa SFK in Jurkat T Cells 

As reviewed in the introduction (section 1.2.1), the kinase activity of Lck 

and other SFKs is regulated by the phosphorylation status of two key tyrosine 

residues (183). Dephosphorylation of the C-terminal inhibitory tyrosine (Y505 in 

Lck) partially activates Lck (5, 128), while phosphorylation of the activation loop 

tyrosine (Y394 in Lck) serves as a signature of the activated state and stabilizes 

the active conformation irrespective of the phosphorylation status of Y505 (2, 37, 

73, 128).  We examined phosphorylation of these regulatory tyrosine residues 

during HSV-1 infection. Jurkat T cells were mock infected or directly infected 

with HSV-1strain F for 9 hours.   Cell lysates were then analyzed by western blot 

using antibodies that detect total Lck and Lck phosphorylated at the two 

regulatory tyrosine residues.  We used an antibody specific for Lck 

phosphorylated at Y505 to evaluate the phosphorylation status of the C-terminal 

inhibitory tyrosine residue (anti-LckPY505, Figure 18A).  An antibody specific 

for the phosphorylated activation loop tyrosine residue of Lck (Y394) was not 

available.  Therefore, we used an antibody that detects any SFK phosphorylated at 

the activating tyrosine (phospho-Y416 for the prototypical SFK, Src) to examine 

this residue (anti-active SFK, Figure 18B).   
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Two forms of Lck with apparent molecular weights of ca. 56 and 60 kDa 

were detected using the anti-Lck antibody in both infected and uninfected cells 

(Figure 18 A and B).  Although HSV-1 infection had no significant effect on total 

Lck levels, in some but not all experiments the proportion of Lck displaying 

reduced mobility (ca. 60 kDa) was markedly increased in infected cells (Figure 18 

A and B).  A similar shift from ~56 kDa to ~60 kDa has been described 

previously following T cell activation through stimulation by mitogens, 

interleukin-2, antigen presenting cells or anti-TCR antibodies (83, 129, 232, 233).  

The precise modification(s) responsible for this change in apparent molecular 

weight has not been defined, but it has been linked to a number of 

phosphorylation events including compulsory phosphorylation of two serine 

residues in the N-terminal region (83, 125, 205, 232, 233, 241, 244).  Using two 

channel infrared detection, we found a perfect overlap in the migration patterns of 

Lck and the proteins detected by the anti-phospho Lck Y505 and the anti-active 

SFK antibodies, with a ~56 and ~60 kDa species reacting with each antibody.  

Thus, the mobility shift from ~56 to 60 kDa is not caused by phosphorylation of 

either of these tyrosine residues. 

We quantified the 56 and 60 kDa signals obtained with all three antibodies 

to determine the effects of infection on phosphorylation of the inhibitory and 

activating tyrosines (Figure 18C and D).   The ratio of phospho-Y505 Lck relative 

to total Lck did not change, indicating that HSV infection does not alter the 

fraction of Lck phosphorylated at the inhibitory Y505 (Figure 18C).  By contrast, 
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the 56/60 kDa SFK phosphorylated on the activation loop tyrosine increased in 

HSV-1 infected samples relative to mock infected samples (Figure 18D).  This 

increase was apparent when the active SFK signal was quantified relative to total 

Lck (Figure 18 D) or β-Actin (data not shown).  These data suggested that one or 

more SFKs that precisely co-migrate with Lck display a greater than four-fold 

increase in the levels of phosphorylation of the activation loop tyrosine during 

HSV-1 infection.  However, additional experiments were required to positively 

identify Lck as the active 56/60 kDa phospho-SFK detected in these experiments. 

Virions inactivated by UV irradiation were unable to enhance activating 

phosphorylation of the ca. 56/60 kDa SFK and time course analysis indicates that 

enhancement is only apparent at 6 hpi, and reaches a maximum at ca. 9 hpi 

(Figure 19A and B).  Thus, virion components are unable to induce a measureable 

increase in the activating phosphorylation of SFKs and the onset of a measurable 

increase in SFK activation at 6 hpi suggests the involvement of newly synthesized 

β or γ viral gene products. 
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Figure 18.  HSV-1 infection enhances phosphorylation of the activation loop 
tyrosine of a 56/60 kDa SFK in Jurkat T cells. 

Jurkat T cells were mock infected or infected with HSV-1F for 9 hours. Cell 

lysates were analyzed by western blotting with the indicated antibodies, using two 

channel infrared detection. A) Western blot analysis using antibodies that detect 

Lck phosphorylated at the inhibitory tyrosine residue (Y505) and total Lck.        

B) Western blot using antibodies that detect SKFs phosphorylated on the 

activating tyrosine residue (the equivalent of phospho-Y416 of Src, anti-active 

SFK) and total Lck. C) The infrared signal obtained with the anti-Lck phospho-

Y505 antibody in (A) was divided by the signal obtained with the anti-Lck 

antibody, and the ratios were normalized to yield a value of one for the mock-

infected sample. D) The infrared signal obtained with the anti-active SFK 

antibody in (B) was divided by the signal obtained with the anti-Lck antibody, 

and the ratios were normalized to yield a value of one for the mock-infected 

sample. Experiment repeated once.
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Figure 19.  Time course analysis of infection induced activation of a 56/60 

kDa SFK. 

Jurkat cells were mock infected, infected by HSV-1 F and infected by UV-

inactivated HSV-1F.  Cell lysate was then collected at the indicated times (hours 

post-infection, hpi).  A)  Western blot analysis using the indicated antibodies.   B) 

The signals obtained with the anti- active SFK antibody were divided by those 

obtained with anti-Lck. 
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4.2.2  HSV increases the fraction of Lck phosphorylated at Y394 

 The data displayed in figure 18 demonstrated that HSV infection enhances 

phosphorylation of the activation loop tyrosine of an SFK that co-migrates with 

Lck.  To directly address whether Lck represents some or all of this 56/60 kDa 

phospho-SFK population, we examined the effects of HSV-1 infection on SFKs in 

the Lck-deficient Jurkat derivative, JCAM1.6 (Figure 20A).  The active SFK 

detected in Jurkat cells was not present in JCAM1.6 cells.  To verify comparable 

viral gene expression in both cell lines, we examined accumulation of the 

immediate early gene product ICP27 and the late gene product VP16.  Robust 

expression of these proteins was observed following infection of both Jurkat and 

JCAM1.6 cells, indicating that Lck is not required for viral protein synthesis.  

These data indicated that Lck is the main component of the 56/60 kDa SFK 

population detected by the anti-active SFK antibody in Jurkat cells.  

 

To further corroborate that Lck undergoes phosphorylation at the 

activating tyrosine (Y394) during HSV infection of Jurkat cells, we asked if Lck 

reacts with the anti-active SFK antibody.  SFK members phosphorylated at the 

activating tyrosine were immunoprecipitated using the anti-active SFK antibody 

and the immunoprecipitates were then analyzed by western blot using the anti-Lck 
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antibody (Figure 20B).  The results demonstrated that Lck was precipitated by the 

anti-active SFK antibody.  Conversely, the anti-Lck antibody precipitated an SFK 

that reacts with anti-active SFK antibody (Figure 20C).    Thus, Lck was 

phosphorylated at Y394 in all samples tested.  As well, the proportion of Lck that 

reacts with the anti-active SFK antibody appeared to be higher in HSV-1F 

infected samples compared to mock infected samples (Figure 20B and C). Taken 

in combination, these data indicate that HSV-1 infection triggers an increase in 

the fraction of Lck phosphorylated at the activation loop tyrosine, residue Y394.
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Figure 20.  HSV enhances phosphorylation of Lck residue Y394.   

Jurkat and JCAM1.6 cells were mock infected or infected with HSV-1F for 9 

hours and cell extracts were prepared.  A) Western blot analysis using the 

indicated antibodies.  Experiment repeated once. B)  Western blot analysis of 

immunoprecipitates obtained with the anti-active SFK antibody. Lysate controls 

were analyzed directly. Experiment repeated twice. C) Western blot analysis of 

immunoprecipitates obtained with the anti-Lck antibody. Lysate controls were 

analyzed directly. Experiment repeated three times. 



94 

 

4.2.3  ICP0 is Not Required For Enhanced Phosphorylation of Lck at Y394  

 As described in the introduction (section 1.4), a previous report presented 

evidence that the HSV-1 immediate early protein ICP0 is required for virus 

induced phosphorylation of  the activating tyrosine residue of SFKs in HEL 

fibroblasts and a human kidney cell line, HEK 293 cells (113).  This conclusion 

was based on assays of an ICP0 null virus, R7910.  However, in these assays, 

cells infected with R7910 displayed reduced expression of the viral thymidine 

kinase (113), raising the possibility that the failure of this mutant to stimulate 

phosphorylation of SFKs may have been due to the reduced expression of one or 

more viral proteins other than ICP0, rather than loss of ICP0 per se.  The defect in 

viral gene expression displayed by ICP0 null viruses can be overcome by using a 

sufficiently high MOI (184, 215).  To differentiate the effects of the ICP0 protein 

from any symptoms of ICP0 null virus attenuation, we examined phosphorylation 

of the activation loop tyrosine of Lck during ICP0 null virus infections of 

increasing MOI. 

 Jurkat cells were mock infected or infected with the parental wild type 

HSV-1 KOS and the ICP0 null mutant n212 at an MOI of 1, 10 and 100 (Figure 

21a).  At all MOIs tested, n212 produced less of the immediate early gene product 

ICP27 and the late gene product VP16 compared to the wild type KOS virus.  

Similarly, the signal obtained with the anti-active SFK antibody was reduced in 

the n212 infected samples relative to KOS at each MOI.  However, n212 infected 
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samples displayed an MOI dependent increase in both viral protein expression 

(ICP27 and VP16) and the anti-active SFK signal (Figure 21B).   This indicates 

that enhanced phosphorylation of Lck at Y394 is not strictly dependent on the 

presence of ICP0, but rather correlates with production of viral proteins during 

n212 infection. 
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Figure 21.  ICP0 is not directly required for enhanced phosphorylation of 
Lck Y394. 

Jurkat cells were infected with HSV-1 KOS and the ICP0 mutant n212 at the 

indicated multiplicities of infection (PFU/cell) and cell lysates were prepared for 

western blotting. A)  Western blot analysis using the indicated antibodies.  B) The 

signals obtained with the anti- active SFK antibody were divided by those 

obtained with anti-Lck, and the ratios were normalized to yield a value of one for 

the mock-infected sample.  This experiment was repeated once. 



97 

 

4.2.4  UL13 May Play a Role in Post-translational Modifications of Lck 

Like ICP0, the viral serine/threonine kinases US3 and UL13 have been 

implicated in SFK activation during HSV-1 infection (113).  Specifically these 

two proteins were shown to be necessary for the post-translational modifications 

that result in an increase in the apparent molecular weight of SFKs in fibroblasts.  

We therefore examined HSV-1 mutants null for US3 or UL13 to assess the role of 

these proteins in HSV-1 induced post-translational modifications of Lck in Jurkat 

T cells. 

The UL13 (R7356) and US3 (R7041) null viruses were comparable to the 

parental HSV-1 F and the US3-repaired virus (R7306) in their ability to enhance 

phosphorylation of the activating tyrosine of Lck, Y394 (Figure 22A and B).  The 

US3 null virus and its US3-repaired derivative were also indistinguishable from 

HSV-1F in their ability to enhance the fraction of Lck displaying reduced 

electrophoretic mobility (most readily visible using the anti-active SFK antibody, 

Figure 22A).  The UL13 null virus, R7356, also gave rise to a slowly migrating 

form of Lck, but the apparent molecular weight of this form appeared to be less 

than ~60 kDa (Figure 22A), implying that some of the posttranslational 

modifications that give rise to the ~60 kDa form of Lck were impaired during this 

infection.  The UL13 null HSV also demonstrated defective expression of the late 

viral protein VP16 (Figure 22A), which is likely a consequence of the cell-type 

dependent attenuation of UL13 null virus infection that has been described 
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previously (172).  Further experimentation is therefore required to determine 

whether altered post-translational modifications stem directly from loss of UL13, 

or indirectly from reduced expression of another viral protein. Overall, these data 

indicated that UL13 and US3 are not strictly required for the virus-induced 

posttranslational modifications that give rise to a high molecular weight form of 

phospho-Y394Lck. 
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Figure 22.  US3 and UL13 are not required for enhanced phosphorylation of 
Lck Y394. 

Jurkat cells were infected with HSV-1 F, the UL13 null mutant R7356, the US3 

null mutant R7041, and the US3 repaired virus R7306.  A)  Western blot analysis 

of cell lysate using the indicated antibodies.   B) The signals obtained with the 

anti- active SFK antibody were divided by those obtained with anti-Lck, and the 

ratios were normalized to yield a value of one for the mock-infected sample. This 

experiment was repeated once. 
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4.2.5  VP11/12 is Necessary for Enhanced Phosphorylation of Lck Residue Y394  

Tyrosine phosphorylation of HSV VP11/12 in T lymphocytes is largely 

dependent on Lck (Chapter 3).  Because some SFK substrates can activate the 

cognate kinase, we asked whether VP11/12 is necessary for enhanced 

phosphorylation of Lck residue Y394 during HSV infection (Figure 23).  Jurkat 

cells infected with two mutants lacking VP11/12, ∆UL46galK and ∆UL46, 

displayed severely reduced levels of phospho-Y394 Lck compared to cells 

infected with the parental HSV-1 KOS37 or the VP11/12-repaired virus RUL46 

(Figure 23 A and B).  Indeed, the level of phospho-Y394 Lck during infection by 

a VP11/12 null virus was indistinguishable from that of mock infected cells. Both 

mutants directed the accumulation of normal levels of ICP27 and VP16 (Figure 

23A), arguing that the defect does not stem from reduced expression of viral 

proteins other than VP11/12. These data indicate that VP11/12 is necessary for 

HSV-induced enhancement of phosphorylation of Lck residue Y394 in Jurkat T 

cells. 



101 

 

 

Figure 23.  VP11/12 is required for enhanced phosphorylation of Lck Y394. 

Jurkat cells were infected with HSV-1 KOS37, the VP11/12 null mutants 

∆UL46galK and ∆UL46, and the VP11/12- repaired virus, RUL46.  A)  Western 

blot analysis using the indicated antibodies.   B) The signals obtained with the 

anti- active SFK antibody were divided by those obtained with anti-Lck, and the 

ratios were normalized to yield a value of one for the mock-infected sample.  This 

experiment was repeated three times. 
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Jurkat cells are an immortalized CD4+ T line derived from EBV-negative 

T cell leukemia (189).  To determine if HSV infection enhances phosphorylation 

of Lck residue Y394 in normal T cells, we examined CD8+ T cells isolated from 

human peripheral blood.  Others have observed that primary human T cells are 

resistant to infection by cell-free HSV, and that the efficiency of infection can be 

enhanced by exposing the T cells to infected fibroblasts or by activating the T 

cells with mitogens (8, 101, 167).  Therefore infection of CD8+ T cells was 

facilitated through exposure to HEL fibroblasts that had been previously infected 

with HSV-1, using a 5:1 ratio of T cells to fibroblasts. The presence of SFKs 

phosphorylated at the activating tyrosine was examined in HEL fibroblasts alone 

and in CD8+ T cell/HEL fibroblast co-cultures.  The anti-active SFK antibody 

displayed little or no reactivity with samples of mock and HSV-1 KOS37 infected 

HEL fibroblasts, indicating that signals obtained in co-cultures are derived from 

SFKs specific to the T cells.  In the samples containing CD8+ T cells, HSV 

enhanced Y394 phosphorylation of Lck and reduced the electrophoretic mobility 

of phospho-Y394 Lck in a VP11/12 dependent manner (Figure 24A and B).  
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Figure 24.  VP11/12 is required for enhanced phosphorylation of Lck Y394 in 
primary human CD8+ T cells. 

HEL fibroblasts were either mock infected or infected with HSV-1 KOS37, the 

VP11/12 null mutants ∆UL46galK and ∆UL46, and the VP11/12- repaired virus 

RUL46. At 12 hours post-infection, CD8+ T cells were added to some of the 

cultures at a 5:1 ratio. Cell lysate was prepared 8 hrs later and analyzed by 

western blot.  A) Western blot analysis using the indicated antibodies.  CD8+ T 

cells: HEL cells overlaid with a 5-fold excess of CD8+ T cells; HEL: HEL cells 

incubated in the absence of T cells.  B) The signals obtained with the anti- active 

SFK antibody in the samples containing CD8+ T cells were divided by those 

obtained with anti-Lck, and the ratios were normalized to yield a value of one for 

the mock-infected sample. This experiment was repeated twice, testing only CD8+ 

T cell:HEL co-cultures. 
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4.2.6  VP11/12 Interacts with Lck in Infected T Cells 

 The data presented in the preceding sections establish that VP11/12 is 

necessary for infection enhanced phosphorylation of the activation loop tyrosine 

of Lck, raising the possibility that VP11/12 might interact with Lck or Lck 

signalling complexes in vivo.  To determine if this is the case, Jurkat T cells were 

infected with wild type HSV-1 KOS or GHSV-UL46, a KOS-derived mutant 

virus expressing a GFP tagged VP11/12 (243).  Potential interactions between 

VP11/12-GFP and Lck were then assessed by immunoprecipitation/western blot 

assays, using an antibody directed against GFP to precipitate and detect VP11/12-

GFP.  Detectable levels of Lck phosphorylated on Y394 co-precipitated with 

VP11/12-GFP (Figure 25A).  Conversely, VP11/12-GFP (Figure 25B) was co-

precipitated by the anti-Lck antibody.  In chapter 3, we described a prominent 

Lck-dependent tyrosine phosphorylation of VP11/12 in Jurkat T cells (Chapter 3).  

Anti-phosphotyrosine analysis of Lck immunoprecipitates further demonstrated 

the presence of phosphorylated VP11/12 (ca. 90 kDa) and VP11/12-GFP (ca. 120 

kDa) in the HSV-1 KOS and GHSV-UL46 samples, respectively.  Taken together, 

these data demonstrate that phospho-Y394 Lck forms a complex with tyrosine 

phosphorylated VP11/12 in infected Jurkat T cells. 

 A previous report suggested that ICP0 interacts with the SH3 domain of 

Src through a putative SH3-binding motif (113).  We therefore asked if ICP0 

detectably interacts with Lck during infection.  Immunoprecipitates of Lck from 
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KOS and GHSV-UL46 infected Jurkat T cells did not contain detectable amounts 

of ICP0 (Figure 25B).  Therefore, our data provide no indication that ICP0 

interacts with either Lck or Lck signalling complexes. 
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Figure 25.  Lck interacts with GFP-tagged VP11/12 during HSV infection. 

Jurkat cells were mock infected, infected by HSV-1 KOS or infected by a KOS 

mutant encoding a VP11/12-GFP fusion protein, GHSV-UL46.  Cell extracts 

were used for immunoprecipitation/western blot analysis. A)  Western blot 

analysis of immunoprecipitates obtained with an anti-GFP antibody. Lysate 

controls were analyzed directly. This experiment was repeated three times. B) 

Western blot analysis of immunoprecipitates obtained with the anti-Lck antibody.  

Lysate controls were analyzed directly. Interactions between Lck and a ca. 90 kDa 

tyrosine phosphorylated protein were observed in two separate experiments. 
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4.3  SUMMARY OF RESULTS  

 The results presented in this chapter show that HSV-1 infection enhances 

phosphorylation of the activating tyrosine (Y394) of the lymphocyte-specific SFK 

Lck in T lymphocytes. Although a previous report implicated ICP0, US3 and 

UL13 in SFK activation in non-lymphoid cells, these proteins are not strictly 

required for the effects of HSV-1 on Lck.  By contrast, VP11/12 is required for 

the virus to induce activating tyrosine phosphorylation of Lck and in vivo 

interactions of VP11/12 and Lck imply that activation occurs via a direct 

mechanism. 

We observe that HSV infection enhances the phosphorylation of the 

activating tyrosine of Lck (Y394) (Figure 18 and 20), and this implies that Lck is 

activated in infected T cells.  Phosphorylation of Y394 indicates that Lck has been 

activated since the inactive conformation of an SFK buries the activating tyrosine, 

preventing phosphorylation (195, 248, 249). The phosphorylated activating 

tyrosine is also capable of significantly enhancing SFK activity (37), and 

preventing deactivation by a phosphorylated inhibitory tyrosine (73, 111, 218).  

Thus, despite no observable change to the phosphorylation of the inhibitory 

tyrosine (Y505), the increased phosphorylation of Y394 alone implies that the 

virus activates Lck. 
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Liang and Roizman have implicated ICP0, US3 and UL13 in the 

activation of SFKs other than Lck (113).  We have found that ICP0 and US3 are 

not required for HSV induced activation of Lck (Figure 21 and 22). UL13 was 

necessary, in part, for HSV to reduce the electrophoretic mobility of phospho-

Y394 Lck.  However, the absence of UL13 during T cell infection resulted in 

lower expression of late viral proteins suggesting that the deficiency of a late viral 

protein, like VP11/12, could have caused this effect. 

VP11/12 appears to play a direct role in enhancing Lck activation during T 

cell infection.  Deletion of VP11/12 does not affect viral replication (261), and 

had no apparent effect on viral protein expression, but it does prevent induction of 

the active phenotype of Lck in Jurkat and primary T cells (Figure 23 and 24) 

implying that VP11/12 itself is necessary to enhance Lck activity.  Consistent 

with this hypothesis, measurable increases in the level of phospho-Y394Lck are 

apparent at 6 hpi and later in infection, a time line that suggests the involvement 

of newly synthesized VP11/12 (Figure 19).  Furthermore, our 

immunoprecipitation studies suggest that VP11/12 is interacting either directly 

with Lck or with an Lck-signalling complex (Figure 25) to influence kinase 

activity.  Thus, HSV requires VP11/12 to induce activating phosphorylation of 

Lck. 

Although our data suggest that VP11/12 binds and activates Lck, it seems 

that only a fraction of total cellular Lck is sequestered and activated by VP11/12 
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during infection.   We are unable to detect enhanced Lck kinase activity in in vitro 

kinase assays of infected cell lysates (data not shown), suggesting that only a 

small number of Lck molecules are activated during infection.  Consistent with 

this interpretation in many experiments the majority of Lck had an apparent 

molecular weight of 56 kDa while the active form of Lck, phospho-Y394Lck was 

distributed equally into ~56 and ~60 kDa fractions (Figure 23,24 and 21 KOS 

MOI=1).  It is also apparent that VP11/12 does not globally activate Lck 

signalling, since HSV infection inhibits rather than activates TCR signalling 

(Figure 15 and (199)).  VP11/12 could activate specific Lck mediated signalling 

by localizing to a sub-cellular location that is associated with specific signalling 

effectors or by simultaneously interacting with Lck and specific downstream 

signalling protein(s). 
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5.1  RATIONALE  

 Lck and VP11/12 interact in a number of ways during infection.  1) Lck 

enhances tyrosine phosphorylation of VP11/12 (Chapter 3), suggesting that 

VP11/12 is a substrate of Lck or a kinase activated downstream of Lck.  2) 

VP11/12 is required for HSV infection-induced activation of Lck and VP11/12 

interacts physically with Lck or Lck signalling complexes during infection 

(Chapter 4).  

 We hypothesized that the observed VP11/12-Lck interactions were part of 

a cellular signalling pathway controlled by the virus during HSV infection.  Thus, 

we sought to identify effectors downstream of VP11/12-Lck interactions. 

5.2  RESULTS 

5.2.1  VP11/12 is Required for Akt Activation During Jurkat T Cell Infection 

We sought to identify signalling events downstream of VP11/12-Lck 

interactions.   Previous studies have documented that HSV infection activates 

several host signalling effectors including p38 (109, 135, 200, 255), JNK (109, 

135, 200, 255), Akt (12) and the Akt target, mTORC1 (237).  Since HSV-induced 

activation of p38 and JNK has been described in Jurkat T cells (200), we first 

asked whether activation of these kinases requires VP11/12.  To address this 
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question, the activating phosphorylation of p38 and JNK was measured in Jurkat 

T cells infected by wild type HSV-1 KOS37, two VP11/12 null HSV-1 

recombinant viruses, ∆UL46galk and ∆UL46, and a ∆UL46galK recombinant 

with a repaired VP11/12 open reading frame, RUL46 (Figure 26).  HSV infection 

did not require VP11/12 to enhance the activating phosphorylation of these 

kinases.
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Figure 26.  HSV does not require VP11/12 to activate the signalling proteins, 
p38 and JNK. 

Jurkat T cells were mock infected, and infected by HSV-1 KOS37, the VP11/12 

null mutants, ∆UL46galK and ∆UL46, and the VP11/12- repaired virus RUL46.  

Cell lysate was collected at 9 hours post-infection and analyzed by western blot.  

A)  Western blot analysis of activating phosphorylation of p38 at threonine 180 

and tyrosine 182 (anti-p38pT180/Y182) and total p38.  B)  Western blot of active 

JNK phosphorylated at threonine 183 and tyrosine 185 (anti-JNKpT183/Y185) 

and total JNK. 
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SFKs, like Lck, have been found upstream of PI3K-Akt signalling.  

Therefore, we asked whether HSV infection activates Akt in a VP11/12-

dependent manner.   Active Akt was detected by western blot, using an antibody 

specific for Akt phosphorylated at the activating serine of the hydrophobic motif 

(anti-pS473) (Figure 27A).  A ratio of the infrared signal generated by anti-pS473 

relative to that of anti-Akt was used to quantitatively compare Akt activation 

between samples (Figure 27B).  As a leukemic cell line, Jurkat T cells have a 

PTEN deficiency which promotes survival through constitutive activation of Akt 

(192).  Accordingly, mock infected Jurkat T cells displayed a large amount of 

active phospho-S473 Akt.  Despite the constitutive activation of Akt in these cells 

infection by KOS37 and RUL46 increases the level of phospho-S473 Akt relative 

to that of mock infected cells.  Both samples also demonstrate a slight decrease in 

the electrophoretic mobility of total Akt.  This change in the apparent molecular 

weight of Akt is consistent with activation-induced post-translational 

modifications including phosphorylation of S473.  By contrast, samples infected 

by the VP11/12 null ∆UL46galK and ∆UL46 have lower levels of phospho-S473 

Akt compared to KOS37, RUL46 and mock infected samples.  Infection by 

∆UL46galK and ∆UL46 also fails to increase the apparent molecular weight of 

Akt relative to mock infected cells.  Importantly, normal levels of the late viral 

protein, VP16 accumulate during infection by ∆UL46galK and ∆UL46, 

suggesting that defects observed did not arise from reduced expression of viral 

proteins other than VP11/12 (Figure 27A).  These findings indicate that HSV 
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infection requires VP11/12 to activate Akt.  Furthermore, VP11/12 null virus 

infection seems to decrease phospho-S473 Akt relative to mock infection, 

suggesting that the absence of VP11/12 allows for infection-induced inhibition of 

Akt.   
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Figure 27.  VP11/12 is necessary for Akt activation in HSV infected Jurkat 
cells. 

Jurkat T cells were mock infected, and infected by HSV-1 KOS37, the VP11/12 

null mutants ∆UL46galK and ∆UL46, and the VP11/12- repaired virus RUL46.  

Cell lysate was collected at 9 hours post-infection and analyzed by western blot.   

A)  Western blot analysis of the activating phosphorylation of Akt at S473 (anti-

pS473), total Akt, VP16 and β-Actin.  B)  The infrared signal of anti-pS473 was 

divided by the signal of total Akt and normalized to yield a value of one for the 

mock-infected sample. Similar results were obtained in three separate 

experiments. 
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5.2.2  VP11/12 is Required for Akt Activation Late in Primary HEL Fibroblast 

Infection. 

A thorough investigation of VP11/12 dependent Akt signalling was not possible 

in Jurkat T cells due to the PTEN deficiency in these cells (192).  We initially 

examined primary T cells.  Others have shown that primary T cells cannot be 

infected by cell-free HSV (8, 101, 167). Therefore, those studies were 

complicated by the need to infect the T cells through exposure to infected 

fibroblasts.  During the course of those studies it became apparent that infected 

primary human embryonic lung fibroblasts (HEL) display a high level of the 

active Akt.  HEL fibroblasts infected by HSV-1 F and HSV-1 KOS were collected 

at various times post-infection (hours post-infection, hpi) and phospho-S473 Akt 

was detected by western blot (Figure 28A). Signals from anti-Akt demonstrated 

that Akt expression is constant throughout infection.  Thus, increases in phospho-

S473 Akt are indicative of enhanced Akt activation.  As reported previously 

infection by HSV-1 F induced a transient increase in phospho-S473 Akt, 4 hpi 

(12).  However, infection by both HSV-1 strains, F and KOS, increased the level 

of phospho-S473 Akt late in infection (past 12 hpi).  Post translational 

modifications of Akt were also evident late in infection (16-20 hpi) through the 

reduced electrophoretic mobility of total cellular Akt. 

The necessity of VP11/12 in Akt activation was also assessed in infected HEL 

fibroblasts (Figure 28 B,C).  Activation of Akt was assessed using antibodies 
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specific for Akt phosphorylated at both activating residues, threonine 308 of the 

activation loop and serine 473 of the hydrophobic motif (anti-pT308, anti-pS473).  

Increased levels of Akt phosphorylated at T308 and S473 were apparent in 

fibroblasts infected by KOS37 and RUL46 compared to mock infected samples or 

samples infected by VP11/12 null viruses, ∆UL46galK and ∆UL46.  This 

demonstrates that VP11/12 is required for activation of Akt in HSV-1 infected 

primary HEL fibroblasts, and provides us with a good model system for studying 

VP11/12-dependent activation of Akt. 
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Figure 28.  HSV requires VP11/12 to activate Akt late during HEL fibroblast 
infection. 

A)  HEL fibroblasts were mock infected, infected by HSV-1 F or infected by HSV-1 

KOS. Cell lysate was collected at the indicated times post-infection (hours post-infection, 

hpi) and analyzed by western blot using anti-pS473 and anti-Akt. B) HEL fibroblasts 

were mock infected, and infected by HSV-1 KOS37, VP11/12 null viruses, ∆UL46galK 

and ∆UL46, and the VP11/12 repaired virus, RUL46. Cell lysate was collected 15 hours 

post-infection and analyzed by western blot using antibodies against the activating 

phosphorylation of Akt at T308 (anti-pT308) and S473 (anti-pS473), total Akt, VP16, 

and β-Actin. C) The infrared signal of anti-pS473 in B was divided by the signal of anti-

Akt and normalized to yield a value of one for the mock-infected sample. This 

experiment was repeated once.
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5.2.3  HSV Infection Activates Akt Through Cellular PI3K 

 In cellular Akt signalling PI3K is upstream of Akt.  To assess whether 

PI3K activity contributes to Akt activation late in HEL fibroblast infection, we 

infected with HSV-1 KOS and treated infected samples with the PI3K specific 

inhibitors Wortmannin and Ly294002 (Figure 29).  The LY294002 inactive 

analogue, LY303511 was also used to treat infected cells as a negative control.  

Phosphorylation of S473 of Akt was undetectable in samples treated with either 

Wortmannin or Ly294002.  By contrast, untreated KOS infection and infection 

treated with the inactive Ly294002 analogue, LY303511 generated comparable 

levels of phospho-S473 Akt.  This indicates that specific inhibition of PI3K 

prevents HSV infection-induced activation of Akt, and suggests that HSV 

infection initiates the cellular PI3K-Akt signalling pathway. 
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Figure 29.  Infection-induced activation of Akt is PI3K-dependent. 

HEL fibroblasts were mock infected and infected by HSV-1 KOS.  Kinase 

inhibitors specific for PI3K, Wortmannin and LY294002, and the inactive 

analogue of LY294002, LY303511 were added to cultures at 11 hours post-

infection as indicated.  Cell lysate was collected at 19 hours post-infection and 

analyzed by western blot using the indicated antibodies. This experiment was 

repeated once. 
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5.2.4  VP11/12 Interacts With PI3K During Infection 

Analysis of the VP11/12 sequence using the Scansite 2.0 algorithm identifies 

putative SH2 and SH3 binding motifs predicted to bind the regulatory subunit of 

PI3K, p85 (156).  VP11/12 has been reported to associate with infected cell 

membranes (148).  Therefore direct interactions between PI3K and VP11/12 

could activate cellular PI3K-Akt signalling by recruiting PI3K to its substrate 

PIP2.  To address this possibility we asked whether VP11/12 interacts with PI3K 

during infection by immunoprecipitation/western blot assays for p85 and a GFP 

tagged VP11/12 (Figure 30).  Jurkat T cells were mock infected, infected by 

HSV-1 KOS or infected by the KOS derivatives, GHSV-UL46 and KOSG which 

encode a GFP tagged version of VP11/12 and a GFP expression cassette, 

respectively.  Immunoprecipitation of GFP yielded detectable levels of p85 only 

in the GHSV-UL46 infected samples (Figure 30A).  Conversely, the VP11/12-

GFP fusion protein is pulled down by immunoprecipitation with anti-p85 and not 

by immunoprecipitation with non-specific rabbit IgG (Figure 30B).  Analysis of 

phosphotyrosine in anti-p85 immunoprecipitate further suggests that p85 interacts 

with the tyrosine phosphorylated form of the native VP11/12 (ca. 90 kDa) and the 

VP11/12-GFP fusion protein (ca. 120 kDa).  Collectively, these assays indicate 

that VP11/12 interacts with p85 either directly or indirectly during infection. 
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Figure 30.  VP11/12 interacts with p85 during infection. 

Jurkat T cells were mock-infected, infected by KOS, and infected by KOS derived 

viruses which express either GFP (KOS-G) or a VP11/12-GFP fusion protein 

(GHSV-UL46).  A)  Western blot analysis of p85 and GFP in anti-GFP 

immunoprecipitates.  Lysate controls were analyzed by western blot directly.  B)  

Western blot analysis of p85 and GFP in immunoprecipitates obtained with anti-

p85 or rabbit IgG.  Lysate controls were analyzed by western blot directly.  

Results are typical of three separate experiments. 
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5.2.5  SFK Activation Does Not Strictly Require VP11/12 in HEL Fibroblasts 

Active SFKs are upstream of the PI3K-Akt pathway in cellular signalling through 

immune receptors (75, 203) and growth receptors (151), and in viral signalling 

through v-Src (131) and polyoma MTAg (26).  In the previous chapters, we 

demonstrated that VP11/12 is required for HSV infection induced activation of 

Lck (Chapter 4), and that Lck activity contributed to tyrosine phosphorylation of 

VP11/12 (Chapter 3).  VP11/12-dependent activation of Lck may be upstream of 

HSV-induced Akt signalling in T cells, and although HEL fibroblasts do not 

express Lck, other SFKs may compensate to activate Akt signalling in these cells.  

To address this hypothesis, we first examined whether VP11/12-dependent 

activation of SFKs was detectable in HEL fibroblasts, as it had been for Lck in 

Jurkat T cells (Chapter 4).  To detect SFK activation we used antisera specific for 

SFKs phosphorylated at the activating tyrosine residue (the equivalent of Y416 of 

Src) (Figure 31A).  SFKs phosphorylated at this residue increased relative to β-

actin during HSV infection, and the relative level of active SFKs was decreased 

only slightly during infection by VP11/12 null viruses, ∆UL46galK and ∆UL46 

(Figure 31B).  Previously, ICP0, US3 and UL13 were implicated in activating 

SFKs, other than Lck, in Vero epithelial cells (113). Our results indicate that 

VP11/12 may be partially responsible for SFK activation in infected HEL 

fibroblasts; however ICP0, US3, UL13 or other factors specific to HSV infection 

make a greater contribution to SFK activation in these cells. 
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Figure 31.  VP11/12 is tyrosine phosphorylated and promotes SFK activation 
in infected HEL fibroblasts. 

HEL fibroblasts were infected by HSV-1 KOS37, ∆UL46galK, ∆UL46, and 

RUL46.  Cell lysate was collected at 21 hours post-infection and analyzed by 

western blot.  A)  Western blot detection of SFKs phosphorylated at the activating 

tyrosine (the equivalent of phospho-Y416 of Src, anti-active SFK), 

phosphotyrosine, VP16 and β-actin.  B)  The infrared signal obtained with anti-

active SFK was divided by the signal obtained with anti-β-actin and normalized to 

give a value of one in the mock-infected sample.  Similar results were obtained in 

three separate experiments measuring active SFKs.  
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5.2.6  SFK Activity is Required for VP11/12-PI3K Interactions 

 As outlined in the introduction, some signalling pathways utilize SFK-

dependent phosphorylation of a p85 SH2 binding motif in a membrane associated 

protein to recruit PI3K to its substrate.  VP11/12 is membrane associated in 

infected cells (148), and we have shown that Lck activity enhances tyrosine 

phosphorylation of VP11/12 in T cells (Chapter 3).  Thus, we reasoned that SFK-

mediated phosphorylation of VP11/12 could facilitate SH2 mediated PI3K 

binding and allow for PI3K activity.   

HEL fibroblasts do not express Lck, therefore we first assessed whether 

SFK activity contributes to tyrosine phosphorylation of VP11/12 in these cells.  

Although tyrosine phosphorylation of the ca. 90 kDa VP11/12 is weaker in HEL 

fibroblasts and Vero epithelial cells compared to lymphocytes (Chapter 3), it is 

still detectable by western blot analysis (Figure 31).   To determine whether SFK 

activity mediates VP11/12 tyrosine phosphorylation in these cells, we gauged the 

effects of the SFK specific inhibitor PP2 on VP11/12 phosphorylation (Figure 

32).  At 11 hpi, HSV-1 KOS infected fibroblasts were treated with PP2 at a 

concentration of 10, 20 or 30 µM or treated with the inactive analogue of PP2, 

PP3 (30 µM).  The anti-phosphotyrosine signal of VP11/12 was assessed at 20 

hpi.  Exposure to PP2 (10, 20, and 30 µM) greatly decreased the abundance of the 

tyrosine phosphorylated form of VP11/12, while exposure to PP3 (30 µM) had no 
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effect.  Thus, SFKs endogenous to HEL cells are responsible for generating most, 

if not all, of the phosphotyrosine residues in VP11/12. 
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Figure 32.  SFK activity is required for tyrosine phosphorylation of VP11/12. 

HEL fibroblasts were mock infected and infected by HSV-1 KOS.    At 11hours 

post-infection the specific SFK inhibitor PP2 was added at 10, 20 and 30 µM and 

the inactive analogue of PP2, PP3 was added at 30 µM as indicated. Cell lysate 

was collected at 16 hours post-infection and analyzed by western blot using anti-

phosphotyrosine and anti-β-actin. Similar results were obtained in two separate 

experiments. 
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To examine whether SFK-dependent phosphorylation of VP11/12 allows 

for VP11/12-PI3K interactions we assessed whether these two proteins associate 

in the presence of SFK inhibition (Figure 33).  HEL fibroblasts were infected by 

the HSV-1 KOS derivatives, GHSV-UL46 and KOSG.  Cells infected by GHSV-

UL46 were treated at 11 hpi with PP2 (10 µM) and PP3 (10 µM).  Co-

precipitation of p85 was detected in anti-GFP immunoprecipitates from untreated 

and PP3 treated GHSV-UL46 infected cells.  However, p85 was not detected in 

anti-GFP precipitates from GHSV-UL46 infected cells treated with PP2.  

Similarly, anti-GFP precipitates from untreated GHSV-UL46 infected Jurkat cells 

yielded more p85 than precipitates from GHSV-UL46 infected JCAM1.6 cells or 

GHSV-UL46 infected Jurkat cells treated with 10 µM PP2 (Figure 34).  This 

demonstrates that SFK activity promotes p85-VP11/12 interactions, and it 

suggests that SFK activation is one of the initial steps in VP11/12-dependent 

PI3K-Akt signalling.   
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Figure 33.  SFK activity is required for VP11/12-p85 interaction(s) in HEL 
cells. 

HEL fibroblasts were infected by HSV-1 KOS derived viruses, KOSG and 

GHSV-UL46.  At 11 hours post-infection, PP2 (10 µM) and PP3 (10µM) were 

added to cultures as indicated.  Cell lysate was collected at 18 hours post-

infection.  Anti-GFP immunoprecipitates were analyzed by western blot using the 

indicated antibodies.  Lysate controls were analyzed directly. This experiment 

was repeated once. 
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Figure 34.  Lck enhances VP11/12-p85 interaction(s) in Jurkat T cells. 

Jurkat cells and JCAM1.6 cells were infected by HSV-1 KOS and the KOS 

derivative GHSV-UL46.  Some GHSV-UL46 infections were performed in the 

presence of PP2 (10 µM) for the 9 hour infection.  Anti-GFP immunoprecipitates 

were analyzed by western blot using the indicated antibodies.  Lysate controls 

were analyzed directly. 
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5.2.7  HSV-mediated Akt Activation Requires SFK Activity 

To determine if SFK activity enhances downstream activation of Akt, 

phospho-S473Akt was measured in infected HEL fibroblasts treated with PP2 and 

PP3 (as described for Figure 32).  Enhanced phosphorylation of S473 of Akt was 

detected in KOS infected cells that were left untreated or treated with the inactive 

PP2 analogue, PP3 (Figure 35).  By contrast, treatment with PP2 inhibited S473 

phosphorylation.   This demonstrates that SFK activity contributes to infection 

induced activation of Akt. 
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Figure 35.  Inhibition of SFK activity prevents Akt activation during HSV 
infection. 

HEL fibroblasts were mock infected or infected by HSV-1 KOS.  At 11 hours 

post-infection the specific SFK inhibitor PP2 was added at a concentration of 10, 

20 and 30 µM and the inactive analogue of PP2, PP3 was added at a 30 µM 

concentration. Cell lysate was collected at 16 hours post-infection and analyzed 

by western blot using the indicated antibodies. This experiment was repeated 

twice. 
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5.2.8  VP11/12 is Not Required for HSV Induced Activation of mTORC1 

A previous report by Walsh and Mohr demonstrated that HSV infection induces 

signalling through mTORC1 to hyperphosphorylate and inactivate 4EBP1 (237).  

Akt is a well known activator of mTORC1 signalling.  Therefore, we asked if 

VP11/12 mediated activation of Akt contributes to mTORC1 signalling by 

examining the downstream consequences of mTORC-1 activation, 4EBP1 

hyperphosphorylation and inhibition and S6K phosphorylation and activation 

(Figure 36).  As seen previously (237), infection by wild type virus, KOS37 

induced the hyperphosphorylation of 4EBP1, evident by an increase in the 

apparent molecular weight of the protein.  KOS37 infection also enhanced the 

fraction of S6K phosphorylated at the activating residue, T389 (anti-pT389) 

compared to mock infection.  These changes are consistent with HSV-1 infection 

induced activation of mTORC-1.  However, hyperphosphorylation of 4EBP1 and 

an increase in the amount of phospho-T389 S6K was also evident during infection 

by VP11/12 null viruses, indicating that VP11/12 is not required for infection 

induced activation of mTORC-1. 
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Figure 36.  VP11/12 is not required for infection induced phosphorylation of 
mTORC1 substrates, S6K and 4E-BP1. 

HEL fibroblasts were infected by HSV-1 KOS37, ∆UL46galK, ∆UL46, and 

RUL46.   At 20 hours post-infection lysate was collected.  The activating 

phosphorylation of S6K at T389 (anti-pT389), total S6K and total 4E-BP1 were 

detected by western blot. This experiment was repeated once. 
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 Phosphorylation/inhibition of the Akt substrate, GSK3β was also 

examined.  The inhibitory phosphorylation of GSK-3β at S9 was induced during 

infection by wild type HSV KOS37, ∆UL46galK, ∆UL46 and RUL46 (Figure 

39).  Thus, HSV infection enhances GSK-3β phosphorylation and is likely to 

inhibit GSK-3β activity, but it does not require VP11/12 to do so. 
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Figure 37.  VP11/12 is not required for HSV-mediated deactivation of GSK-
3β. 

HEL fibroblasts were mock infected, and infected by HSV-1 KOS37, 

∆UL46galK, ∆UL46, and RUL46.  Cell lysate was analyzed by western blot for 

inhibitory phosphorylation GSK-3β at S9 (anti-pS9) and total GSK-3β. This 

experiment was repeated once. 
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5.3  SUMMARY OF RESULTS 

This chapter establishes VP11/12 as a signalling modulator that activates 

SFK-PI3K-Akt signalling in Jurkat T cells, HEL fibroblasts, and potentially in 

other cell types.  We have demonstrated that VP11/12 activates Akt through the 

PI3K-Akt signalling axis (Figure 29) in Jurkat T cells (Figure 27) and HEL 

fibroblasts (Figure 28).  We observed interactions between VP11/12 and PI3K or 

PI3K signalling complexes, which suggests that VP11/12 activates PI3K directly 

during infection (Figure 30).  SFK-dependent tyrosine phosphorylation of a 

membrane associated protein, like VP11/12, can mediate activation of the PI3K-

Akt pathway (discussed in detail in section 6.9).  In accordance with such a 

mechanism, SFK activity is required for VP11/12 tyrosine phosphorylation 

(Figure 32), PI3K-VP11/12 interactions (Figure 33 and 34) and Akt activation 

(Figure 35) in HEL fibroblasts. 

In this chapter, VP11/12 demonstrated interactions with SFKs in 

fibroblasts analogous to those observed previously with Lck, in T cells (Chapter 3 

and 4).  In Chapter 4, VP11/12 was shown to be strictly required for Lck 

activation during T cell infection (Figure 22 and 24) and VP11/12 is now 

observed to contribute, albeit to a lesser degree, to the increased level of active 

SFKs induced during HEL fibroblast infection (Figure 31).  As seen in Jurkat T 

cells (Chapter 3, Figure 13), HEL fibroblasts also induce SFK-dependent tyrosine 
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phosphorylation of VP11/12 (Figure 32).  Collectively, this data suggests that 

VP11/12 activates Lck in T cells and other SFKs in HEL cells to induce its own 

tyrosine phosphorylation. 

Inhibition of SFKs by PP2 was used in this chapter to indicate that SFKs 

are upstream of the PI3K-Akt signalling axis during HSV-1 infection.  The effects 

observed on PI3K-Akt interactions (Figure 33 and 34) and the effects observed on 

Akt activation (Figure 35) were due to specific inhibition of SFKs since the 

inactive analogue PP3 did not alter these events even at the highest concentration 

tested (30 µM).  Furthermore, inhibition of Akt activation by PP2 does not appear 

to be caused by an adverse effect on viral replication since this drug did not alter 

expression of the late viral protein, VP16 (Figure 35).  It is interesting that 

VP11/12-PI3K interactions in Jurkat T cells were not completely blocked by 10 

µM PP2 (Figure 34).  As well, in some experiments Akt activation was not 

completely abrogated by 10 µM PP2, and instead it exhibited a dose-dependent 

response at 10-30 µM PP2 (data not shown).  This data is intriguing, since 10 µM 

PP2 is known to be sufficient to block TCR signalling (confirmed in our 

laboratory; data not shown).    This may indicate that, compared to TCR 

signalling, HSV infection holds a greater number of SFK molecules in a 

constitutively active state.  In support of this theory, we were unable to detect an 

increase in phospho-Y394Lck upon TCR ligation using western blot analysis and 

the anti-active SFK antibody, whereas, an increase in phospho-Y394Lck was 

readily detected during HSV-1 infection (Chapter 4). 
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In HSV infection, the target substrate(s) of active Akt and the 

corresponding cellular function have yet to be identified.  Although HSV-1 

infection was previously shown to activate the Akt target, mTORC1 (237), 

VP11/12 is not required for this activity (Figure 36) suggesting that VP11/12 

mediated Akt activation is not upstream of mTORC1 signalling.  Likewise, HSV-

1 infection enhances phosphorylation of the known Akt substrate GSK-3β 

independent of VP11/12 (Figure 37) suggesting that Akt activity induced by 

VP11/12 does not deactivate GSK-3β.  Activation of mTORC1 and deactivation 

of GSK-3β may occur through the activity of another HSV-1 encoded signalling 

modulator(s) or through an alternative cellular signalling pathway(s) activated in 

response to HSV-1 infection.  Further experimentation is required to determine 

how mTORC1 and GSK-3β are activated and deactivated, respectively during 

HSV-1 infection.  Further investigation is also needed to identify the substrate(s) 

of active Akt, the associated cellular function(s), and the importance of this 

function in terms of HSV survival. 



 

 

 
 
 

CHAPTER 6: Discussion 
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6.1  Thesis Summary 

The results in this communication support a model where the HSV-1 

tegument protein VP11/12 activates Lck and other SFKs to initiate signalling 

through the PI3K-Akt signalling axis (Figure 38).  The sequence of VP11/12 

contains a putative high affinity SFK SH2 binding motif, YEEI.  From our 

observation that VP11/12 interacts with Lck and is necessary to activate Lck 

during T cell infection (Chapter 4), we predict that this motif binds and activates 

Lck and other SFKs.  These active SFKs or downstream kinase(s) are likely to 

phosphorylate tyrosine residues in VP11/12, since Lck is necessary and sufficient 

to induce robust phosphorylation of VP11/12 in T cells (Chapter 3) and the 

activity of other SFKs are necessary for this phosphorylation in HEL cells 

(Chapter 5).  One of these phosphotyrosine residues may be within VP11/12’s 

putative p85 SH2 binding motif, YTHM.  In theory, phosphorylation at this site 

could facilitate interactions between PI3K and the membrane-associated VP11/12 

to activate PI3K-Akt signalling (Chapter 5).  
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Figure 38.  Model of VP11/12 Signalling. 

Our results and the sequence of VP11/12 suggest a model where VP11/12 

activates SFKs through interactions at the putative SH2 binding motif, YEEI.  The 

active SFK or a downstream kinase(s) then phosphorylates VP11/12 at tyrosine 

residues, including that of the putative p85 SH2 binding motif, YTHM.  

Phosphorylation at this site facilitates interactions between PI3K and the 

membrane-associated VP11/12 to activate PI3K-Akt signalling. 
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6.2  Tyrosine Phosphorylation of VP11/12 

The data in chapter 3 provides the first description of VP11/12 tyrosine 

phosphorylation.  One earlier report examined tyrosine phosphorylation during 

HSV-1 and HSV-2 infection of HeLa epithelial and NIH 3T3 fibroblast cell lines.  

It was shown that the α gene product ICP22 and at least four other infected cell 

proteins are tyrosine phosphorylated during infection of these non-lymphoid cells 

(13).  Our data adds to this initial observation by identifying VP11/12 as a 

tyrosine phosphorylated protein in HSV-1 and HSV-2 infected lymphoid cells 

(Chapter 3) and in HSV-1 infected fibroblasts (Figure 31A). 

VP11/12 has been known for some time to be a phosphoprotein, however 

phosphorylation of VP11/12 was previously thought to be restricted to serine and 

threonine residues.  It was shown some time ago that a number of tegument 

proteins, including VP11/12 are phosphorylated by virion associated kinases 

(110).  These kinases were later identified as the virus encoded serine/threonine 

kinases US3 and UL13 (38, 58).  One report suggested that these phosphorylation 

events may contribute to the dispersal of tegument proteins upon viral entry (143).  

For VP11/12 specifically, it has been suggested that serine/threonine 

phosphorylation is necessary for VP11/12 expression since US3 phosphorylates 

VP11/12 in vitro and VP11/12 is absent during infection by US3 null HSV-2 

(132). 
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VP11/12 phosphorylation may facilitate interactions with multiple 

signalling effectors to activate various cellular signalling pathways.  Analysis of 

the VP11/12 sequence using the Scansite 2.0 algorithm (156) suggests that 

phosphotyrosine residues recruit many SH2 domain containing proteins and at 

least one protein containing a phosphotyrosine binding group (PTB) domain.  In 

addition, VP11/12 is also predicted to be the target of serine/threonine kinases and 

to facilitate at least one phosphoserine-specific interaction.  These predictions call 

for a thorough investigation of VP11/12 phosphorylation and the signalling events 

resulting from this phosphorylation.  Phosphorylation sites could be determined 

through two dimensional phosphopeptide mapping.  Along with the Scansite 2.0 

analysis, the identified phosphorylation sites could be used to predict novel 

interactions with signalling effectors, and aid in fully elucidating the signalling 

capabilities of VP11/12. 

Phosphorylation of VP11/12 may also facilitate interactions with signal 

transducing proteins downstream of active Akt.  One residue in VP11/12 (S478 in 

VP11/12 of HSV-1 strain 17) is predicted to be a substrate of Akt, and upon 

phosphorylation it is predicted to bind the adaptor protein and downstream 

effector of Akt, 14-3-3.  Potential phosphorylation of this motif could be detected 

using an antibody designed to detect the phosphorylated form of any Akt substrate 

or through two dimensional phosphopeptide mapping.  If phosphorylation is 

detectable then PI3K inhibitors could be used to determine whether Akt 

phosphorylates this site.  In parallel, immunoprecipitation/western blot 
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experiments could determine whether 14-3-3 interacts with VP11/12, and if an 

interaction is detected then VP11/12 mutagenesis could be used to address 

whether interaction requires phosphorylation of S478. 

6.3  Tyrosine Phosphorylated Infected Lymphocyte Proteins 

 Tyrosine phosphorylated proteins with an apparent molecular weight 

lower than that of VP11/12 are induced by HSV lymphocyte infection and co-

transfection (Figure 8, 11, 12) of VP11/12 and Lck (Figure 14).  Most notable 

were the phosphoproteins of ca. 35-40 kDa; ca. 50-60kDa; and ca. 60-65 kDa as 

they are prominent during infection by wild type KOS37 and RUL46, but are 

much less apparent during infection by VP11/12 null virus (Figure 11). 

 Based on the data in this document, it is difficult to speculate on the 

identity of any of these tyrosine phosphorylation proteins.  Immunoprecipitation 

of VP11/12-GFP during GHSV-UL46 infection produced tyrosine phosphorylated 

proteins of a lower molecular weight (ca. 50, 65, and 90 kDa) (Figure 9).  

Therefore, these proteins may associate with VP11/12 and their tyrosine 

phosphorylation may be dependent on the formation of a VP11/12 signalling 

complex.  These proteins may also be products of VP11/12 degradation or 

cleavage.  Western blot analysis using anti-GFP demonstrated that VP11/12-GFP 

is capable of generating low molecular weight products in cells transfected to 

express VP11/12-GFP (Figure 14).     
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The ca. 50-60 kDa phosphoprotein(s) are likely to represent Lck and other 

SFKs, since VP11/12 is required for infection induced tyrosine phosphorylation of 

the SFK Lck in infected T cells (Chapter 4).  Consistent with this hypothesis, a 

tyrosine phosphorylated protein of ca. 50-60 kDa was observed in Vero cells 

transfected with active Lck alone (Figure 14). 

6.4  A Putative Mechanism for Binding and Activation of Lck 

As noted in the introduction, SFK substrates can induce kinase activation 

through high-affinity binding to the SH2 and/or SH3 domain (reviewed in (17, 

54)).  All SFKs are held in an inactive conformation by low affinity 

intramolecular interactions of the SH2 and SH3 domains.  In theory, high affinity 

binding of the SH2 domain by a motif like YEEI interrupts inhibitory 

intramolecular interactions and locks the enzyme in an open and active 

conformation.  In this context, it is interesting to note that the scansite algorithm 

(156) identifies two putative Lck SH2 binding motifs in VP11/12 of HSV-1 and 

HSV-2 (located at Y613 and Y624 in VP11/12 of HSV-1 strain17). The motif at 

Y624 has the sequence YEEI, which corresponds to the peptide sequence 

preferred by the SH2 domains of Lck, Fgr, Fyn, and Src (204).  Indeed the affinity 

of the Lck SH2 domain for YEEI is so high that a mutant Lck with YEEI in the 

place of the native C-terminal inhibitory motif cannot be activated by the TCR 

(153).  Thus, an attractive model is that the YEEI motif of VP11/12 binds the SH2 

domain of Lck with high affinity, displacing the C-terminal inhibitory motif.  
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Interestingly, the YEEI motif of MTAg is also thought to facilitate Src activation 

(17, 188), suggesting that these two viral proteins use analogous mechanisms to 

activate Src-PI3K-Akt signalling (discussed in detail in section 6.9).   

Further experimentation is required to determine whether VP11/12 

interacts with Lck directly and if so, which motifs in VP11/12 facilitate that 

interaction. 

6.5  VP11/12 Activates Multiple SFKs in Multiple Cell Lineages 

The prominent tyrosine phosphorylation of VP11/12 by Lck in 

lymphocytes (Chapter 3) initially led us to speculate that VP11/12 functions only 

in lymphocytes to initiate lymphocyte specific signalling.  Collectively our data 

now suggest that VP11/12 activates lymphoid and non-lymphoid SFKs, and SFKs 

from multiple cell lineages phosphorylate VP11/12. Tyrosine phosphorylation of 

VP11/12 can be detected in the 721.221 B cell line (Figure 8), and at a much 

lower level in HEL fibroblasts (Figure 12 and 31) and the Vero epithelial cell line 

(Figure 12).  None of these cell lines are likely to express Lck suggesting that 

VP11/12 is phosphorylated by multiple SFKs.  During HEL fibroblast infection, 

we have also observed that a small fraction of active SFKs are induced by 

infection in a VP11/12 dependent manner (Figure 31) and that the subtle tyrosine 

phosphorylation of VP11/12 is dependent on SFK activity (Figure 32).  This 

suggests that other SFKs are activated by VP11/12 in the absence of Lck. 
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6.6  Studies of VP11/12 May Provide Insight Into Cellular PI3K-Akt Signalling 

VP11/12 interacts with PI3K, suggesting that it directly activates PI3K.  

However, it is unclear whether VP11/12-PI3K interactions are sufficient to induce 

PI3K-Akt signalling.  For this to be the case, VP11/12 may need to modulate 

multiple signalling components in the PI3K-Akt signalling axis.  For example, 

one might predict that VP11/12 would need to simultaneously activate PI3K and 

suppress its antagonist, PTEN to allow for activation of Akt.  Our evidence 

suggests that VP11/12 mediates the activation of multiple Src family members 

and one report previously demonstrated that active SFKs interfere with PTEN 

activity (124).  Thus, VP11/12 mediated SFK activity may also disrupt the 

activity of PTEN.  Our results suggest PTEN involvement since the PTEN 

deficient Jurkat cells demonstrate weak HSV mediated activation of Akt 

compared to HEL cells (Figure 27 and 28).  However, we have yet to directly 

investigate the involvement of PTEN.  PTEN null mouse embryonic fibroblasts 

(MEFs) have been described.  Assuming that HSV infection is able to activate 

Akt in MEFs then PTEN null MEFs could be used to specifically address whether 

PTEN suppression contributes to infection induced activation of Akt.  

Furthermore, it was previously suggested that PTEN impairment was due to SFK-

mediated phosphorylation and subsequent degradation of PTEN (124).  These 

events could also be examined during HSV infection.  Determining whether SFKs 

inhibit PTEN during HSV infection may be a first step in determining whether 

this mechanism activates PI3K-Akt signalling in multiple biological systems.   
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VP11/12 also needs to modulate phosphorylation of S473 of the 

hydrophobic motif for full activation of Akt (186).   The kinase(s) responsible for 

S473 phosphorylation is known as PDK-2; the identity of this kinase(s) and the 

trigger for its activation has yet to be conclusively determined.   In a potentially 

pivotal study, mTORC2 was shown to be necessary and sufficient for the 

phosphorylation of the hydrophobic loop serine (S473) of Akt (186).  This 

suggests that VP11/12 mediated activation of Akt requires activation of 

mTORC2; a possibility that can be easily investigated by examining HSV induced 

S473 phosphorylation in the presence of inhibitors torin1 and rapamycin.    Torin1 

inhibits the mTOR kinase of mTORC1 and mTORC2.  Since rapamycin 

specifically inhibits mTORC1, the effects of mTORC2 can be elucidated from 

any effect seen in torin1 treated samples that is absent in rapamycin treated 

samples.  Kevin Quach from our lab has already used these experiments to 

determine that mTORC2 is necessary to phosphorylate S473 of Akt during HSV 

infection.  HSV-1 infection can now be used as a model to study the 

mechanism(s) of mTORC2 activation, therefore providing insight into the cellular 

mechanisms governing Akt phosphorylation and activation. 

6.7  HSV May Encode Multiple Regulators of Akt Signalling 

It remains possible that HSV-1 may encode other signalling modulators 

that contribute to VP11/12-dependent activation of Akt.  One report demonstrated 

that expression of HSV-1 LAT in neuroblastoma cells was sufficient to increase 
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levels of total Akt and phosphorylated Akt (112).  Another report suggested that 

the serine/threonine kinase activity of HSV-2 ICP10 is required to activate Akt 

during infection (68).  HSV-1 null mutants lacking LAT (163), and ICP6 (the 

homologue of HSV-2 ICP10; (15)) have been previously described.  These 

mutants could be examined to determine if either LAT or ICP6 is necessary for 

activation of Akt in infected HEL fibroblasts. 

Previously, the HSV-1 serine threonine kinase US3 was shown to mediate 

a decrease in the amount of active/phosphorylated Akt during HSV-1 infection of 

the epithelial cervical carcinoma cell line, HEp-2 (12).  Combined with our 

findings, this suggests that HSV encodes both positive (VP11/12) and negative 

(US3) regulators of Akt.  In support of this theory, infection of Jurkat T cells by 

VP11/12 null HSV-1 induces a decrease in the level of phospho-S473 Akt 

compared to mock infected samples (Figure 27).   If HSV does utilize these two 

viral proteins to activate and inhibit Akt, then the activation status of Akt during 

infection may depend on the availability of the targeted cellular signalling 

effectors, which may be dictated by cell line specific basal signalling events.  The 

use of such an intricate system to control Akt activity would imply that Akt 

signalling is a critical variable in determining the course of HSV infection. 

US3 has also been implicated in the phosphorylation of several Akt 

substrates.  Prevention of apoptosis by US3 occurs in part through 

phosphorylation of the Akt substrate BAD (23). Infection induced mTORC1 
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signalling requires US3-dependent phosphorylation of the upstream effector 

TSC2 (140). Furthermore, our lab has now shown that US3 is necessary for 

phosphorylation of the canonical Akt substrates GSK-3β, and FOXO1 during 

infection (Kevin Quach unpublished data).  Collectively, these studies suggest 

that US3 suppresses cellular Akt and acts as a viral mimic of Akt to phosphorylate 

targets that benefit the virus.   

Future experiments in our lab will specifically address the role of US3 in 

VP11/12 mediated Akt activation.  As outlined above, US3 null HSV-1 

demonstrates enhanced Akt activation compared to wild type HSV-1 infection of 

HEp-2 cells (12).  However, a study of US3 null HSV-2 demonstrated that this 

virus fails to express VP11/12 (132).  We hypothesize that viral or cellular 

mechanisms control the relative expression of US3 and VP11/12 in order to 

control Akt activation.  This leads us to ask whether VP11/12 is present and 

responsible for Akt activation during US3 null HSV-1 infection of HEp-2 cells 

(12), and whether US3 is responsible for Akt inhibition during VP11/12 null 

HSV-1 infection of Jurkat T cells (Figure 27).  Presently, our experiments have 

confirmed that US3 null HSV-1 demonstrates enhanced infection induced 

activation of Akt in HEp-2 cells (Fred Wu unpublished data).  Expression of 

VP11/12 in these samples will now be assessed.  If VP11/12 is expressed, an 

HSV-1 mutant null for both VP11/12 and US3 will be constructed, and used to 

determine whether VP11/12 is responsible for Akt activation in the absence of 

US3.  Similarly, in Jurkat cells, infection by this null mutant will determine 
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whether US3 is responsible for inhibition of Akt in the absence of VP11/12.  

Others have speculated that VP11/12 expression may be stabilized by US3-

mediated phosphorylation since US3 phosphorylates VP11/12 in vitro (132).  

Therefore, we will also investigate whether US3 phosphorylates VP11/12 in vivo, 

and whether this phosphorylation stabilizes VP11/12 expression.  Since US3 is 

known to phosphorylate Akt substrates this may include an examination of 

VP11/12’s putative Akt phosphorylation site (located at S478 in VP11/12 of 

HSV-1 strain17).  

6.8  A Putative Mechanism for VP11/12-dependent PI3K Activation 

As reviewed in the introduction, membrane associated growth receptors 

and MTAg use a p85 SH2 binding motif (YXXM) to recruit PI3K to the 

membrane and allow for subsequent PI3K activity.  VP11/12 may use an 

analogous mechanism to activate the canonical PI3K-Akt signalling pathway.  In 

support of this theory, VP11/12 is found in a complex with PI3K during infection, 

and the sequence of VP11/12 contains a putative p85 SH2 binding motif (YTHM; 

located at Y519 in VP11/12 of HSV-1 strain17).  VP11/12 is also known to 

associate with membrane during infection (148), therefore binding of PI3K by 

VP11/12 simultaneously recruits PI3K to its substrate PIP2.  Finally, tyrosine 

phosphorylation is a prerequisite for SH2 binding, thus, the fact that SFK activity 

is required for VP11/12 tyrosine phosphorylation, VP11/12-PI3K binding, and 

activation of Akt provides additional support for this hypothesis.  Further 



154 

 

experimentation is needed to determine which motifs on VP11/12 are required for 

PI3K binding and PI3K-Akt signalling. 

6.9  A Putative Mechanism for VP11/12-dependent SFK-PI3K-Akt Signalling 

The sequence of VP11/12 suggests it may activate multiple Src family 

members upstream of PI3K in a mechanism analogous to that of the growth 

receptor, PDGFR-β and the polyoma MTAg.  As described in section 6.4 and 6.8, 

we theorize that the predicted SFK SH2 binding motif, YEEI and the putative p85 

SH2 binding motif YTHM in VP11/12 activate SFKs and PI3K, respectively.  

Similar motifs coordinate Src-PI3K-Akt signalling downstream of PDGFR-β.  

High affinity binding of the SH2 domain of Src by PDGFR-β activates Src (142), 

allows for massive tyrosine phosphorylation of PDGFR-β, and subsequently 

allows for SH2-mediated binding of PI3K (10).  Similarly, MTAg is thought to 

bind and activate Src at a YEEI motif, leading to phosphorylation of a p85 SH2 

binding motif within MTAg; MTAg-PI3K binding; and subsequent PI3K activity 

(221).  It therefore seems likely that VP11/12 also uses its putative SH2 binding 

motifs (YEEI for SFKs and YTHM for p85) to propagate SFK-PI3K-Akt 

signalling. 

Future studies will address whether VP11/12 mediates signalling through 

SH2 binding.  SH2-mediated interactions can be detected through in vitro binding 

assays.  In vivo, a tyrosine to phenylalanine mutation of the putative SFK and p85 

SH2 binding motifs in VP11/12 can also be used to determine whether SH2 
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binding is required for signalling.  Of note, the two motifs predicted to bind the 

SFK SH2 domain (Y613 and Y624 in VP11/12 of HSV-1 strain 17) may function 

redundantly and mutagenesis of both may be required to accurately gauge the 

effect of these motifs on SFK binding and activation.   

6.10  Conservation of the Putative SFK and PI3K SH2 Binding Motifs 

 The biological function of VP11/12 remains elusive, but conservation of 

amino acids within the putative SH2 binding motifs for SFKs and PI3K suggests 

that signalling propagated through these motifs is critical for virus survival.  As 

discussed in sections 6.4 and 6.8, VP11/12 contains one putative p85 and two 

putative SFK SH2 binding motifs, which can, in theory promote kinase activity.  

We compared the known amino acid sequences of VP11/12 and VP11/12 

homologues within the alphaherpesvirinae.  We found conservation of these 

putative SH2 binding motifs within the Simplexviruses, which includes sequences 

reported for HSV-1, HSV-2, cercopithecine herpesvirus (CHV)-1, CHV-2, and 

CHV-16 (Figure 39).  Each sequence demonstrates conservation of the consensus 

sequence of p85 SH2 binding (YXXM) at the equivalent of Y519 for HSV-1 

strain 17, and perfect sequence identity at the high affinity SFK SH2 binding 

motif (YEEI), the equivalent of Y624 for HSV-1 strain 17.  Conservation of these 

sequences suggests that evolutionary pressure has forced all Simplexviruses to 

retain the ability to activate SFK-PI3K-Akt signalling through VP11/12. 
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Figure 39.  Simplexviruses conserve the SFK and p85 SH2 binding motifs of 
VP11/12. 

Known VP11/12 sequences of the alphaherpesvirinae were examined for the 

presence or absence of the SFK SH2 high affinity binding sequence (YEEI) and 

the consensus sequence for p85 SH2 domain binding (YXXM).  SFK and p85 

SH2 binding motifs demonstrated conservation of sequence within the simplex 

genus of the alphaherpesvirinae. 
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6.11  VP11/12 May Serve Multiple and/or Cell-type Specific Functions 

Like many viral proteins, VP11/12 is likely to have more than one 

function and some of these functions may be cell type specific.  One indication 

that VP11/12 has multiple functions is found in the amino acid sequence.  The 

SFK and p85 SH2 binding motifs that are conserved in simplexviruses lie outside 

of an N-terminal region which is conserved among all alphaherpesvirinae (Figure 

39; α-TIF domain; the equivalent of amino acid 27-443 for HSV-1 strain 17).  We 

predict that the SH2 binding motifs of VP11/12 facilitate SFK-PI3K-Akt 

signalling in simplexvirus infection, while the conserved N-terminal region serves 

a function that is critical to the survival of all alphaherpesviruses. 

We have shown that Lck generates intense tyrosine phosphorylation of 

VP11/12 compared to the SFKs in fibroblasts or epithelial cells (Chapter 3).  

Since Lck expression is largely restricted to lymphocytes (130), this data suggests 

that VP11/12 may serve one or more lymphocyte-specific functions.  The 

prominent phosphorylation of VP11/12 may indicate phosphorylation of 

additional tyrosines residues in lymphocytes, and these phosphotyrosines could 

allow for the recruitment of additional signal transducing proteins capable of 

initiating multiple lymphocyte specific signalling pathways.  Thus, the enhanced 

tyrosine phosphorylation of VP11/12 may generate unique signals in infected 

lymphocytes for the manipulation of signalling related to lymphocyte function.  

Alternatively, the intense phosphorylation of VP11/12 in lymphocytes may 
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indicate that a greater proportion of VP11/12 molecules are phosphorylated in 

these cells.  While this would not necessarily result in lymphocyte specific 

signalling, it may indicate an importance of VP11/12 mediated signalling and 

viral manipulation of the associated cellular function(s) in these cells. 

HSV infects T lymphocytes and is known to alter their function as an 

immune evasion strategy (reviewed in (89)).   HSV is able to infect primary T 

cells in vitro (8, 101, 166, 167, 173, 199), and also infects peripheral T cells in the 

intact human host (8). Infected T cells and NK cells display diminished target cell 

killing, and infected T cells also display enhanced fratricide, and altered cytokine 

profiles (167, 168, 173, 199, 200, 251), at least in part due to HSV-induced 

modifications to the TCR signalling pathway (199, 200).  We have shown that 

VP11/12 is not required for inhibition of TCR signalling (Figure 15) or NK cell 

killing (Figure 16).  However, this data cannot exclude VP11/12 as a potential 

modulator of immune related signalling.   The laboratory of K.R. Jerome has 

accumulated data which demonstrates that overexpression of VP11/12 is 

sufficient to inhibit TCR signals (K.R. Jerome, personal communication).  Thus, 

VP11/12 along with other virus proteins may contribute to viral manipulation of 

immune receptor signalling including signalling emanating from the TCR. 

VP11/12-Lck interactions may also exert cell-type specific effects in 

neurons rather than lymphocytes.  Although Lck is conventionally considered a 

lymphocyte specific kinase, immunocytochemistry has been used to suggest that 
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Lck is present in mouse and rat neurons (157, 230).  Neural expression of Lck has 

not been widely confirmed in the literature.  One report indicates that Lck cannot 

be detected in a normal human brain (211).  Moreover, the expression level of 

Lck reported for the mouse brain is tenfold lower than that of the murine thymus 

(157).  If Lck is present in neurons then VP11/12-Lck interactions could 

conceivably play a role in signalling that promotes the establishment of latency, 

reactivation of the virus, or neural spread of HSV. 

6.12  VP11/12 Null Virus as a Vector in Genetic-based Cancer Therapeutics 

 HSV-1 has been investigated for its ability to act as a vector carrying 

“suicide” genes for expression in cancerous cells.  Our data showing VP11/12 

dependent activation of PI3K-Akt signalling (Chapter 5) suggests that a VP11/12 

null version of this vector may be more efficient at killing tumour cells.  VP11/12 

null HSV-1 should be capable of efficiently expressing a “suicide” gene, since 

removal of VP11/12 from an HSV-1 vector was previously shown to enhance 

long-term expression of a reporter gene (118).  In addition, removal of VP11/12 

may enhance the vector’s ability to induce cell death, since VP11/12 activates the 

PI3K-Akt signalling axis and this pathway is known to enhance tumour cell 

survival (reviewed in (119)).  Further investigation is required to determine 

whether removal of VP11/12 makes the HSV-1 vector into a more efficient killer. 
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6.13  Future Directions 

 The work in this thesis provides the first description of a function for 

VP11/12 during infection.  Our data indicating that VP11/12 activates SFK-PI3K-

Akt signalling has defined VP11/12 as a cell signalling modulator.  This adds to 

our knowledge of HSV infection induced changes to cell signalling and is a first 

step toward understanding the signalling capabilities of VP11/12.  Work in our lab 

presently aims to define other cellular signalling pathways targeted by VP11/12; 

other virus encoded signalling modulators; and the molecular mechanisms 

governing VP11/12 mediated activation of the SFK-PI3K-Akt pathway. 

Regrettably, we have yet to determine the biological function(s) of 

VP11/12.  Working in cell culture, VP11/12 null virus produced progeny at levels 

comparable to that of wild type virus, and the absence of VP11/12 during 

infection produced no major changes in infected cell morphology.  Therefore, 

future studies should aim to determine the impact of VP11/12 on viral 

pathogenesis.  Such studies would involve the examination of HSV-1 null for 

VP11/12, and HSV-1 with targeted mutations of VP11/12 including removal of 

the α-TIF domain and a tyrosine to phenylalanine mutation of any SH2 binding 

motifs that function in infection induced signalling.  Infection by these viruses in 

a mouse or rabbit model will demonstrate how VP11/12, VP11/12 mediated 

signalling, and the conserved α-TIF domain function to promote virus survival.  

One would expect VP11/12 to influence processes that cannot be easily measured 
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in cell culture systems, such as the establishment of latency, virus reactivation, 

viral spread, innate immunity or adaptive immunity. 
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