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Abstract:

As obligate intracellular parasites, viruses retylmst cells to replicate. Hsv-1 is a
large double stranded DNA virus which is the cansecommon cold sores and
corneal blindness in humans. The defining featdirel®V-1 is its ability to exist in
two discrete states. During lytic infection, protiue virus replication results in cell
death. After primary infection HSV-1 enters a setatate in non-permissive cells,
termed latency in vivo or quiescence in vitro, ihiglh minimal activity of the viral
genome allows it to colonize its host. While théidystate of viral replication is
relatively well characterised, understanding oématy has lagged due to a lack of in-
vitro models that can facilitate detailed mechanistudy. This thesis investigates
aspects of HSV-1 quiescence, specifically the rofehost cell signalling and
translation initiation during reactivation from amproductive state. To achieve these
objectives, a new system was established to stu8ly-H quiescence. The system
employs the use of serum starved and temperatesated primary human cells
which allow for efficient suppression of wild tygeSV-1 replication, which that
results in the formation of HSV-1 quiescent infenti Upon investigation of the
kinase pathways required during reactivation framescence it was discovered that
inhibition of the ERK signalling pathway resulteth ia suppression of viral
reactivation. Additionally, the activities of th@wn stream substrate of ERK, Mnk1,
along with the mTORC1 substrate 4E-BP, both of Whregulate the mRNA
translation initiation factor elF4E were shown trequired for efficient reactivation.
To further investigate the role of translation ietibn during reactivation, we
employed the use 4EGi-1, a recently discovered Ismalecule inhibitor of elF4F
formation. During our investigations it was discma that protein synthesis in
primary cells was minimally dependent upon elF4Fhyghly sensitive to 4EGi-1 at
concentrations that did not alter elF4F levelsibstead, increased the association of
inactive elF2 with initiation complexes. At these relatively logoncentrations a
potent suppression of mMRNA translation was achieyeitolerable to cells over
prolonged periods. Critically, inhibition of traaslon resulted in suppression of both
lytic replication and reactivation from quiescersuggesting that targeting mRNA

translation may be a viable therapeutic avenu&réatment of HSV-1 infection.
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Section 1: Introduction



Introduction:
1.1. The Herpesviridae

The Herpesviridae are a large family of doublerstesl DNA viruses. The family is
composed of over 200 viruses which are known tecin& range of vertebrate hosts.
The viruses derive their name from the Greek watdrpein” which means to creep
and refers to the characteristic latent and regrimfection typical of this group of
viruses. There are eight varieties of Herpes wn®wvn to infect humans and they are
classified intoa (Alpha), B (Beta) andy (Gamma) subfamilies based on their
biological similarities. TheAlphaherpesvirinaare distinguished by rapidly growing
viruses that cause acute diseases, both Herpedegimipus 1 and 2 (HSV-1 and
HSV-2) are included within this subfamily and areolwn as neurotropic and
neuroinvasive viruses. THgetaherpesvirinaare characterised as slow growing and
highly cell-associated viruses which produce diesawith a prolonged clinical
course. Cytomegalovirus and Roseolovirus are megnbetthis subfamily and are
leukotropic in nature, establishing latency in theglls until reactivated. The final
subfamily  within  Herpesviridae is the Gammaherpesvirinae The
Gammaherpesvirinasubfamily contains two viruses known to infect tams. The
first of these viruses is the Epstein-Barr viruB¥, also called human herpesvirus 4
(HHV-4), which is a virus known to infect and regate in oro-pharyngeal epithelial
cells and establish latent infection within B-lyngalyte populations which can result
in the causation of Burkitt's lymphoma and Nasophgeal carcinoma. The other
member of th&sammaherpesvirinaenown to infect humans is the Kaposi's sarcoma-
associated herpesvirus (KSHV) also called humapédssirus 8 (HHV-8). KSHV is
known to target a number of cell types includingahelial cells (and progenitors), B
or T-lymphocytes and subsets of monocyte/macroghagesent in peripheral blood
and in diseased tissues. Similar to Epstein BaBH¥X can form latency in
lymphocytes and is the cause of Kaposi's sarcon@namon cancer occurring in
patients with AIDS. In addition to Kaposi sarcomSHV can cause the
lymphoproliferative disorders such as primary affndymphoma and some types of
multicentric Castleman's disease (Kngial, 2007).



1.1.1 Herpes simplex virud

Herpes Simplex Virus 1 (HSV-1) is a nuclear repliag enveloped double stranded
DNA virus and member of th@lphaherpesvirinasubfamily of the Herpesviridae
family. HSV-1 virus is the pathogen responsibleHHiarpes labialis of the lips, mouth
or gums which results in the development of smalhful blisters, commonly called
cold sores. Although Herpes labialis is a relagivekenign condition of mainly
aesthetic concern, HSV-1 can cause more severatiomsd notably Herpes Keratitis
which can cause blindness and Herpes Encephalhishwdestroys brain tissue

leaving the patient permanently brain damaged Ba2009).

Transmission

Between 60 to 90% of the global adult populatiombbar neutralizing antibodies
against HSV-1 and therefore serve as reservoirthévirus. The majority of primary
infections are attained through direct contact aitksion or with infected body fluids
such as saliva, genital fluids and exudates frotivadesions. The transmission of
virus is aided by the fact that individuals whidhrtbour latent virus periodically shed
infectious HSV-1 in saliva without the formation symptomatic lesions (Young,
Rowe & Buchanan 1976; Oliveet al, 1995; Smith, Robinson 2002). This
phenomena of viral shedding is more frequently nlegk in immunocompromised

individuals or in patients undergoing oral surgEgckset al, 2004).

1.1.1.1 HSV-1 structure
Genome:

The HSV-1 genome is 152 kb in size with a base asmipn of 68% G + C. It
contains four different regions termed the uniguegl region (), the unique short
region (k) , and the two sets of repeats, the repeat lony) #Rd the repeat short
(Rs). Each repeat within the genome is present inidaf@ copies, differentiated as
either the terminal (T) or internal (I). The genoomatains three origins of replication
situated at the centre of the @nd flanking the Yregions. The 9,000 bp long repeat
(R encodes both an important immediate early regutaprotein (ICPO) and the
promoter of the latency associated transcript (LAMMe U which is 108,000 bp in
length is known to be the coding region for 56iddtproteins including the proteins

2



involved in genome replication and virion formatidrhe 6,600 bp short repeatss R
are the areas that code for immediate early prat@rhich act as the transactivators of
early genes which then results in viral DNA repiica. The 13,000 bp unique short
region (W) is the coding region for at least 12 ORFs, a nemthese ORFs are
glycoproteins important in viral infectivity ands$t range in addition to controlling

viral responses to host cell defences (Krapal.,2007).

Figure 1.1 HSV-1 Genome

R &

R

s L)

Figure 1.1lillustrating the different regions of the HSV-1 geme, termed the unique
long region (), the unique short region €J,and the two sets of repeats, the repeat
long (R) and the repeat short {R Each repeat within the genome is present in
duplicate copies, differentiated as either the teatn(T) or internal (I). The genome
contains three origins of replication (ori) situhi the centre of the Lhnd flanking

the Us regions.

1.1.1.3 Capsid

The nucleocapsid is the structure which encapsldte HSV-1 genome. It has a
protein shell approximately 15 nm thick and 125 inndiameter. Its major structural

characteristic is its 162 capsomers (150 hexonslamaentons) which are constructed
from the major capsid protein VP5, and the prota&/fd9, VP23, VP26 bound by

noncovalent bonding (Knipet al, 2007; Newcomlet al, 1994).

1.1.1.2 The tegument

The tegument is an amorphous layer of heterogen@otsins that occupies the space
between the inner capsid and the outer enveloper @e years the use of cryo-
electron tomography and yeast two hybrid screeailngg with biochemical assays
and viral-gene deletions has elucidated much ofthectural detail pertaining to the
tegument. The tegument is composed of 23 knownepm®teach of which has a
specific function ranging from initiation of viraranscription, control of cellular
molecular motors, subversion of cellular antiviedponses and transportation of viral

capsids and formation of infectious virions. Manfytbe genes coding for these

3



proteins can also be found in boBetaherpesvirinaeand Gammaherpesvirinae
(Loret, Guay & Lippe 2008; Varnumt al.,2004).

1.1.1.4 Envelope

The envelope consists of a lipid bilayer studdeth Wil glycoproteins. The entry of
HSV-1 into the host is facilitated by these glyaupins embedded in the viral
envelope binding to the receptors on the surfadbeohost cell. During HSV-1 fusion
and entry, the envelope glycoprotein C (gC) bimalsatproteoglycans on the cell
surface called heparan sulphate. Upon binding ofglftoprotein D (gD) binds to a
receptor called the Herpesvirus entry mediator peee (HVEM) bringing the
membrane surfaces of the cell and virus into clpseimity allowing for other
glycoproteins embedded in the viral envelope teradt with other cell surface
molecules. This binding to HVEM changes gD’s coufagion allowing it to interact
with viral glycoproteins H (gH) and L (gL), whicthén form a complex. The
interaction of these membrane proteins resultbenhiemifusion state resulting in the
interaction between glycoprotein B (gB) and gH/ghiet then creates an entry pore
for the viral capsid (Subramanian, Geraghty 20@fce the viral capsid has entered
into the cytoplasm, it is transported to the celtleus and attaches to the nucleus at a
nuclear entry pore. The capsid then ejects its ¥Atents via the capsid portal on
the nuculeur membrane, which is a structure creasety twelve copies of the viral
portal protein UL6, which is constructed in a ranfiguration (Knipeet al, 2007).

Figure 1.2 HSV-1 Virion

Figure 1.2 An illustration of the basic structural featurestioé HSV-1 virus. HSV-1
is an enveloped, icosahedral DNA virus. The redgetween the outer lipid envelope
and the nucleocapsid is called the tegument. ThA BNhe virus resides in the core.
The envelope proteins ("Glycoprotein Spikes") areque viral proteins, but the
envelope itself is derived from the virus host.c@H. E. Leeet al, 2006).
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1.1.1.5 The infectious states of HSV-1

Once the viral DNA has entered the nucleus of & ¢ml§it exist in one of two states,

termed lytic or latent.

1.1.1.5.1 Lytic Infection:

Lytic infection is a state defined by the expressad more than 80 HSV-1 proteins in
a regulated cascade resulting in the productianfettious progeny. Transcription of
viral DNA takes place in the host cell nucleus #melviral proteins are synthesized in
the cytoplasm. Transcription of all viral genegnisdiated by RNA Pol Il and viral
proteins can modify RNA Pol Il activity and strustuBastian, Rice 2009)(Wysocka,
Herr 2003). The first class of viral proteins syggized during this process are the
viral o or immediate early (IE) genes. The six protein®pnsing this class are ICPO,
ICP4, ICP22, ICP27, ICP47 and Us 1.5. The transBonpof these genes is regulated
by the viral protein Vpl16 which is present withirettegument surrounding the core
of the infecting virion. Around 500 to 1000 Vp16 imcules are delivered to the cell
with every incoming virion and these molecules fommulticomponent complexes
with cellular proteins OCT-1 and HCF which can thescognise and bind
TAATGAAAT sequences on the IE gene promoters (Kau®2002; Wysocka, Herr
2003).

The immediate early genes have a vast array oftiimsc during lytic infection. The
immediate early protein ICP4 is a transactivatorcwhs required fofy andy gene
expression, while ICPO is a ubiquitin ligase thestdoys restrictive host factors and is
a promiscuous viral gene transactivator (Barklien@nts, Watson & Wilkie 1977;
Preston 1979; Watson, Clements 1980; Everett 2000).

The next class of viral genes are fhelass or early (E) proteins, with functional viral
IE transcription factor ICP4 being essential foexpression. Th@ genes are largely
responsible for replication of viral DNA, nucleatidgnetabolism and the production of
y or late genes. Thg genes are subdivided into two groups: Bhegenes, which are

expressed within a short time after the expressbnthe a proteins and are



exemplified by Y39 encoding ICP6, the large subunit of ribonuctdtreductase.
The second set @ genes, th@2 genes are expressed in a more delayed fashiem aft

a protein expression and are exemplified 28 encoding Thymidine kinase.

The final class of HSV-1 viral genes expressedrdulytic infection are the or late
genes. These genes are expressed after viral DM#hesis has commenced and
mainly encode structural proteins which will comg@dke viral particle. The genes

are also subdivided into two groups; tffe early/leaky late and thg late or “true
late” genes. The chronology ¢fgene expression is determined by their dependence
on viral DNA synthesis, withyl early/late genes such as ICP5 being expressed
relatively early in infection but stimulated a fdwold upon viral DNA synthesis. In
contrast to thgl early/late genes, th2 late genes such as11 are expressed late in
infection only after DNA synthesis has occurred iiget al, 2007).

1.1.1.5.2 Virion assembly

After the synthesis of all three classes of vimhg products has occurred the virus is
assembled in several stages. Firstly the DNA ikaged into pre-assembled capsids
within the nucleus. The filled capsids or “nucleosids” then mature into an
infectious virion by budding through the inner ldla®f the nuclear membrane. After
budding, it is currently thought that the viriorarnsits between the outer nuclear
membrane to the subcellular space by transit thrabe Golgi stacks, being de-
enveloped and then re-enveloped at the trans Gelgvork. Once fully formed, the
virus is then released by exocitosis causing tlahdef the host cell. The virus then

spreads to the cells peripheral environment (Keipa., 2007).



1.1.1.6 Latency

Even though HSV-1 has a wide tropism and can I\jidafect a vast array of cell
types and animal species, the defining trait of HIS¥ its ability to establish life long
latent infection within host sensory neurons folilogvspread from the primary site of
infection.

Latency is established after the virus has entsstsory neurons by fusion at the
axonal termini following spread from the epithiatesof primary infection. The
nucleocapsid then moves by retrograde axonal toahspong microtubules to the
nucleus of the cell body. Once inside the nucléesviral genome acquires an endless
circular DNA episomal configuration.

In latently infected neurons, the viral genome mdified by nucleosomal chromatin.
The Latency Associated Transcript (LAT) promoted ats 5’ exon are associated
with acetylated H3 histones which are permissivetfanscription. In contrast, the
Iytic gene promoters are associated with heteroohtim forms of histones during
latent infection which prevent transcription (Knigieal, 2007).

A key trait with regard to entry into latency ithbsence af gene expression. This
lack of expression is most likely to be the primeayise of HSV-1 genome silencing.
One of the possible reasons for lackeofiene expression is probably the lack of
nuclear forms of host cofactors required dgotranscription. As described previously,
Vpl6 forms a multicomplex with HCF and OCT-1 whiotediate transcription of
viral genes in permissive cells. In neuronal celSF and OCT-1 are located in the
cytoplasm but interestingly migrate to the nuclelising HSV-1 reactivation in
explanted ganglia (Kristie, Vogel & Sears 1999; Neigaet al, 2004). During latent
infection, lytic gene transcription is suppressed the only transcript that abundantly
accumulates is the “Latency Associated Transcr(pT). This transcript yields
multiple RNA species upon splicing which are cdilegly referred to as LATS. First
identified by in situ hybridisation in 1984 and abryears later by northern blotting,
LATs code for no known viral proteins and are fouextlusively in the nucleus
during latency (Stevenst al, 1987). Although the exact functions of the LAdre
not completely understood, LATS have been foundetpulate the host cell genome
and interfere with natural cell death mechanisnthsas receptor mediated (Caspase
8) and mitochondrial mediated (Caspase 9) pathwagndersonet al, 2002). In

addition, LATS have been found to upregulate hbatl proteins and prevent cold
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shock induced apoptosis indicating that LAT expmassnay prevent the occurrence
of a inhospitable cellular environment during trstablishment and maintenance of
latency (Spivack, Fraser 1987; Peet@l, 2000; Ahmedckt al, 2002; Jiret al, 2003;
Penget al, 2004; Atanasiet al, 2006).

During latency in sensory ganglia little or no iegting virus can be detected, but
infectious virus is produced in a fraction of newsoperiodically in response to
environmental cues such as physical and psycha@bgtress. This low level
reactivation results in anterograde transport ois/to the peripheral epithelial tissue
and can cause a symptomatic or asymptomatic iofeatiepending on the host
immune status, as CD8+T cells have been shownntvsalddSV-1 replication in the
nervous systems of mice (Oat al, 2007; Knickelbeinet al, 2008; Sheridan,
Knickelbein & Hendricks 2007).

1.1.1.7 Animal models for the study of HSV-1 latenc

As a model which re-creates the exact infectionrattaristics of human disease
remains unattainable and due to the broad arrdyosfs which HSV-1 can infect,
research groups have employed the use of animaklsaghich allow HSV to
establish a localised initial infection followed bgtablishment of a latent infection in
neurons, thus allowing for the study of viral pajboesis, neuroinvasivness,
neuropathology and latency. Mice are routinely usedhe study of HSV-1 latency
due to their reasonable cost relative to more esigeranimal models and there are
two infection models used in studies. The footgadial root ganglion model
involves the infection of the mouse footpad whisHallowed by latent infection of
the spinal ganglia (Stevens, Cook 1971). This maxléhought to mimic aspects of
HSV human genital infection and many aspects oénlatinfection, including
identifying the neuron as the site of latency dmeléxpression of LATS during latent
infection (Cook, Bastone & Stevens 1974; Cook, &tev1976; Steveret al, 1987).

The second murine model used to study latencyei®ye/trigeminal ganglion model,
which involves infection of the cornea followed kgtency establishment in the
trigeminal ganglia. As with the footpad/dorsal mipdaerus can be recovered from

latency by cocultivation of expanted ganglia ondigecells (Kennedy, Al-Saadi &
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Clements 1983). Additionally, reports have showruwirecovery from latency in
mouse trigeminal ganglia following Ultraviolet (UV)rradiation and ocular
iontophoresis of epinephrine (Willey, Trousdale &d¥urn 1984; Laycockt al,
1991).

The investigation of HSV-1 latency has also beendocted using rabbit models.
Like the mouse eye/trigeminal ganglion model latemtection is established
following infection of the rabbit cornea. One chaegistic of this system is the ability
to sporadically recover virus more frequently thanmouse models. Recovery of
virus can also be induced by iontophoresis of gpinee (Nesburn, Elliott &

Leibowitz 1967; Tulloet al, 1982; Hill et al, 1986; Shimeld et al. 1990).
Additionally, as in the mouse models no infectiotgis is detectable in infected
ganglia until explantation and culture on feeddlscguggesting viral latency which

broadly mimics human infection.



1.1.1.7 Cell Culture models of HSV-1 and latency (Quiesceeg

Despite the intrinsic positives of animal modelsd ame progress in empirical
understanding made from their use, many questiatis negard features of latent
phase infection, reactivation and the state ofl gemomes can only be best answered
using tissue culture models that allow detailed maedstic studies and genetic
biochemical analysis. The major benefits of tissudkure models are the ability to
observe the virus at the single cell level and authinterference of immunological

events that modulate the eventual appearanceus wirthe host.

In the past a number of models have been develtpstudy HSV latency (termed
quiescence in vitro) by coercing HSV to a non paiihe state. Quiescence can be
established in sympathetic neurons of rat origirvitno. These explanted cells are
treated with antimitotic agents such as florodeoxijme to stop the growth of
fibroblasts or Schwann cells that were removed Wit neurons during explant.
Initial experiments on these cultures reported thaescence could be established
with a loss of 37% of cultures infected with HS\&tla multiplicity of infection 0.03,
while of the surviving cultures only 12% harbourug capable of reactivation from
quiescence. Further experimentation using thesks ctlowed that treatment of
cultures with Anti HSV-1 antibodies two weeks supgnt to infection allowed for
the multiplicity of infection to be increased to Of the cultures infected, 63%
survived and 53% of which harboured latent virwe tould be reactivated upon NGF
removal. However when the multiplicity of infectiavas increased to 2, all cultures

were destroyed by productive lytic infection (Wikc@ohnson 1987).

Additional models from the same group employeduse of Acyclovir. Acyclovir is
a guanosine analogue antiviral drug which is a ngotiahibitor of viral DNA
polymerase. It was shown that pre-treatment withychkavir 12 hours prior to
infection, and maintenance of Acyclovir in cultufes 7 days, allowed for cultures to
be infected at multiplicities of infection of 5 Wit100% of the cultures infected
surviving. Upon acyclovir removal the cultures abdde maintained in a quiescent
state for a further 7 days and reactivated by N&Raval (Wilcox, Johnson 1988).
However reactivation was often inefficient and diok occur on a population wide

level.
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The use of other chemical inhibitors such 1-,B3Bbaofuranosylcytosine have also
been applied to primary cultures of explanted gangf rat and human origin to
suppress viral replication prior to culture mairgece at temperatures above 40.5°C.
Although this approach was successful at establislguiescence the system was
limited to infecting with 0.1 plaque-forming unifp.f.u) per cell (Wigdahl, Isom &
Rapp 1981). In an attempt to increase the propomibquiescently infected cells
within the culture the same research group preaddeeells with medium containing
(E)-5-(2-bromovinyl)-2'-deoxyuridine (BVYDU) and ham leukocyte interferon prior
to infection at 2.5 plaque-forming unit (pfu) pezllc BVDU is a known inhibitor of
viral DNA polymerase (Allaudeeat al, 1981), and human interferon is thought to
induce a cellular antiviral response and reducal vieplication (Kotwal 1997). In
these systems, viral quiescence was sustainedmtfibitor removal by increasing the
incubation temperature from 37°C to 40.5°C andl\graescence was maintained for
up to 15 days post inhibitor removal while virusacgvation was initiated by
decreasing the temperature to 37°C (Wigdslal, 1982; Wigdahet al, 1983).

As the preparation of dorsal root ganglia is tinm@suming and inconvenient, other
tissue culture models were developed which allovttie study of HSV-1 quiescence.
The first of such models is the rat phaeochromaugtdine (PC12), which is
differentiated with nerve growth factor. In resperte NGF removal the PC12 cells
cease to divide and acquire properties charadteridt peripheral nervous tissue.
During infection of these differentiated cells, N®Fs maintained in the culture
media and quiescence could be established and ey maintained for several
weeks. Upon NGF removal, virus could be recoveredicating reactivation.
Alternatively heat shock or forskolin has also beeported to reactivate virus in
these systems (Blockt al, 1994; Danaheet al, 1999; Miller, Danaher & Jacob
2006). Further use of these systems showed thaaddgion of Acyclovir during
infection allowed for higher multiplicities of inpwirus to be used to establish
quiescence (Danaher, Jacob & Miller 1999). Thesdeals have been used to show
the role of Histone Deacytlases (HDACs) and chramegmodelling during virus
reactivation (Danahesgt al, 2005).

Many of these neuronal models were based in norahuaell types. Due to the
ethical and accessibility issues associated wihuge of neuronal systems of human

origin, primary fibroblasts have been used extesigivfor the study of HSV-1
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guiescence in human cells. The capacity of fibrstisldao harbour quiescent infection
is thought to be facilitated by a low metabolictstand expression of factors that
resist viral lytic replication which may mimic tretate of neurons more accurately

than other cell lines (Jamiesenal, 1995).

Initial experiments conducted by Crouch and Rappo@€h, Rapp 1972)
demonstrated HSV-1 replication was strongly summeésin certain cell types by
elevating the temperature of fibroblast cultured@®db°C during the initial 6 hours of
infection. The fact that this worked in only centaeell types suggested that replication
of the virus itself was not sensitive to temperatelevation but that an early stage in
the virus life cycle was inhibited in a host cglesific manner. Consequently, many
fibroblast models exploit temperature elevatiorcoltures to coerce the virus into a
non replicative state (Wheeler 1958; Harris, Prest®91). Although temperature
elevation could prevent viral replication, it cowddly do so at low multiplicities of
infection (0.003p.f.u/cell) most likely due to thgtotoxicity of immediate early gene
expression by wild type virus in these cells (JamsWang & Friedmann 1994;
Harris, Preston 1991). To overcome this problem afidw for infection on a
population wide scale, research groups employediskeof viral mutants deficient in
various IE genes, in addition to treatment of aesuwith chemical inhibitors and or
temperature elevation to prevent low-level replmabf these mutants (Russetlal,
1987; Stow 1989; Harris, Preston 1991; Jamietal,1995; Samaniego, Neiderhiser
& Deluca 1998; Preston, Nicholl 1997; Hobéisal, 2001; Everett, Boutell & Orr
2004). However, the use of viral mutants and nebdyi low efficiency of many
models means that our understanding of latencyeeaxtivation remains limited.
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1.2 Translation

As obligate intracellular parasites, viruses ldok genes that code for components of
the mRNA translational machinery such as ribosasnalunits and translation factors.
To ensure viral mMRNA translation during both lyindection and reactivation from
latency, the virus must effectively commandeerhtbst cells translation machinery to
compete with the host cells mMRNAs for access tatilng amounts of translation

initiation factors.

Translation is recognised as an important proaasgene regulation as it controls the
conversion of mMRNA to protein. Its processes arbdsided into three stages,

initiation, elongation and termination.

The ribosome complex is a multisubunit structuretaming ribosomal RNA (rRNA)
and proteins, which is responsible for translabtdmRNA to a specific sequence of
amino acids. Before mRNA can be converted to pnotlee ribosome must position
itself on the correct area of the mRNA. This predsscalled translation initiation and
the activity of cellular initiation factors that whate this process can influence both
overall global rates of proteins synthesised duerice the relative rates of synthesis
of specific subsets of proteins. Whereas the cbwofrglobal protein synthesis is of
potential importance for allowing the cell enter @iase of the cell cycle, the control
of the translation of specific proteins impactsqass such as cell homeostastis, and it
is thought that the amounts of a number of proteihgch play a key role in cell
proliferation and differentiation are controlledtae level of translation (Pain 1996;
Gingraset al, 2001).

1.2.1 Translation initiation.

Translation initiation is said to be a rate limgiatep with regard to protein synthesis
as it is at this stage where most steps of phygicdd control are observed (Figure
1.3). Initiation begins when preexisting 80S rihoss bound to the 3’ end of MRNA

are dissociated by binding of elF6 to the 60S winaal subunit and binding of elF3

and elF1A to the 40S ribosomal subunit. Once tr& gi@bunit is released it can bind
elF2-GTP-Met-tRNAwhich forms the 43S preinitiation complex. When #heS
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preinitiation complex is formed it is competentbatding mMRNA independently, but
for the ribosome to assemble on the 5 end of mRNArst must avail of ATP
hydrolyis and a set of initiation factors termed #1F4 group. Once the 43S subunit
has bound elF4F through the binding of elF3 ithgught to traverse and scan the
MRNA 5 untranslated region (&JTR) in a linear and processive fashion in-#053'
direction until it comes upon an AUG initiation @odin the favourable sequence
context. Upon encountering the correct initiatiooden the associated initiation
factors are released in a process mediated by Tea&e-activating protein (GAP),
elF5, which promotes elF2 to hydrolyze its boundPG® GDP. Once the hydrolysis
of GTP has occurred, the initiation factors areaséd from the ribosome and the 60S
subunit binds to the complex initiating polypeptid®ngation (Gingras, Raught &
Sonenberg 1999).
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Fig 1.3 Recruitment of Ribsomes to MRNAs

48S Initiation
Complex

Fig 1.3 The 48S initiation complex is composed of Met-tR¥fAwhich is recruited
to the small (40S) ribosomal subunit in a ternamyplex (TC) with GTP-bound elF2,
to produce the 43S preinitiation complex (PIC). BB& PIC interacts with the 5’ end
of MRNA in a manner stimulated by factors that biadhe MG cap of the mRNA.
The n{G cap binding complex termed the elF4AF complexdmmposed of elF4E
which binds the fG cap and the N-terminal region of elF4G. elFAGaiprotein
which has multiple protein binding sites and iniidd to elF4E it also binds the
ATP dependent RNA helicase elF4A, the ribosome ibmgrotein elF3 and the
poly(A) tail binding protein (PABP). The 48S PICfamed once the mRNA bound
elF4F complex has bound the 40S ribsome. The Pé@ Htans the mRNA leader
until the anticodon Met-tRNX® base-pairs with the “start” AUG codon in the
correct site context on the mRNA. When the Met-tR{§#binds this AUG codon the
elF4F complex is then released allowing for the di@some to bind the 60s ribosome
thus forming the 80s ribosome which facilitatesypebptide elongation.
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1.2.1.1 Cap structure and poly a tail:

The majority of eukaryotic cellular mRNAs possessiaverted 7- methyguanosine,
linked by a 5'-5' triphosphate bridge to the fitsanscribed residue at the 5’end
(Banerjee 1980). This group is referred to as wep” and has many functions
including nuclear export, stability, splicing anecognition of mRNA for translation
into protein (Lewis, Izaurflde 1997; Cougsttal, 2004).

In addition to the cap, most eukaryotic mRNAs pesse3poly(A) tail which can be
50 bases long in yeasts to more than 200 basesrdnigher eukaryotes. The poly(A)
tail is important for the nuclear export, tranglatiand stability of mMRNA (Preiss,
Muckenthaler & Hentze 1998; Guhaniyogi, Brewer 2061ke, Ohno 2008).

Figure 1.4 Cap structure

7-methylguanaosine 5' end of mAMA
I

5"-t0-5"
triphosphate
bridge

Figure 1.4The 5’ cap structure is found on most eukaryoticsseager RNAs and is
required for translation inititaion. The guanosisemethylated on position 7 by a
methyl transferase and connected to the 5 endhef mMRNA via a 5 to 5
triphosphate linkage (Molecular Biology of the Cdiih edition).
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1.2.1.1.1 The elF4F complex:

The elF4F complex is composed of three subunitB4El elF4A, and elF4G
(Gingras, Raught & Sonenberg 1999). elF4E is resipten for binding the cap
complex directly and is itself highly regulatedfioe tune cap dependent translation.
The elF4A initiation factor functions within theFélF complex as an ATP-dependent
RNA helicase. The helicase activity of elF4A is uggd to unwind secondary
structures within the 5' untranslated region of RNo facilitate ribosome binding
(Pain 1996).

elF4F also binds the poly(A)-binding protein (PABRhich functions to increase
translational efficiency. As PABP binds to the pélyail present on most eukaryotic
MRNASs it brings about a circularisation of the mRMA the elF4G, where the 5
terminus is bound to elF4E and the 3’ terminusoigrial to PABP. This circularisation
is thought to function as an integrity check for NA&& and to stabilise the binding of
the mRNA on the complex. Of the three subunitshefttanslation initiation complex
elF4E is the least abundant and is a major tametefgulation. Therefore elF4E is
considered a rate limiting factor in the localisatiand binding of mMRNA to

ribosomes.

1.2.1.1.1.1 elF4E

The cap facilitates translation of most cellular N/ by distinguishing the 5’

terminus for interaction with the elF4E translatif@ctor during the initial stages of
translation initiation. It is through this interamt with elF4E that the 5’ end of capped
MRNA is recruited to the other components of th@gfation complex. Consequently

elF4E is essential for cap dependent translation.

The 3D structure of elF4E is similar in appearatoca cupped hand or baseball glove
and is composed of eight antiparapedtrands, three helices and ten loop structures.
The eight antiparallep strands form a curvefl sheet while thar helices provide
structural support behind the sheet (Tomebal., 2003; Volponet al, 2006). The C-
and N- terminal regions of elF4E are flexible ahd flexibility plays a role in the
regulation of elF4E function. The C- terminal fleba region contains the receiving

pocket for the cap and also contains a Ser209 aggyl phosphorylation site. During
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cap binding the AGDP resides within a narrow slot on the concavéasarof elF4E.
Binding of n{GDP is facilitated byt-r stacking interactions between the base and the
elF4E indole side chains of two tryptophans inftegible C-terminal region (Trp56
and Trpl102) (Tomoet al, 2003; Marcotrigianet al, 1997). Other interactions such
as van der Waals contacts between the N-7 metloylpgof the guanine ring and
Trpl66 also organize the-n stacking between the cap and elF4E. In addition,
positively charged residues in the cap-binding $fg112, Argl57, and Argl62)
arrange the negatively charged oxygen atoms opltlesphate moieties in ‘@DP to

the correct configuration and hydrogen bonding ketwamino acids of elF4E and
phosphate groups on the cap also contributes tcsttdality of binding (Gingras,
Raught & Sonenberg 1999).

The N-terminal flexible region of elF4E contain® thinding site for elF4G. elF4E
binds at position 572-578 in human elF4G and tresensus elF4E binding site is
YXXXXL ¥, where?is usually L, but may also be M or F. This fragmeheIF4G can
bind to the dorsal convex surface of elF4E whiclirectly behind the cap-binding
slot, the binding is facilitated through hydrogeandts, salt bridges, and van der
Waals contacts. The 4E-BPs also possesses the YXAXXvinding motif and
therefore 4E-BPs compete with elF4G for bindinghwelF4E (Madert al, 1995;
Sonenberg, Gingras 1998; Marcotrigiagtal, 1999).

Given the important functions of elF4E its activisyregulated at multiple levels.
The three mechanisms of elF4E activity regulatrorude:

(1) Transcription of elFAE mRNA

(2) Phosphorylation of the elF4E

(3) Interaction with the 4E-BP family of translatiomapressors.
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1.2.1.1.1.2 Transcriptional regulation of elF4E

Previous studies have shown that both elF4E mRNA al4E protein levels
increase in T cells after T-cell receptor (TCR) ssdinking, suggesting that in
response to extracellular stimuli elF4E upregufationay by attributed to
transcriptional activation (Maet al, 1992; Rosenwaldt al, 1993; Boakt al., 1993)

Indeed, during the cell cycle increased levelshef potent regulator of cell growth
MYC are observed along with upregulation of elFARNA levels, and cells that
stably overexpress MYC show the same phenomenae(a@dd et al, 1993).

Furthermore the elF4E promoter contains two fumaioMYC-binding sites (E
boxes) (Jonest al, 1996). Therefore, since elF4E plays a key roleeihgrowth and

proliferation, it seems likely that elF4E transtiop is a downstream result of MYC
production and is likely to play a central partM¥C induced cellular transformation

and cancers.

1.2.1.1.1.2.1 Regulation of elF4E through phospholgtion

The second means of regulation of elF4E is phosgditcon at the C-terminus Ser209
residue. Phosphorylation of this residue is inaeddsllowing treatment of cells with
growth factors, mitogens and hormones, cytokineas stressful conditions (Morley,
McKendrick 1997; Pyronnadt al, 1999). These increases in Ser 209 phosphomlatio
appear to be mediated via a series of signallingweys that respond to a variety of
extracellular stimuli and activate specific mitoegtivated protein (MAP) kinase
cascades (Davis 1993; Marshall 1994). The first MdRase pathway found to play a
role in elF4E phosphorylation was the extracelksignal-regulated kinase (ERK) as
inhibitors of this pathway reduce elF4E phosphdmgta(Flynn, Proud 1996; Wareg
al., 1998; Waskiewicet al, 1999).

ERK is activated in response to peptide growthdia;tphorbol esters, €aand some
G-protein-linked agonists. Typically ERK is stimidd when G-protein coupled
receptors, integrins and receptor tyrosine kinagesactivated in a process where
ligand binding to receptors results in the disphaest of GDP for GTP on the G
protein Ras. Ras can then activate the family df jRateins. Rafs are a group of
Serine/Theronine kinases which are maintained imactive state in the cytosol by
binding with 14-3-3. The 14-3-3 dimer binds the gplworylated N-Terminal (S259)
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and C-terminal (S621) on Raf, keeping Raf in a eaipscatalytically inactive
configuration. Once Ras recruits Raf it displacés3413 allowing for Raf to be
dephosphorylated by cellular phosphatases. Thishadgyhorylation causes Raf to
change its structural configuration which opeaskihase domain to activating events
such as phosphorylation by PKC and Src (Avrathl, 2001; Rodriguez, Vicianat
al., 2006). Raf family kinases phosphorylate and atéivMAP kinase 1 and 2
(MEK1, MEK2). MEKs are dual specificity kinases thzhosphorylate ERK1/2 on
the Threonine and Tyrosine residues in the condefye-Glu-Thr (TEY) motif of the

activation loop.

The second Map Kinase pathway found to play a imlelF4E phosphorylation is
referred to as the p38 pathway (Morley, McKendd&87; Wanget al, 1998). The

p38 pathway is composed of several kinases, the imp®rtant of which are MEK3
and MEKG6 and four known p38 isoforms,f{,y ands). In mammalian cells, the p38
isoforms are activated by environmental stressed grflammatory cytokines

(Cuenda., 2007).

MEK3 and MEKG6 are activated by a panoply of kinagesesponse to various
physical and chemical stresses, such as hypoxi@atxe stress, ischemia, UV
irradiation, and cytokines, including tumor necsofctor alpha and interleukin-1
(IL-1) (Chenet al, 2001; Roux, Blenis 2004). MEK6 activate all p88forms, while
MEKS3 preferentially phosphorylates the p38nd p38R isoforms. The specificity of
p38 activation is due to the the formation of fumcal complexes between MEK3/6
and different p38 isoforms where MEK3/6 recognispecific sequences in the
activation loop of p38. Activation of the p38 isofts is caused by a MEK3/6-
catalyzed phosphorylation of a conserved Thr-Gly-TiGY) motif in the activation
loop of p38 at Thr180 and Tyr182.

Both ERK1/2 and p38 kinases phosphorylate proteorgaining Serine/Threonine
residues that are followed by a Proline (S/T-P)KE&d p38 can phosphorylate
substrates at various locations within the nuclang the cytoplasm (Roux, Blenis
2004). The use of two-hybrid screens in additioméwel phosphorylation screens
looking for ERK substrates discovered a kinase ¢erthe MAPK signal integrating
kinase, or Mnk, with a unique ability to interactithv both p38 and ERK2
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(Waskiewiczet al, 1997; Fukunaga, Hunter 1997). Mnk1 and 2 sh8% 8imilarity
in their catalytic domains and their N-and C- ternshare 77% and 65% similarity,
respectively. Both Mnk isoforms interact with elF#Fvivo (Waskiewiczet al, 1999;
Schepetet al, 2001). The Mnks directly bind with the C ternidamain of elF4GI
and elF4GlIl in mammalian cells and therefore elled® to bring the Mnk kinase in
close proximity to phosphorylate the elF4AE subsetréis such 4E is phosphorylated
when it is part of the 4F complex. ConsequentlyewiMnk’s are absent from the
elF4F complex, elF4E has been shown to be lessppbodated than when Mnk’s
are bound to elF4G (Waskiewiet al, 1999).

Although both Mnks are responsive to ERK and p3®udation in vitro their basal
activities differin vivo (Fukunaga, Hunter 1997; Waskiewiet al, 1997).In vivo
Mnk1 has a low level of activity, which is incredsehen either the ERK or the p38
MAP kinaseo/p pathways are stimulated (Waagal, 1998; Waskiewicet al,, 1997;
Fukunaga, Hunter 1997). Conversely, Mnk2 has a baal activity which is not
enhanced upon ERK or p38 MAP kinase pathway stinomgSchepeetal., 2001).
Additionally, the finding that Mnk2 activity can lreduced upon inhibition of both
the ERK and p38 pathways has led to suggestioriddhabasal activities of these
pathways in unstimulated cells is sufficient tooall for high basal Mnk2 activity
(Scheperet al, 2001). As Mnkl and Mnk2 differ in their basaltiaities and
regulation, the ratio of Mnkl to Mnk2 may have ag& bearing on elF4E
phosphorylation. In cells that primarily contain kin the level of elF4E
phosphorylation will depend on the stimulation &tKcand p38 along with the level
of functioning elF4F complexes which mediate theklihelF4E interaction, whereas
in cells containing mainly Mnk2, the amount of efff4ill be the limiting factor.

To date conflicting reports have surfaced with rdgto the exact mechanistic
function elF4E phosphorylation performs during giecess of translation initiation.
Initial experiments suggested that elF4E increasebinding affinity to the cap

structure upon phosphorylation (Bu, Haas & Haged®83; Minichet al, 1994).

One hypothesis based on analysis of the co-crgstatture of elF4E bound to the cap
proposed that the Ser209 located behind the capnigirslot could form a retractable
salt bridge over the mRNA by binding to a Lys15Sidae which lies opposite from
Ser209 and in the putative mRNA path. This rett@detalamp would thus stabilize

the mRNA in the cap-binding slot and consequentiggphorylation would enhance

21



the binding of elF4E to capped mRNAs and long caglags (Marcotrigian@t al,
1997). This hypothesis was subsequently dispellednbre recent crystallographic
studies using larger ligands {@®pppG niGpppA) showing that a salt bridge
formation was not possible as the distance betwleerys 159 and Ser209 was too
vast (Tomocet al, 2002; Niedzwieckat al, 2002; Tomocet al, 2003). The initial
studies which led to the hypothesis that elF4Eaases in binding affinity to the cap
structure upon phosphorylation were performed leefbe Mnks had been identified,
and used chromatography on RNA-cellulose to sepapdtosphorylated from
unphosphorylated elF4E. The fractions of elF4E thate unbound to the resin was
found in the phosphorylated form, while the bounatenial was unphosphorylated.
Using fluorescence methods, it was found that tha&ctibn containing the
phosphorylated elF4E had three to four times greaffinity for mMGTP and for
capped (globin) RNA, but questions over this apghoarose on the basis that the
resolution of these forms on RNA-Sepharose was eanclAdditionally, it was
possible that fractions used in these assays voataminated with other proteins that
affect the affinity of elF4E for capped RNA. Foraample, it was plausible that the
fractions contained 4E-BPs or elF4G, which increhsebinding of elF4E to the cap.
This caveat to the investigation was not knowrhatttime and could have biased the

results obtained.

More recent studies into the role of elF4E phosglation employed Mnks to
produce stoichiometrically phosphorylated elF4Evitmo. The binding of elF4E to
cap analogue (MBTP) was examined by fluorescence quenching ameadt found
that phosphorylated elF4E bound with a lower affiri2.5-fold difference) than the
unphosphorylated protein. The same group also atedwsurface plasmon resonance
to examine binding of elF4E to a capped oligonudaieo The capped mRNA ligand
was immobilized on a biotin group at its 3'-endjchhallows very tight binding to the
streptavidin chip surface and is thought to moeately resemble the physiological
ligand of elF4E. In these experiments, phosphaomaof elF4E reduced its ligand
affinity by five fold and acidic mutations at Sef2@vhich mimic the charge of
phosphate, also decreased the affinity of elF4fhoagh to a lesser degree than
phosphorylation (Schepet al, 2002).

Thus, the reduction in affinity for the cap couldduce translation rates, or by

releasing elF4F from the cap promote scanning aaskation initiation. Indeed
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many studies have shown that elF4E phosphorylaieither positively of negitively
modulated in response to viral infection. For exEmppon infection with either
Herpes Simplex Virus-1 (HSV-1) or Human Cytomegaley (HCMV),
phosphorylated elF4E accumulates rapidly throughettclusive activation of the p38
kinase pathway (Walsh, Mohr 2004; Wakthal.,, 2005). Whereas following infection
of cells with adenovirus, unphosphorylated elF4Euatulates and this correlates
with the inhibition of host protein synthesis (HgarBchneider 1991). In contrast,
studies analysing elF4E phosphorylation in variaystems have shown that
phosphorylation of elF4AE may not be a requirememt éfficient translation
(McKendrick et al, 2001; Morley, Naegele 2002) and may even havegative
effect on translation (Knauf, Tschopp & Gram 2001).
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1.2.1.1.1.3 4E binding proteins

Another mechanism that regulates elF4E activitjtssinteraction with a family of
repressor proteins termed the elF4E-binding pretéti-BPs) which function as a
metabolic brake to control translation in respotts@&utrient availability, stress and
growth signals (Teleman, Chen & Cohen 2005). Thpemeins were initially
identified by the far western technique which isethtwo small 12kDa proteins that
bind to elF4E. These proteins, termed 4E-BP1 d&&dBR2 share 56% amino acid
homology and were found to inhibit cap-dependemdiation bothn vivo and in an
in vitro cell free translation assay (Pawtel, 1994).

Binding of the 4E-BPs to elF4E does not alter tfimity of elF4E for the cap, as
experiments using a matrix-bound cap have fount éH&4E/4E-BP1 binding does
not alter elF4E cap binding (Pausé al, 1994). The mechanism of translation
inhibition arises from 4E-BPs ability to preventF4E association with elF4G,
therefore preventing the formation of the elF4F ptax (Maderet al, 1995; Poulin
et al, 1998).

1.2.1.1.1.3.1 Regulation of 4E-BP affinity througiphosphorylation

The phosphorylation of specific Serine/Threoninsidees on 4E-BP regulates its
affinity for elF4E. Hypophosphorylated 4E-BPs bisttongly to elF4E, but upon
phosphorylation a decrease in affinity for elF4H arrelief in translational repression
is observed. 4E-BP phosphorylation occurs on Jite87, Thr46, Ser65, Thr70, Ser
83, Serl01 Serll2 and phosphorylation occurs ineearchical manner. Firstly,
phosphorylation on Thr37 and Thr46 is required paraing event for the subsequent
phosphorylation of Thr70, which is then followed plgosphorylation of Ser65 and
the release of elF4E (Gingras, Raught & Sonenb@dd 2Viothe-Satnegt al, 2000).
Phosphorylation of Serl01 seems to be constitudiveé has been reported to be
required for efficient phosphorylation of SerBbvivo (Wanget al, 2003) The roles
of phosphorylated Ser83 and Serl12 are less @khough priming events have been
postulated, subsequent studies discovered no gftechierarchical phosphorylation
events when these serine residues were mutatddrimes (Ferguson, Mothe-Satney
& Lawrence 2003).
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Growth factors, cytokines, mitogens, G protein dedpeceptors, hormones (insulin,
angiotensin) and adenovirus infection have beeborteg to induce phosphorylation
of 4E-BP (Feigenblum, Schneider 1996; Gingras, 8bersy 1997; Raet al, 1994,
Wanget al, 1998; Gravesgt al, 1995), whereas heat shock and poliovirus indecti
have been reported to decrease phosphorylati@péaific cell types) (Gingrast al.,
1996; Schepeet al, 1997), which led to the suggestion that 4E-B#s wactivated
through MAPK kinase pathways. This hypothesis walssequently disproved by
studies which reported inhibition of 4E-BP activitycells treated with the inhibitors
Wortmannin and Rapamycin which have no inhibitofie@ on MAPK pathways
(von Manteuffelet al, 1996; Gingrast al, 1999).

A link between AKT activity and the levels of 4E-BRhosphorylation was first
proposed when HEK 293 cells expressing a dominagative mutant of AKT
blocked insulin mediated phosphorylation of 4E-BPhe study also highlighted that
upon AKT activation 4E-BP becomes phosphorylatedhensame residues as occurs
upon serum stimulation and that a hyper activateth fof AKT was insensitive to
Wortmannin but was sensitive to the inhibitor Rageim (Gingraset al, 1998).
These results pointed to a kinase downstream of AKihg responsible for 4E-BP

phosphorylation.

With 4E-BP1 established as a target for regulatignPI3K—-AKT signalling the
Frap/mTOR complex was elucidated to be respondinelE-BP phosphorylation
when a Rapamycin resistant Frap/mTOR1 conferreciRgpin resistance to 4E-BP1
phosphorylation (Brunret al, 1997) and studies have shown that mTOR plays an
essential role in the phosphorylation of 4E-BPXegponse to insulin treatment and
nutrient levels in cells (Raught, Gingras 1999;ueir@002).

Currently, the mechanism by which mTOR activatesBHS remains ambiguous.
Whether mTOR directly or indirectly phosphorylatég-BP remains unclear but
reports have emerged suggesting that Raptor mayaplale as a scaffold protein that
bridges mTOR to its substrates (Hataal, 2002). Additionally, the C-terminus of
4E-BP contains a TOR signalling (TOS) motif whiclasMound to be required for
phosphorylation at mTOR regulated sites (Schatnal, 2003). This motif is also

required for binding to Raptor suggesting a roleth® regulation of 4E-BP (Schalm
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et al, 2003; Choi, McMahon & Lawrence 2003; Nojiraaal, 2003). Another four
aminoacid sequence named the RAIP has been shown t@ ptag in thessociation
with raptor and mTOR-mediated phosphorylatiodBfBP1; however its function is
mainly accessory whereas TOS motif has an essduntigtion to this process in

response to amino acid stimulation (Eguetal, 2006).

1.2.1.1.1.3.2 PI3K-AKT-mTOR Signalling.

Wortmannin inhibits the phosphoinositide 3-kinaBd3K), which in response to a
variety of growth factors are a family of lipid kises which phosphorylate the
hydroxyl group at position three of the inositalgiof phosphatidylinositols. PI3Ks
are involved in cellular functions such as growprpliferation, differentiation,
motility, survival and intracellular trafficking @dfhhaesebroeaddt al, 1997; Courtney,

Corcoran & Engelman 2010).

Activation of PI3K upon ligand binding to receptrosine kinases results in the
production of phosphatidylinositol (3,4,5)-trisppbste (Ptdins(3,4,5)P3) or
phosphatidylinositol (3,4) diphosphate (Ptdins(B2)) which in turn bind to the
pleckstrin homology domain of AKT. AKT is a serirtbreonine kinase that has three
family members: AKT1, AKT2 and AKT3, which aencoded by three different
genes (Datta, Brunet & Greenberg 1999). Since B{8}4,5)P3 and PtdIns(3,4)P2 are
restricted to localise to the plasma membrane,régslts in AKT localisation to the
plasma membrane. Likewise, the phosphoinositidexo@gnt protein kinase 1
(PDK1) also contains a pleckstrin homology domanattallows it to bind to
PtdIns(3,4,5)P3 and Ptdins(3,4)P2, causing PDKaldo translocate to the plasma
membrane upon activation of PI3K (Chan, Rittenho&sdsichlis 1999). PDK1
colocalization with AKT causes PDK1 to phosphorgl®KT on residue threonine
308 causing partial activation of AKT. AKT is fullgctivated upon phosphorylation
of serine 473 by the TORC2 complex of the mTOR girokinase (Sarbass@t al,
2005). Once phosphorylation occurs at both sitd§T Aletaches from the plasma
membrane and can then phosphorylate its substnatkes the cell. AKT/PKB has
been implicated in a variety of cellular processasl|uding proliferation and cell
growth, apoptosis, regulation of gene expressiod @manslational control (Chan,
Rittenhouse & Tsichlis 1999).
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Frap/mTOR is the mammalian homologue of yeast TORrget of Rapamycin)
(Helliwell et al, 1994). Mammalian TOR (mTOR) is a large 298 kDa
Serine/Threonine protein kinase that belongs tofdémeily of PI3K-related protein
kinases (PIKKs)(Keith, Schreiber 1995). mTOR exiats part of two functional
complexes, mMTORC1 and mTORC2. mTORC1 is composedT@R, FRAP and its
regulatory protein Raptor, along with PRAS40, DERT@ind mammalian LST8/G-
protein B-subunit like protein (MLST8/@.) which stimulates the in vitro kinase
activity of mTOR. mTOR can be inhibited by Rapanmyck macrocyclic antibiotic
and immunosupressant which binds the cystolic prot&KBP12. The subsequent
Rapamycin/ FKBP12 complex then binds to FRAP caysaipotent inhibition of the
MTORCL1 complex (Chan 2004; Kiet al, 2003; Kim et al. 2002; Haret al, 2002;
Loewith et al. 2002; Sancadt al.,2007; Petersoat al.,2009; Haaet al, 2007).

Alternatively, the Rapamycin insensitive mTOR Coexp2 (MTORC2) is composed
of MTOR, FRAP, Rictor and [t along with the mammalian stress-activated protein
kinase interacting protein 1 (mSIN) (Friesal, 2006; Jacint@t al, 2006; Jacint@t
al., 2004; Dos D. Sarbassat al, 2004; Yanget al, 2006). In addition to their
differential sensitivity to Rapamycin, mTORC1 andr2 stimulated in alternate ways
and have distinct substrate specificities. mTOR€&sponds to viral infection, amino
acids, growth factors, energy and oxygen levelsigWaviohr 2004; Nobukuret al,
2005; Xu et al, 2010; Schneider, Younis & Gutkind 2008), whereaSORC?2
activation is less understood, but seems to bevadetd only by growth factors
although recent reports suggest Vaccinia virus raéso activate this protein
(Zaborowska, Walsh 2009).

MTOR is also directly regulated by factors such tukerous sclerosis complex
(TSC). The TSC complex is formed by TSC1 and TSA2 @auses the inhibition of
the mTORC1 activator GTPase Ras-homolog enrichdatdin (Rheb) by causing a
hydrolyzion of its GTP to GDP (Inoki et al., 2003)SC2 is itself activated by
phosphorylation by the AMP-activated protein king8&PK) (Inoki, Zhu & Guan
2003) and AMPK activation is the result of a higfMR to ATP ratio in the cell.
AMPK also causes the phosphorylation and inactvatif Raptor, which is required
for efficient phosphorylation of mTOR, thus AMPKhibits mMTORC1 activity by
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TSC-dependent and TSC-independent mechanisms (Getinal., 2008). AMPK
activity is itself regulated through phosphorylatiby the tumor suppressor LKB1
(Kyriakis 2003; Marignani 2005).

AKT inactivates TSC1/2 by phosphorylating TSC2 (Memy et al, 2002).
Additionally, AKT inhibits PRAS40, a regulator of T@WRC1 that negates Rheb
function (Haaret al, 2007; Sancakt al, 2007). The activation of mMTORC2 is not
well understood, but as mentioned previously tlumglex directly activates AKT
(and AKT-related kinases) by phosphorylation andns® to be part of a possible

MTOR —AKT regulatory loop.

Counteracting AKT function is the tumor suppregsioosphatase and tensin homolog
deleted on chromosome ten (PTEN) which is a lipibgphatase that converts
phosphatidylinositol (3,4,5)-trisphosphate (Ptdg%(5)P3) to phosphatidylinositol
(3,4) diphosphate (Ptdins(3,4)P2) therefore qugllihe signalling from PI3K
(Ramaswamet al, 1999).
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Figure 1.5 Intracellular signalling pathways regulding the phosphorylation of
the translation initiation factor elF4E and the 4E-BPs and the kinase inhibitors
used in this study.
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Figure 1.5 The stimulation of signalling pathways can regulat¢h the availably
and activity elF4E. Hypophosphorylated 4E-BPs ifthkibtranslation through
sequestering elF4E, which can either be free omtdao the cap complex. Upon
activation of the PI3K pathway, mTOR can hyperpasplate 4E-BP which results
in the release elF4E allowing it to bind to elF4G,permitting translation to proceed.
Additionally, stimulation of either the stress aetied p38 pathway or the mitogen
activated ERK pathway can result in the phosph@griaof Mnk. Mnk can bind to
the C-terminus of elF4G and phosphorylate elF4HE8er209 residue.
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1.2.1.2 Eukaryotic initiation factor elF2

Another rate limiting step in the process of mRNAanslation initiation is the
regulation of elF2 activity. The function of elF2 {0 mediate the binding of the
initiator Met-tRNA to the ribosome in a GTP-dependmanner during the initiation

of translation of all cytoplasmic MRNAs in eukargatells.

When in a GTP-bound state the elF2 complex bindth wWilet-tRNA. The
elF2-GTP-Met-tRNA‘ternary’ complex is then able to bind to the 4fi8osomal
subunit. The Met-tRNArecognises and binds to the start codon on the mRIgon
binding at the AUG start codon, hydrolysis of elb@ind GTP occurs in a process
mediated by elF5 (Das, Ghosh & Maitra 2001). Subsetjto hydrolysis of GTP, the
newly formed GDP-bound elF2 is released from thesome and mRNA translation
begins. To return to its active GTP-bound stat&2emust undergo nucleotide
exchange, and this function is performed by elF2B=2 is composed of three
subunits termed, B, andy. Thea subunit contains a phosphate acceptor at Ser 51.
The B-subunit contains multiple phosphorylation sitessidues 2, 13, 67, 218) and
three lysine clusters in the N-terminal domain (NMhich mediate the interaction
with guanine nucleotide exchange factors (GEFs)eyFsubunit comprises three
guanine nucleotide binding sites and is known totle main docking site for
GTP/GDP (Kimball 1999).

elF2B facilitates the release of GDP from elF2tas a GDP-dissociation stimulator
protein (GDS) (Williamset al, 2001). The best characterized mechanism for
regulating elF2B activity involves phosphorylatiofh the elF2 subunit at Ser51.
Upon elF2 phosphorylation, elF2B binds to elF2 with a muchager affinity but
cannot be released after GTP transfer, thus proiglihe binding of new Met-tRNA.
As elF2B is present at low levels relative to elEEE2n phosphorylation sequesters
elF2B and is the major regulator of global transtatnitiation.

elF2B is comprised of five subunits termed B, ;y, 6 ande. elF2Bu/p/6 form a
regulatory subcomplex that sensitises elF2B tobitibn by elF2x phosphorylation
(Pavitt, Yang & Hinnebusch 1997; Krishnamoorthy al., 2001). Thee subunit
contains the proteins catalytic domain (Gomez, Mamad & Pavitt 2002; Boesezt
al., 2004) and forms a binary ‘catalytic’ subcompieith elF2By, with which it has
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partial sequence homology (Pavitt, Yang & Hinnebud®97). In addition, the
extreme C-terminus of thesubunit is involved in interacting with elF2 inpeocess

that requires phosphorylation on sites within tegion (Asancet al., 1999).

elF2o. phosphorylation is regulated in mammalian cells foyr different elFa
kinases. This common substrate has led to thesekioases being classified as part
of the integrated stress response (ISR) (Hardingn R002). Through work
facilitating transgenic mice which have targeteddiiouts of each kinase or where
elF2o. phosphorylation was eliminated by a targeted Sedbalanine knock in to
remove the elR2 phosphorylation site, the characteristic naturd @nportance of
these kinases with regard the integrated stregsomes has been elucidated. Of
importance was that experiments using these miosvesth that loss of integrated
stress response kinase activity or elfphosphorylation resulted in as loss of mMRNA
translation inhibition in response to ER stressstlwonfering a reduced survival
capacity (Scheunest al, 2001).

1.2.1.2.1 elFa kinases

Heme-regulated inhibitor (HRI).

The Heme-regulated inhibitor was initially idergifi during studies on reticulocytes.
Reticulocytes are the precursors of red blood aeligch produce large amounts of
globins. When reticulocytes are heme depleated mRAi#slation shuts off, an event
which is the result of elk2 phosphorylation (Chen, London 1995). Studies have
elucidated HRI as the kinase which regulates @lpBosphorylation upon heme
depleation by providing evidence that that HRI\ati was incresingly quelled by
increasing heme levels in reticulocytes. Furthememstudies employing targeted
knock-out mice have shown that HRI is essentialtliershuting off protein synthesis

in reticulocytes deprived of heme (Hanal, 2001).
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PKR

Protein kinase activated by dsRNA (PKR) or Eukacytrtanslation initiation factor
2-alpha kinase 2, is a kinase activated by douinéerded (ds) RNA. This function is
facilitated by its N-terminal RNA-binding domain®BDs). Upon RNA binding,
PKR dimerises, resulting in the activation of thezyame by autophosphorylation.
PKR is expressed at low levels in many cell typasidinduced by interferons (IFNSs)
(Hovanessian 2007). PKR plays a primary role intgmiing the cell from invading
viral infection. During viral replication dsRNA j@oduced which then activates PKR
and leads to the phosphorylation of elR2sulting in translational inhibition, thus
causing a repression of viral replication. The im@ace of PKR for controlling viral
replication is highlighted by the fact that virusesve evolved many strategies to
inhibit PKR which include mechanisms to countertie# induction or effects of
interferons (Goodbourn, Didcock & Randall 2000) addition to preventing the
activation of dsRNA-dependent pathways and avoidimegrepressive effects of the
PKR and 25’ oligoadenylate synthetase/RNase L system (Goodbddidcock &
Randall 2000).

PERK (PKR like endoplasmic reticulum kinase)

PERK (PKR like endoplasmic reticulum kinase or EAK3) is a kinase which is
activated in response to misfolded protein in théoplasmic reticulum. PERK has a
kinase domain with homology to other etFRinases and its N-terminal domain has
homology to the IRE1, which is a protein involvedthe unfolded protein response
(UPR) (Harding, Ron 2002). Under normal cell coiodis the IRE1-domain of PERK
binds to the chaperone BiP/GRP78. Upon ER stregsdBsociates from the IRE1-
domain of PERK and consequently binds to proteirtté ER lumen. Once BiP is no
longer bound to PERK, PERK molecules can then dseefThe dimerisation of
PERK results in its activation and leads to thespihorylation of elF& which then
causes an inhibition of mRNA translation. As mamgteins are destined for the
endoplasmic reticulum this inhibition thus allovie tthe organelle time to deal with

the existing load of proteins it has to processp@a, Sanyal 2009).
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GCN2

GCNZ2 is a kinase found in yeast and mammals thattions to inhibit translation
during amino acid starvation. It has a kinase dontlzat is homologous PKR, PERK
and HRI and has a C-terminal domain similar to idiisyl-tRNA synthetases
(HisRSs). During amino acid depleation, uncharggNAs bind to the C-terminal
domain of Gen2p. The resulting interaction actisa®cn2 and causes the induction
of elF2un phosphorylation. Gen2 has also been shown to pluogiate elFa in
response to ultraviolet radiation (Zhagigal, 2002; Denget al, 2002).
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1.2.2 Mechanisms of Translational Control

As previously described, mRNA translation is ofgmount importance in regulating
gene expression. Regulation of translation ingmtfacilitates the cells ability to
respond rapidly to stimuli. In response to suclmsli global rates of translation
initiation can increase in many cell types and mRNwhich normally remain
translationally repressed become translated. Mdrthese mRNAs produce growth
factors and proto oncogenes involved in proliferatnd differentiation.

In addition to the activity of translation initiati factors, the efficiency of mRNA
translation depends on the degree of innate contyplexth in the mRNA structure.
Most cellular mRNAs in vertebrates containtbl'R which are from 10 to 200 bases
long, whereas 60% of mMRNAs which encode growthoiactontain 5UTRs with
more than 200 bases (Willis 1999).

Within these UTRs there can exist various cis-agcements which can regulate
translational efficiency. Under normal conditioresg cells in a resting state) these
elements prohibit efficient translation whereas aemdonditions favouring growth,
repressive cis acting elements within UTRs can oongér prevent translation

initiation. The following are repressive elemerdarid within 5’UTRs.

() The sequence flanking the initiation codon

The scanning model currently posits that the 468swmal subunit which is bound to
Met-tRNA and various initiation factors binds imily at the 5-end of mRNA and
then traverses the mRNA in a linear proccessivieidas upon reaching the first AUG
codon in a favourable context, translation inidatbegins. The model thus suggests
that both the AUG start codon position relativetihe 5’end and context of the
neighbouring codons within the sequence influeheeselection of the initiation site
(Kozak 1987).

(i)  Long UTRs with complex secondary structure
The majority of cellular mRNAs have 5’UTRs of upt00 nucleotides in length.
However, many mRNAs which code for oncoproteinewgh factors, transcription

factors and signal transduction components hawg $3adTRs which can have a high
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GC content (70 to 90%). This degree of length a@doBGntent suggests a high degree
of MRNA secondary structures which have the abibitform stem loop structures.
These secondary structures have an inhibitory effiethe ribosomes capacity to scan
from the cap to the AUG start codon and need hilire activity for efficient
translation (Bainet al, 1985; Pelletier, Sonenberg 1985; Kozak 1987agidg?abich

& Donahue 1988).

(i) Upstream open reading frames

A subset of mRNAs contain long leader sequence hwltgntain one or more
upstream open reading frames (UORFS) in the 5'UTMke presence of uUORFs can
repress the translation of downstream cistrons, iargbme cases these UORFs are
also involved in the selective translation of specnRNAs (Geballe, Morris 1994).

(iv) Binding sites for specific regulatory pratsi
Many mRNAs contain binding regions for inhibitoryopeins in their 5' UTR. These
proteins can compete with the 43S complex for Imgdio mMRNA thus preventing

translation initiation (Hentze, Kiihn 1996).

(v) Oligopyrimidine tracts at the extremeé&rminus (5TOP mRNAS)

One common feature found in sequenced mammaliasaral protein mMRNAs is
the oligopyrimidine tract at the 5' terminus. Thakement, referred to as the 5’
terminal oligopyrimidine tract (5"TOP), is usualipmposed of a cytidine residue at
the cap site followed by an uninterrupted sequesfcé-13 pyrimidine nucleotides.
Considerable evidence has been presented showatgStiOP is a cell-growth-
dependent translationaiis-regulatory element in mammalian cells (Kasparal,
1992; Biberman, Meyuhas 1997).

(vi) Internal ribsome entry sites

Another mechanism by which ribosomes may be resmiuid eukaryotic mMRNASs is by
direct binding of the 40S subunit to internal stanes within the mRNA. This internal
binding negates the need for the énd containing the cap, consequently certain
initiation factors are not required for mRNA traatgbn initiation. Internal binding of

the ribosome to sites termed internal ribosomeyesites (IRES) was first identified
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for two picornaviruses, poliovirus and encephalooayditis virus (Pelletier,
Sonenberg 1988; Jaegal, 1988).

Picornavirus mRNAs translate by a cap-independeathanism as they do not
contain a 5’ cap on their mRNA. Additionally, thegntain long 5UTRs (Belsham,
Sonenberg 1996), have significant secondary streiciand contain numerous
redundant AUGs (Belsham, Sonenberg 1996). In adit viral RNA, IRESes also
occur in capped RNAs of cellular origin such mRN#s BiP, fibroblast growth
factor-2 (FGF-2) (Nanbru et al. 1997), MYC protocogene product, and vascular
endothelial growth factor (VEGF) (Macejak, Sarno®91; Vagneret al 1995;
Subkhankulova, Mitchell, Willis 2001; Huezt al 1998). It is hypothesised that the
extensive secondary and tertiary structure of RIS region can be recognized by
the translation machinery in various ways and gpoasible for ribosome binding.
This is likely mediated by RNA structure due to fhet that IRESs vary in length and
lack identifiable consensus sequences. Suppottiisgtheory was computer analysis
conducted by Le and Maizel which presented a comstamctural motif for the
IRESes of several cellular genes (BiP, plateleivédr growth factor 2, VEGF, and
FGF-2) as well as IRES of HCV and picornavirusebisTstructural motif is
composed of a Y-shaped pseudoknot stem-loop whkithilowed by a smaller simple

stem-loop (Le, Maizel 1997).
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1.3 Viral manipulation of translation initiatio n factor functions

As obligate intracellular parasites viruses haveoh®d many techniques to
manipulate host mRNA translation to favour viraplreation. To this end many,

viruses also target elF4F.

1.3.1 RNA viruses and elF4F

Given the role of elF4F in cap dependent trangtati@any viruses target its activity.
RNA viruses do not require intact elF4F to efficlgntranslate their mRNA and

consequently have evolved mechanisms to inhibit lcap dependent translation
while promoting cap independent translation ofrtlse¥yn mMRNA. RNA viruses such
as poliovirus and encephalomyocarditis virus coalgtiwe-stranded viral mMRNA that
is translated by an internal ribosome entry medmniwhich facilitates internal

ribosome entry and mRNA translation independerthefrcap structure. Typically,

they facilitate ribsome binding, either directly twrough binding to the C-terminal
region of elF4G, obviating the need for cap bindinigiation factors. During virus

infection, virus-encoded proteases cleave the elEd@ponent of elF4F at the N-
terminal domain. The N-terminal cleavage producttams the binding site for elF4E
and PABP, whereas the C-terminal product contaimdiy sites for elF4A and elF3,
which has ribosome binding activity.

Once elF4G is cleaved host cell cap dependentlatedsis curtailed allowing viral

IRES dependent translation to proceed unimpededdmgpetition for ribosomal

engagement (Schneider, Mohr 2003).

1.3.1.2 DNA Viruses

HSV-1:

HSV-1 encodes mRNAs which are capped. As a resefideavours to sequester host
cells initiation factors while suppressing host| celnslation during productive
infection. HSV-1 encodes the mRNA_UI1 and its protein product is termed the
Virion host shutoff protein or Vhs. Vhs is a 58 kpalypeptide, which is packaged in

the tegument of HSV-1 virions. Its primary functiento shut off host cell translation
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and it achieves this by degrading host cell mRNAabgociating with the translation
factors elF4A and elF4H, thus allowing viral mRN& ¢ompete efficiently for host

cell initiation factors (Feng, Everly & Read 2001).

During lytic infection HSV-1 uses multiple strategito stimulate the translational
machineryto ensure that its mMRNAs are translated efficienBystly, during the
initial stages of infection the stress activateabkie p38 is activated, a process which
is thought to be mediated by the viral protein ICR@illis, Okagaki & Rice 2009).
The activation of this pathway results in increabtkl activity which increases the
phosphorylation of elF4E bound to elF4G (Walsh, M2804; Walsh, Mohr 2006).
Indeed, prevention of elF4E phosphorylation by biting p38 or Mnk-1
phosphorylation significantly reduced HSV-1 mRNArislation and viral replication
in quiescent primary human cells (Walsh, Mohr 2004 )addition to stimulating the
elF4E kinase Mnk-1, HSV-1 promotes phosphorylatbthe translational repressor
4E-BP1 and its degradation by the cellular protewsallowing elF4E to bind to
elF4G and form active elF4F. Although 4E-BP1 is gftwrylated through mTOR,
the exact viral protein responsible for mTOR adioa is unknown (Walsh, Mohr
2004).

In addition to stimulating signalling pathways dwyilytic infection, HSV-1 encodes
ICP6 whose product is a 140kDa protein which ast& &haperone to promote the
assembly of elF4F complexes in quiescent cells whiave been lytically infected
(Walsh, Mohr 2006).

Human Cytomegalovirus (HCMV):

HCMV like HSV-1 produces mRNAs which are capped their 5° ends. While

HCMV cannot totally suppress the synthesis of hpmypeptides during infection,
HCMV infection results in the phosphorylation oethap binding protein elF4E and
the translational repressor 4E-BP1 early in intattiAdditionally during infection,

HCMV increases the overall abundance of elF4F comapts, elF4G, elF4E and
PABP which promotes assembly of elF4F complexesltreg in a reduction of

competition between viral and host cellular mRNAofv, Walsh 2005)
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KSHV:

While little is known about the requirements foetmRNA translation apparatus
during KSHYV latent or lytic infection, a recent oepdetailing reactivation of KSHV
from latency in Primary effusion lymphoma derived &lls showed both
phosphorylation of 4E-BP and elF4E as well as elkdsembly were initiated upon
viral reactivation (Ariaset al, 2009). Critically the report also showed thatk¥in
inhibition caused a reduction of the accumulatibthe viral gene transactivator RTA
and therefore suggests that cap dependent tramslatirequired by KSHV during

reactivation from latencgArias et al,, 2009).

Adenovirus:

During late stages of adenovirus infection, capetielent translation is inhibited.
Adenovirus inhibition of cellular protein synthesigrrelates with a strong decrease in
elF4E phosphorylation (Huang, Schneider 1991; Zhd&mwgenblum & Schneider
1994) but this inhibition does not involve elF4Egsestration by the 4E-binding
proteins. Instead the Adeno virus late L4 100-kalboh (L4 100K) binds to elF4G
displacing Mnk1 and preventing elF4E phosphorytatitus inhibiting cap dependent
protein synthesis (Cuesthal, (Cuestat al, 2000).

Adenovirus late mMRNAs are translated despite thebition of host cell protein
synthesis as late adenovirus mRNAs contain a 2@@atide 5 noncoding region,
known as the tripartite leader. The tripartite lachediates translation by a novel
initiation mechanism termed ribosome shunting. Bginibosome shunting the 40S
ribosomal subunit associates to the 5’ cap streonith elF4G but is directed by its
tripartite leader to translocate to the downstreaitiating AUG in a nonlinear
fashion, this causes the ribosome to shunt overlgpdiss the intervening RNA
regions. Ribosome shunting in late Adenovirus itddccells has been found to be
enhanced with dephosphorylation of elF4E and inioibi of host cell protein
synthesis with 100K fulfilling this function (Yuelgchneider 1996; Yueh, Schneider
2000).
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1.3.2 Viral strategies for inhibition of PKR and eF2 phosphorylation.

HSV-1 has two mechanisms for preventing the adtwabf PKR. The first is the
expression of thg34.5 protein which inhibits the downstream effectsPKR by
recruiting the cellular protein phosphatase 1 (PlR@i$ forming a complex causing
the dephosphorylation elFeHe, Gross & Roizman 1998). HSV-1 also encodes a
protein called Us11, which functions to bind dousleanded viral RNA and mask it
from PKR thus preventing elk2phosphorylation. Another function of Usll is its
ability to bind to the N-terminal domain of PKR elitly preventing PKR activation
by PACT, which is itelf activated by stress coraht in the absence of foreign
dsRNA (Cassady, Gross 2002; Petdral, 2002).

Kaposi sarcoma-associated herpesvirus (KSHV) pregliwo proteins that obstruct
PKR’s action: vIRF2 and LANA2. vIRF2 binds to PKRnd prevents its
autophosphorylation (Burysek, Pitha 2001). LANAZ@mologous to cellular IRF-4
(Rivaset al, 2001) and inhibits apoptosis and PKR-mediatadsiational inhibition
(Estebaret al, 2003).

Epstein—Barr virus (EBV) produces the RNA speciBER-1. EBER-1 mRNA is not
translated but is key to the Epstein—Barr virusesleavour to transform cells
(Clemens 2006). In-vitro EBER-1 has been foundntuhit PKR by binding to its
dsRNA domain, thus preventing dsRNA activators gmé# the cell from binding to
PKR (Sharpet al. 1993). EBV also encodes for the SM protein whigha post
transcriptional regulator of gene expression thisb ductions to bind dsRNA

preventing PKR activation (Poppersal, 2003).

Vaccinia virus expresses two proteins, E3L and Ki8hich can inhibit intracellular
IFN-induced pathways. E3L prevents activation of RPKand OAS, (25
oligoadenylate synthetase) by binding to and clogikisSRNA molecules (Shoet al,
1997; Rivaset al, 1998). E3L can also directly bind to PKR whiakads to
heterodimer formation and repression of PKR fumc{lRomancet al, 1998; Sharet
al., 1998). The K3L protein inhibits the dimerisatiamd autophosphorylation of
PKR, thus preventing an inhibition of protein syegls (Carrolket al, 1993; Davie®t
al., 1992).
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The Influenza virus codes for a protein called N&ilch is similar to E3L and has a
dsRNA-binding domain that inhibits IFB/$ synthesis in addition to PKR activation
(LU et al, 1995; Hatada, Saito & Fukuda 1999; Bergmanal., 2000). Like HSV-1
Usl1l, NS1 can also prevent PKR activation by inimgiits cellular activator PACT
(Li et al, 2006).

Human immunodeficiency virus type 1 (HIV-1) encodegrotein labelled Tat which
is a transcriptional transactivator that can alsoag a substrate homologue of elfF2
preventing PKR activation (Brand, Kobayashi & Matisel997).
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Aims of thesis.

While our understanding of the processes involvedH8EV-1 lytic replication has

become more refined with time, the characterisabbrHSV-1 latency has been
obfuscated by a lack of infection models whicheefflthe situation of HSV-1 latency
in-vivo. To date, in-vivo studies employ the useanfmal models but questions over
their relevancy to human infection has led to utagety over the results garnered
from such studies. Consequently, without relevantivo models researchers must
rely on tissue culture models to illuminate the heeustics of HSV-1 non-productive
infection but current models are relatively ingfitt for conducting such studies.

Considering these problems, the main aims of tiasis were as follows:

* To understand the mechanistics of non productifection (quiescence) by
developing a tissue culture model using human dabiid facilitates high
multiplicities of infection with wild type HSV-1.

* Investigate the roles of signalling pathways duri§V-1 quiescence and
reactivation from quiescence.

* Investigate the role of translation initiation faict during HSV-1 reactivation

from quiescence and lytic replication
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Section 2: Materials and Methods
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2.0 Materials and Methods
2.1.1 Reagents

Acrylamide

Acetic acid (Merck)

APS (Ammonium persulfate) (Sigma)

B-Mercaptoethanol (Merck)

Bis-acrylamide

Bromophenol Blue

Buffer solutions pH 10, 7 and 4 (Merck)

Crystal violet (Merck)

DMSO (dimethyl sulfoxide) (catalogue no. D2650,18&)
EDTA (ethylene diamine tetraacetic acid) (Sigma)

Ethanol (Merck)

Glycerol

Glycine 98 % (Sigma)

Glutamic acid

Glycerophosphate

HCI (Hydrochloric Acid, min. 37 %) (Riedel-de Haen)
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesutfatid) (Sigma)
Histidine

Hydrogen peroxide (Sigma)

iso-Butanol (Sigma)

L-cystein (Sigma)

L-methionine (Sigma)

Methanol (Merck)

MgCl, (Sigma)

NaOH (Sigma)

NaCl (Sigma)

NagVO, (sodium orthovanadate, catalouge no. 567540, Qaieim)
NP-40 alternative (nonylphenyl polyethylene glyag@plbiochem)
Nuclease-free water, Oiin filtered (Ambion)

PBS (phosphate buffered saline, Dulbecco A) (BR@)12xoid)
Phalloidin (Sigma)

Protease inhibitor cocktail tablets (CompleteR Mablets, Roche)
RNase (catalogue no. R4642, Sigma)

7-methyl GTP Sepharose (Ge Healthcare)

Sepharose 4B beads (catalogue no. 4B200, Sigma)

SDS (sodium dodecylsulfate polyacrylamide) (Sigma)
TEMED (N,N,N’,N’-tertramthyl ethylendiamine) (Mergk

Tris (tris(hydroxymethyl)aminomethane) (Sigma)

Tween 20 (Merck)

Water UHP (Ultra High Purity) (Maxima, ELGA)

U0126 (Calbiochem)

Urea

Sb 203580 (Calbiochem)

Sodium dodecyl sulfate (Sigma)

Rapamycin (Calbiochem)

Cgp57380 (Calbiochem)
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4EGi-1 (Calbiochem)

4EGi-1 (Santa cruz)

MG132 (Calbiochem)
Tetramethylethylenediamine (TEMED) (Merck)
Torinl (gift of Nathanael Gray)

Trypan blue (Sigma-Aldrich).

[*°S] Methionine/Cysteine (Perkin Elmer)

2.1.2 Equipment

Container with printed label, 30 ml (greiner bioedn

Hotplate stirrer (SB162, Stuart)

Laminar flow cabinet (Lamin Air, Model 1.2, Holten)

Leica DFC 500 microscope

Microcentrifuge (catalogue no. 37001-296, Galaxip IMWR)
Microprocessor pH meter (pH210, HANNA instruments)

Mini protean 3 cell, iso electric focusing Rig (Bad Cat n0165,3301)
Mini see-saw rocker (SSM4, Stuart)

LS 6500 Liquid Scintillation Counter (Beckmann)

Micro pipettes 1-1Qu, 10-100pl, 20-200ul, 100-1000ul (VWR)
Pipettes 1 ml, 2 ml, 5 ml (costar, USA)

Pipettes 10 ml, 25 ml (greiner bio-one)

Power Supply (PowerPac™ HV, catalogue no. 164-5B88;RAD)
Speed Gel SG 200 gel dryer (Savant, Farmingdalg, NY
Steri-cycle CO2 Incubator (Thermo Electron Corporgt

Tips, natural bevelled (TipOne, Starlab)

Vortex Mixer (PV-1, Grant Bio)

Vacuum Millipore

2.1.3 Cells

The utilized cell lines were primary normal humaplaid fibroblasts (NHDFs)
(Clonetics, Walkersville, Maryland, United State$)ero and HelLa cells (kindly
provided by Dr. I. Mohr, New York University). Treub-culturing of Adherent cells
was conducted on a routine basis under strict @segmhnique. To do this the waste
medium was removed by aspiration from the 10cntepland cells were washed with
10mis of pre-warmed (37°C) PBS to sequester ndyuoalcurring trypsin inhibitor
which is present in residual serum. Subsequenhéowash step the dishes were
incubated at 37°C with 1ml trypsin/EDTA (TV) solomi (0.25% trysin (Gibco; 043-
05090), 0.01% EDTA (Sigma; EDs solution in PBS A¢@;BR14a). After 5 mins
the cells were checked under the microscope tarcomfetachment. Once cells were
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detached, 9 mls of growth medium was added to te.pThe plate was then split

according to specifications into fresh 10cmz? plates

2.1.4 Medium

Cells were cultured in Dulbecco’s Modified Eaglefdedium (DMEM Sigma)
supplemented with 2 mM L-glutamine (invitrogen, UK) mM sodium pyruvate
(invitrogen, UK), 50 units of penicillin, and 50g per ml of streptomycin (both
invitrogen, UK). Medium with 5 % foetal bovine ser(FBS) (catalogue no. F7524,
Sigma) was used for culturing cells, whereas 0.EB% supplementation was added
to the medium for starving NHDFs. Human serum usedrevent viral spread was
derived from platelet-poor human plasma, steriteted, (mycoplasma and virus
tested) (Sigma).

2.1.5 Trypan blue cell viability assay

For viability assays 10cm? dishes containing NHRHscwere trypsinized with 1ml
trypsin for five minutes at 37°C. 9mls of 5% DMENMagvadded to the plate once cells
were trypsinized. 44 of the cell suspension was placed in an eppehdérhg with
40ul of 0.4% trypan blue. The sample was mixed anowadd stand for 5 minutes at
room temperature. 10 of the stained cells were placed in a Hemocytemethe
percentage of viable cells was calculated by dingdihe amount of dye excluding

cells by the total number of cells and multiplyiog 100.

2.1.6 Growing and Titering virus

For HSV-1 stocks, Vero cells were seeded at hafiflaence in 10cm? dishes
containing 10mls 5% FBS DMEM for 24 hours beforeliadn of virus. One hour
before the addition of virus the medium was chartget?o FBS DMEM. Cells were
subsequently infected at m.o.i 0.001. The cultuas wthen returned to the 37°C
incubator for 72 hours. Cells were then scraped raedium containing cells from
10cm? dishes was pooled into a suitable contai®@m( Falcon tube). The Falcon

tubes were then stored in a —80°C freezer.
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HSV-1 titration was conducted on permissive Verlisc&/ero cells were seeded at
200,000 cells per well in 5% FBS DMEM for 24 hobefore addition of virus. One
hour before the addition of virus the medium waanged to 1.5mls of 1% FBS
DMEM in each well. The cell lysates taken from ihranfected cells were serially
diluted in 1% FBS DMEM to the appropriate diluti@md 50@l of the chosen
dilutions were added to the appropriate wells amtuoes were returned to the 37°
incubator for 72 hours. On day three of incubatioa cells were removed and fixed
with 2ml 10% TCA for 10 minutes. The cells wererth&ained with 2mls crystal
violet for 15mins (plate was rocked at room temp).

After staining, the plates were washed with watet allowed air dry.

2.1.7 Preparation of working sample buffer and célysis:

Table 1: preperation of Sample buffers

1X sample buffer 2X sample buffer

50 % 2 X Laemmli 95 % 2 X Laemmli

45% UHP water | e

5% B-Mercaptoethanol 5%-Mercaptoethanol

4 ul 8% bromophenol blue/ml bufferd ul 8% Bromophenol blue/ml buffer

Table 2: preperation of 2X Laemmli

2 X Laemmli
12.5% 1 M Tris, pH 6.8
20 % SDS (20 %)

40 % Glycerol (50 %)

27.5 % UHP water

The working sample buffer was prepared accordinthéoabove table 1. The buffer
contains the negatively charged detergent sodiudedgsulfate and the reducing
agentB-Mercaptoethanol. The purpose of these reagemdsagnfer a negative charge
and disrupt the tertiary structure and quaterntncsire of proteins. SDS binds to the

proteins hydrophobic regions and causes the prédeunfold its polypeptide chains
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by disrupting non-covalent bonds, denaturing thewh @ausing the molecules to lose
their native shape. The anionic SDS binds to thm ipeptide chain at a ratio of one
SDS anion for every two amino acid residues. Tésults in a negative charge on the
protein that is proportional to the mass of thait@n (approximately 1.4 g SDS/g
protein). p-Mercaptoethanol ensures that a protein solutiontatos monomeric
protein molecules by breaking disulphide bondseadtof disulfide linked dimers or
higher order oligomers.

When samples were ready to be harvested, the medasnremoved by aspiration
and 25@Qu of 1X Laemmli Lysis buffer was added to the wedlsd mixed thoroughly.
The samples were placed in eppendorfs and weredaitter harvesting for three

minutes to eliminate any secondary and tertiarygimcstructures.

2.1.8 Sodium dodecylsulfate polyacrylamide gel eli@ophoresis:

The SDS-PAGE technique (Laemmli 1970) was use@épargste proteins in lysed cell
protein samples. Gels were mixed with varying cotraions of ingredients to
achieve larger or smaller pore size depending gnedeof protein separation required
(Table 3). The 10cm x 8cm glass plates used ferglocedure were first washed with
water and then EtOH. The plates were assembled gsisket, spacers and 4 clamps.
A mark was made on the plates about 1-2cm belowentinee end of the teeth of the
comb lies. The resolving gel solutions were pourgd 10cm x 8cm gel cassettes
(stopping at the mark made). %00of water saturated iso-butanol was added to
overlay the gel. After one hour the gels were pdsized, the iso-butanol was
washed out of the cassette with distilled watere $tacking gel solution was poured
into the glass plates to overlay the resolvingayel a comb was placed between the
plates. Once the stacking gel had set the vertplates were clamped into
electrophoresis rig and 1X electrode buffer (Td)levas added to the rig chambers to
immerse the top and bottom of the gel. The comb® wemoved and bubbles that
impede electric current were expunged from the dsutfsing a syringe. Once the
bubbles had been removed a molecular weight masieer prepared usinguB of
precision plus protein dual colour standard paxl Ik laemmli buffer. The samples

were boiled for three minutes prior to loading éimel marker was loaded into the first
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lane of the gel, samples were then loaded intostiesequent lanes. Gels were

typically run at 170 volts to separate proteins.

Ingredients for SDS-PAGE:

Table 3: preparation of separating gel

Separating gel 7.5%|10% | 12.59% 17.5%
Water (ml) 275 | 222 155 | -y -
1 M Tris pH 8.7(ml) 3.75| 3.75] 3.75 3.75

30 % Acrylamide (ml) 2.5 3.34 4.15 5.85
2 % Bis-Acrylamide (ml) 0.95 | 0.67 | 0.5 0.365

20 % SDS () 50 50 50 50
10 % APS () 33.35| 33.35 33.35 | 33.35
TEMED (ul) 8.35 | 835 | 8.35 8.35

Table 4: preparation of stacking gel

Stacking gel 5%
Water (ml) 3.15
1 M Tris pH 6.8(ml) 0.625
30 % Acrylamide (ml) 0.850
2 % Bis-Acrylamide (ml) 0.350
20 % SDS () 25

10 % APS () 25
TEMED (ul) 12.5

Table 5: preparation of 10X electrode buffer

10 X electrode buffel
0.25 M Tris
2.5 M Glycine
1 % SDS
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2.1.9 Western blotting:

Following electrophoresis the gels were removedmfrthe glass plates and
equilibrated in 1X transfer solution (Table 6). T¢@mposition of 1X and 5X transfer
buffer is outlined below in table 6. The gels waansferred to transfer buffer-wetted
whatmann paper and nitrocellulose sheets were gblaoethe gel. A further buffer

wetted sheet of whatmann was placed over the eittdose sheet and the sandwich
was then clamped between two sponges which werastlges stabilized between
two plastic scaffolds. The sandwich was then plantmthe electrophoresis chamber
and it was filled with enough 1X transfer bufferdover the assembly. Typically the
electrophoresis was run at 57 volts for 1 hour Ibager times were employed to

transfer larger proteins such as elF4G.

Table 6: preparation of transfer buffer

1X transfer buffer 5 X wet western transfer buffer
20 % 5 X wet western transfer buffet24 mM Tris

20 % methanol 960 mM Glycine

60 % UHP water 0.05 % SD

2.1.10 Western blot probing:

Primary antibody treatment:

After transfer electrophoresis the nitrocellulodet lwas washed with TBS-Tween
0.1% for 1 minute. The blot was then blocked with gharvel low fat milk (Cadbury

Itd) in TBS-Tween for 1 hour. The blot was then e three times (x3) with TBS-T
for 5 minutes (while rocking). The primary antibesliwere diluted from ranges
1:1000 -1/10,000 (see table 2.1.13) in 3% FractibrBSA/TBS-Tween/0.02%

Sodium Azide The primary antibody was added to blet and rocked at room

temperature for 1 hour or over night at 4°C. Thenary antibody was then removed

and the blots were washed three times (x3) with-TB8r 5 minutes (while rocking).
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2.1.12 Enhanced chemiluminescence detection:

Protein bands were developed using an enhancedilon@nesence Kit (Pierce ECL
western blotting prod #32106). After the wash stblmts were incubated with
horseradish peroxidise conjugated secondary antibddted 1/6000 in TBS-T 5%
Marvel milk and rocked at room temperature for Lhdfter the secondary antibody
step the membranes were washed with 1X TBS-Twedrefase, the fluid was then
removed and membranes were placed on cellophan@l Eglumes of ECL reagents
were then mixed and placed on the membranes fomiten The ECL solution was
then removed and the membranes were enclosedloplcahe. The membrane was
exposed to autoradiographic film (Kodak Biomax XAR-165 1454) in
autoradiographic cassettes. The exposed film waslaged for 5 minutes in
developer (Kodak, LX 24) diluted 1: 6.5 in wateheTfilm was then washed in water
and placed in fixer solution (Kodak FX-40) dilutédb in water for 5 minutes. The

film was transferred to water, washed and air dried
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2.1.13 Western blot antibodies:

Antibody Host Supplier Dilution
PML Rabbit Abcam (ab53773) 1/1000
ICP 4 Mouse Abcam (ab6514) 1/100(
P44/42MAP Kinase Rabbit Cell Signalling #9102 1/1000
p70 S6 Kinase Rabbit Cell Signalling #9202 1/100
4E-BP1 Rabbit Cell Signalling#9452 1/100(
Phospho-MEK1/2 Rabbit monoclonal Cell Signallingg91 1/1000
Phospho P44/42 Rabbit polyclonal | Cell Signalling #9102 1/100(
Phospho- P38 MAP Mouse monoclonalell Signalling #9216 | 1/1000
P38 MAP Kinase total Rabbit polyclonal | Cell Signalling #9212 1/100(
HSV-1 ICPO Mouse monoclonalAbcam (ab6513) 1/1000
HSV1 + HSV2 ICP5 | Mouse monoclongAbcam (ab6508) 1/1000
HSV-1 ICP22 Rabbit polyclonal| Gift , John Blaho ao®
Caspase 3 Rabbit polyclonal  Cell Signalling #9662 1/1000
Caspase 7 Rabbit polyclonal Cell Signalling #9492 /10Q0
Caspase 9 Rabbit polyclonal Cell Signalling #9502 /10Q0
Cleaved Caspase 3 Rabbit polyclonal  Cell Signa#iag61 1/1000
Cleaved Caspase 7 Rabbit polyclonal  Cell Signa#iago1l 1/1000
Cleaved Caspase 9 Rabbit polyclonal  Cell Signakiag01 1/1000
Parp Rabbit polyclonal| Cell Signalling #9542 1/Q00
Cleaved Parp Rabbit polyclonal]  Cell Signalling #854 | 1/1000
Heat shock protein 70  Rat polyclonal Cell Signgl2402 1/1000
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Heat shock protein 27 Mouse monoclopélell Signalling #4872 1/1000

Pabp Rabbit polyclonal|  Gift (Prof Simon Morley/1000
University of Sussex)

elF-4E Mouse monoclonalBD Labs #610269 1/1000

Us 11 Mouse monoclonalGift (Richard Roller) 1/1000

4E-BP-1 Rabbit polyclonal| Cell Signalling # 9644 1000

elF-4G Rabbit polyclonal | Gift (lan mohr) 1:3000
1:10,000

Total elF2 Rabbit polyclonal | Cell Signalling #9722 1/1000

Phosphoylated elf62 | Rabbit polyclonal | Cell Signalling #9721 | 1/1000

elF3A Rabbit polyclonal | Cell Signalling #2538 1/1000

Ribosomal protein Rabbit polyclonal | Cell Signalling #2579 1/1000
RpS3

2.1.14 Metabolic labelling of cells

For each well of six-well plates, the medium waargfed to 1 mbf DMEM without
Methionine or Cysteine (catalog no. D0422; Sigmds&h)containing HEPES, pH 8,
sodium pyruvate, .-glutamine, penicillin-streptomycirand 77 pCi of SJ-
Methionine/Cysteine (catalog no. NEGOR&rkin Elmer) for 1 hour at 37°C. The
cells were then lysed in 2p0D1x Laemmli Lysis buffer. The samples were plaged

eppendorfs and were boiled.
[3*S] Sample Analysis:

[*°S] samples were Resolved/ on 12.5% SDS-PAGE gelstiised in 2.1.8.

Gel fixation and drying:
Gels containing samples that had been labelled [#i#]} -Methionine/-Cysteine were

placed in destain solution (Table 8) for 20 minwgesoom temperature.
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Table 8: preparation of destain solution

Destain solution
25 % Methanol
10 % Acetic Acid
65 % UHP water

The gel was dried on cardboard at 80°C for two famder vacuum with a Speed
Gel SG 200 gel dryer to remove the water in the Geé dried gel was then exposed
to X-ray film at -80°C for the appropriate expostime and developed using Kodak

developer/fixer solutions.

2.1.15 TCA precipitation and filter binding assay © quantitate [°S]

incorporation into protein:

In 1.5ml eppendorf tubes @irof 3% H202 + 1Ql of 10N (10M) NaOH + 20l of
[*°S] labelled SDS lysate in Laemlli buffer were mix@&tiis step eliminates

charged tRNAs.

The tubes were mixed and incubated for 10 minutes372C. Subsequent to
incubation U of 20mg/ml V BSA stock was added to the mixtuleng with 1mls of
ice cold 10% TCA/4AmM L-Cys/4AmM L-Met. This step @lis for L-Cys/L-Met to
compete with free radiolabelled Methioine and Ciyste

The mixture was vortexed and incubated on ice ®8Q min. As incubation was
progressing, 25mm GF/C circles of Whatman-Glasgdfilare filters were soaked in
10% TCA/10mM L-cys/10mM L-met in a 10cm? plate. Tiileers were then placed
on the millipore vacuum unit. Once the unit wasused and attached to a vacuum
pump the samples were poured into appropriate welle sample tubes were washed
twice with 1ml cold 10% TCA/10mM L-cys/10mM L-metn@ poured into
appropriate wells. The vacuum was then applied sind off once the samples had
passed through each filter. Each well was then adstith 10% TCA solution and
the vacuum was re-applied. This step was repeuatied tmore. The vacuum was then
shut off and each well was filled with ice-cold EtGnd the vacuum was applied.
The previous step was repeated one more time. Tdewiuwm unit was then

disconnected from the vacuum and disassembledi/tdrs were removed and placed
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on aluminium foil and placed on an inverted Styesforack. When filters had dried
they were placed in labelled scintillation tubeshwitmis of Econo Safe liquid
scintillation fluid (RPI) and allowed to incubaterf20 minutes. Once incubation was
complete the tubes were placed in a LS 6500 Lidbadhtillation Counter and

measured for’PS] using program three in the count protocol list.

2.1.16 Isoelectric Focusing:

Isoelectric focusing (IEF) is a technique for sepiag different molecules by their
electric charge differences. It is a type of zoleeteophoresis, and takes advantage of
the fact that a molecule's charge changes withptHeof its surroundings. This
description of the procedure was kindly given tohys Professor Simon Morley
(University of Sussex) and is based on the versta version of IEF published by
Jaguset. al. (Dev. Gen. 14: 412-423) using a Bio-Rad Proteamihigel aparatus

(0.75mm spacers).

Firstly a 50ml stock of incomplete gel mix was maaied stored at°C.

Table 9: preparation of incomplete gel mix

42.8ml pure water 24.13ml H20

4.869g Acrylamide 12.17ml 40% Acrylamide
274.3mg Bis-Acrylamide 13.7ml 2% Bis-Acrylamide
1.71g CHAPS 1.71g of CHAPS

The above mixture was then filtered using a AMZilter (large syringe and pressure,

not vacuum)
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To make and pour the gels:

The gel was mixed as outlined in the table 10 beleaving out APS and TEMED.
The mixture was gently heated in a 37°C waterbattissolve the urea. Once Urea
was dissolved, the APS and TEMED was added. Theagthen poured right to the

top of plates, the combs were added and gels Vilexeeal to set.

Table 10: preparation of iso-electric focusing gels

1 Gel (6mls) 2 Gels (12mls)

3.5ml Incomplete gel mix 7ml incomplete gel mix
3.24g urea 6.48g urea

0.45ml ampholines 0.9ml ampholines

20ul 10% APS 4Q1 10% APS

10ul TEMED 10ul TEMED

Sample buffer and sample preparations:
7X sample buffer was made as described in the thbleelow. 1ml aliquots were
stored at -28C and reused). For a 5ml stock the following wergeth as described

below in table 11.

Table 11: preparation of 7X sample buffer

21% (v/v) ampholines pH range 3-10 (same as fl%) gd.05ml
14% (v/v) 3-mercaptoethanol d.7m
35% (w/v) CHAPS 1.75¢g
H20 3.0ml

For sample preparation 1X sample buffer was madessribed below.

Table 12: preparation of 1X sample buffer

143ul of 7X sample buffer
0.549g urea (gives 9M fina
550ul MilliQ water.

o —
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Running Buffers were created as described belaatle 13

Table 13: preparation of electrode buffer

Cathode (outer chamber) 0.05M Histidine (= 3.88g/500ml)

Anode (inner chamber) 0.01M Glutamic Acid (= 0.73g/500ml)

500ml of each buffer was prepared fresh. The bsiffeere chilled as the high

voltages used during IEF can increase buffer teatpex and warp the gels .

Running the Gels:

Due to the numerous voltage changes used in the piieEedure, the Bio-Rad
programmable powerpack was used for this procedure.

Once the gels had set the combs were removed digdweze washed out thoroughly
with water. 20-2§l of 1X sample buffer was then added to each wéile wells were
then carefully overlayed with 10 6M urea followed by glutamic acid. The inner
chamber of the IEF apparatus was filled with 0.0GMitamic Acid and the outer
chamber was filled with 250ml 0.05M Histidine. Tl@paratus was placed in a
plastic container and surrounded with ice to mamaaow temperature.

The gels were then prefocused for a total of 1 lboureverse polarity at the following
voltage, 20min at 200v, 20min at 300v and 20mi#AC4lv.

After prefocusing the wells were washed out thohdygvith water. Before the end of
the prefocus stage the samples to be analysedpnegpared by boiling and allowed to
cool. A 1:1 dilution of sample with 1x IEF samplefter was prepared. The samples
were then vortexed quickly to mix and|2®f sample was loaded into to each well.
The sample was overlayed with urea and glutamid asifor prefocusing, and IEF
was performed by increasing voltages in 50v incrasevery 20 minutes starting at
500 up to 750v, i.e. 500-550-600-650-700-750v, eank for 20 minutes. The
samples were then ran at 1000v for a further 2Qutasr Again, as for prefocus, IEF
was run on reverse polarity. After electrophorethe gel was transferred to
nitrocellulose and probed with anti-elF4E antiser@® described for Western

Blotting.
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2.1.17 Cap pulldown protocol

For cap pulldown procedure the lysis buffer pregae follows

NP-40 Lysis Buffer - For every 10mls of buffer

Table 13: preparation of NP-40 Lysis Buffer

500ul | 1M HEPES/KOH pH 7.4 containing 40mM
EDTA

4004 | 2.5M NaCl

8oul | 0.25M NaVvOy,

250ul | 1M Glycerophosphate

12511 | 20% NP40

3.3u | 1.5M MgCh

8.56ml| Sterile loop water (ddH2O)

The buffer was mixed well on a rocker to make $NiPe40 was evenly mixed
and 10mls from each stock of buffer had one pret@asbitor tablet (Complete®
Mini-tablets) dissolved in it .

For the cap pulldown everything was kept on icato4°C throughout the procedure.

To perform the cap pulldown the cells were washedBS, then 704 of NP-40
Lysis Buffer (NLB) was added to cells and cells evescraped off the plate and
transferred to eppendorff tubes then were incubattedrbital shaker at 4°C for 30-40
minutes.

The cells were then centrifuged at 10,000 x g foniin at 4°C. The supernatant was
removed and placed in a fresh eppendorf contaihi8g RNase A and @ 100mM
CaCb. The eppendorfs were then rocked at room temperdtm 20 minutes. After

RNase treatment the samples were chilled on igereatants from each sample were
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then placed in fresh tube containinguéi(Bepharose 4B, prewashed in NLB. The
samples were mixed by inversion and rocked at 4tC40 minutes. Once pre clear
had completed the samples were centrifuged forruteiat 10,000 x g, input samples
(27ul to which 331l 2x sample buffer was added) were then taken fribwm
supernatent. The rest of the pre-cleared sample adaed to fresh eppendorfs
containing 4@l washed 7-Methyl GTP Sepharose.

The eppendorfs were then mixed by inversion andegolan rocker for 1 hour at 4°C.
After this step each tube was centrifuged and tipematant removed. 8(l0of fresh
NP-40 Lysis Buffer containing |8 100mM GTP was then placed in eppendorfs
containing 7-Methyl GTP Sepharose bound to sammudetlae eppendorfs were mixed
by inversion and rocked at 4°C for 1 hour. Aftee BTP step, the eppendorfs were
centrifuged for 1 minute at 10,000g and the sugems removed. The beads were
then washed 3 times in at least DRIP40 lysis buffer and boiled for 3 min in 40
Laemmli buffer. The samples were vortexed gentlynig before boiling then stored

at -20°C as usual for protein samples.
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2.1.18 Immunofluorescence protocol

For Immunofluorescence, cells were seeded on dip®rns six well plates and the
appropriate experiment performed. For sample petjper medium was aspirated
from cells and cells were washed with 1X PBS. Téksavere then fixed with 2mls
3.7% formaldehyde per well for 15 minutes. The faltciehyde was aspirated and the
cells were washed with 1X PBS four times. The oglse then stored at 4°C until the
day of immunofluorescence. On the day of immunoftsoence the storage PBS was
removed from the cells and 1@0of 0.1% Triton X-100 in 1X TBS was added for 30
minutes at room temperature to permeabilize c&he Triton was aspirated and the
cells were briefly washed twice with TBS and incigolawith TBS for 5 minutes. The
cells were then blocked with 3% BSA in TBS for 3inhates at room temperature.
The blocking solution was aspirated and primarybalty (diluted in TBS-T plus 3%
BSA) was added to each sample and incubated foout bt Room Temp. The
primary antibody was removed and cells were waghege times with TBS-T for
five minutes each wash. The TBS-T was removed byatsn and the sample was
incubated with the appropriate fluorophore-conjedasecondary antibody in TBS-T
plus 3% BSA for 40 minutes. After secondary bindihg antibody was removed by
aspiration and the sample was washed three tim#s TBS-T. The nuclei were
stained with Hoechst for 5 minutes and washed twitth TBS-T, then briefly
incubated for 5 minutes in TBS-T. The TBS-T wasitihemoved and the mounting

medium applied to glass slides, on which samplesips were then placed.
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2.1.19 Phalloidin staining:

0.1 mg per ml Stock phalloidin solutions were mageng DMSO and stored at -
20°C. Cells to be analysed were washed with PBSired with 3.7% formaldehyde
for 15 minutes. The cells were then washed thneediwith PBS. On the day of
analysis the PBS was removed from the cells ang@asg pen was used create grease
rings in each well. 10 of PBS was added to the centre of each greagetan
prevent culture dehydration. The PBS was aspirated10@u of 0.1% Triton X-100
in 1X PBS was added to permeabilize samples fomBtutes at room temperature.
The Triton was aspirated and the cells were briefgshed twice with PBS and
incubated with TBS for 5 minutes. Each sample wsn tincubated with 1/100
dilution of the 0.1 mg Stock phalloidin in PBS aindubated at room temperature for
40 minutes. The samples nuclei were then staingd Mwoechst for 5 minutes and
washed twice with PBS and then briefly incubatedfiiee minutes in PBS. The PBS
was then removed and mounting medium applied, toeerslips where placed on

samples.
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Section 3.0: Results
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3.0 Results

Introduction to results

3.1 Establishing quiescent infection in vitro

Latent HSV-1 infection is very poorly understoodieTmajority of models developed
to study latency are based in animals which impsse®us limitations on the types
of studies that can be conducted. In addition, tes relating to how well mouse
and rabbit models reflect the true nature of hunmdection has led to doubt over

results garnered from such experiments.

In vitro HSV-1 latency models termed quiescence @gotave been developed using
non-human neurons but are relatively inefficientst8ms have also been developed
in human cells, particularly primary human fibradila The success in using these
cells appears to lie in their reduced metabolitesta culture that may resemble the
metabolic state in neurons more closely than tcanstd cell types. In addition, these
models employ infection at elevated temperature exgkeriments by Crouch and
Rapp have shown that HSV-1 is sensitive to tempegatabove 40.5°C during the
initial stages of Iytic infection (Crouch, Rapp 297However, to date, establishing
HSV-1 quiescence in human cells has required deletif the early viral gene
encoding ICPO, to prevent the establishment ofie igfection.

In an attempt to develop a quiescent model in huosdis using wild type virus, we
endeavoured to create a non permissive environnm@ntproductive infection

(outlined in Figure 3.1.1). The parameters testetlded serum starvation to further
reduce the metabolic state of the host cell contbimgth heat shock to induce
protective heat shock proteins that might mimic fimection of LATs, which induce

Hsp70, in the absence of their expression in filastsystems. Finally, infecting cells
at elevated temperature was also expected to grevery into the lytic phase of
replication and promote the establishment of a spaiet infection. We then tested
whether virus could be recovered from the non-pctida state in a controlled
manner by supplying exogenous viral genes or throsgontaneous reactivation

events.
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Fig 3.1.1 Flow chart for the method of estaldhing quiescence
Seed and Starve NHDF Cultures
(In medium containng 0.2% serum)

3d

Y
Shift Cultures to 41°C

1d

Y

Infect Cultures at 41°C

3d

Y

Return Cultures to 37°C

Controlled Reactivation using
Adenoviral Vectors (Ad-0)
(48 h)

Spontaneous Reactivation
(5d)

|
Harvest Samples

Figure 3.1.1 Flow chart illustrating the steps in establishingd&V-1 quisescent

infection. Firstly confluent cultures of low paseagrimary NHDFs were starved in
0.2% FBS DMEM for 3 days and subsequently subjetdge@mperature elevation at
41°C for 30 hours. Cultures were then infectedlaCAwith HSV-1 at a m.o.i of 0.5-1
and the cultures were maintained at 41°C for eihesr 6 days to repress viral
replication. To reactivate the virus, cultures welaced in the 37°C incubator
subsequent to replenishment in fresh 5% FBS DMEM aither allowed to

spontaneously reactivate over a 5 day period arratively the virus could be
controllably reactivated by transduction with Adenus vectors encoding the HSV-
1 gene ICPO. To harvest samples the cultures wseel lin 1x Laemmli buffer.
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Figure 3.1.2

Western blot analysis of Heat shock protein 70 an@7 abundance in NHDFs
exposed to either 37°C or 41°C
Firstly we examined the ability of the culture cdiwhs to elicit changes in

expression of Heat shock proteins 27 and 70.

NHDF cells were serum starved and incubated foh@@rs at either 37C or 41°C
then mock-infected or infected with wild type HSWKbs at 0.5 to 1 PFU per cell.
Total cell extracts were prepared by laemmli bufieis at 12 hours and 24 hours
post-infection and resolved by SDS-PAGE, then feansd to nitrocellulose
membranes and probed with either Heat shock pr@eior 70 antisera. The Hsp70
blot is representative of results 12 hours posatidbn while Hsp27 and PABP blots

are representative of results 24 hours post-irdacti

Importantly, the infection had no effect on Hsp @770 expression. Significantly,
heat shock protein induction in cultures was specibs no change in the

representativeellular antigen loading control PABP was observed.

Hsp70 =—— —— o= o
Hsp27 C — —

Load ——e-—— e -

M Inf. M Inf.
370C 410c

Figure 3.1.2 Western blot of heat shock protein (Hsp) expressiothin mock
infected and infected cultures at either 37°C dtG4IPABP was probed for as load
control.
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Figure 3.1.3

Immunofluorescense analysis of ICP4 production inegmperature elevated cells
12 hours post infection

To validate that cells could be infected and torqifya the amount of infected cells
within conditioned cultures at 12 hours post infatt the expression of the IE gene
product ICP4 was analysed by indirect immunofluceese. NHDF cells were grown
to confluence on glass coverslips and subsequseatiyn starved. The cells were then
incubated for 30 hours at 41°C and infected with/HSfor 12 hours. The slides were
fixed and probed with ICP4 antiserum. ICP4 was dete with FITC-labelled anti-
mouse secondary. Hoechst was employed to counterstelei.

At 12 hours postinfection, approximately 60%ocells in cultures infected at 41°C
expressed theiral IE gene product ICP4. A similar amount of KCBtaining was
observed in cells infected at 37°C at this stagst-pdection (not shown) which
confirmed that the selective pressures of elevegatperature and serum starvation
had no effecon viral entry into the cell or the expression &ng product ICP4 (see

also figure 3.1.7).
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Figure 3.1.3

ICP4 Merge % Inf

Figure 3.1.3Immunofluorescence of ICP4 production in tempermtievated cells
12 hours post infection. The Images were taken &t fagnification and a
representative field shown. The percentage of antpsitive cells in each field is
shown to the right of the panel.
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Figure 3.1.4

Immunofluorescense analysis of ICP4 production inemperature elevated cells
24 hours post infection

To quantify the amount of cells within conditionedltures harbouring virus at 24
hours post infection, NHDF cells were grown to ¢oafce on coverslips, serum
starved and infected at 41°C or 37°C for 24 holite cells were processed as in
Figure 3.1.3. The percentage of antigen-positivis ¢e each field is also shown to

the right of the panel.

Approximately 60% of the culture infected at ele@datemperature stained positive
for ICP4 at 24 hours post infection, indicatingtthaus replication and secondary
spread to neighbouring cells was inhibited. Corelgrsirus in cells infected at 37°C

replicated and spread to 100% of the cultur@bhours postinfection.

Hoescht ICP4 Merge %lInf

C.
Inf. \

63
41C

Inf.
37C

Figure 3.1.4Immunofluorescence of ICP4 production in tempegtlevated cells
24 hours post infection. The Images were taken &t fagnification and a
representative field shown. The percentage of antpsitive cells in each field is
shown to the right of the panel.
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Figure 3.1.5

Viral titers from cultures infected at 37° or 41°C

In order to confirm that the cultures infected #&vated temperatures were not
producing viable infectious virus, a quantificatiof plague forming virus being
produced in 35mm dishes of infected NHDF culture®ither 37°C or 41°C was
performed. Samples were taken at one, two and tage post-infection (d.p.i).
Amounts of virus were determined by titration onr&/ecells and calculated as
pfu/culture. The numbers illustrated on the diagrame representative of three

independent experiments.

As expected, viral replication was uninhibited tares infected at 37°C over the
time points indicated. It was discovered that miiamounts of infectious virus were
detectable in cultures infected at 41°C over thst 88 hours and virus became
completely undetectable by 72 hours postinfectsuggesting that as long as cultures

were maintained at 41°C, the infectiwas maintained in a non-productive state.
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Figure 3.1.5Viral titers from NHDF cultures infected at 37° 4t°C. Supernatents

for titering experiments were taken at 24 hournvdés over a three day period. The
amount of plague-forming virus was titered on pesie Vero cells. The circle

points represent virus particle numbers in supematfrom 37°C infections while the
squares represent virus partice numbers in summsatrom 41°C infections at the
indicated time points in days postinfection (d.p.i)
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Figure 3.1.6

Metabolic labelling of infected NDHF cultures

As illustrated in Figure 3.1.2 and 3.1.3, approxeha60% of the culture could be
initially infected and this number remains static2d hours post infection. As the
majority of the culture can be infected it is pb#sito observe population wide
changes in protein production during entry intaralvnon-productive state. Therefore
an examination of thglobal patterns of protein synthesis in uninfeced infected

cells was conducted by metabolic labelling.

NHDFs were grown to confluence and serum starvedls @vere incubated at 41°C
for 30 hours and either Mock-infected (M) or infettwith HSV-1 (Inf) at either

37°C (B) or 41°C (A). At 1 hour prior to the indted sampling times in hours post-
infection (h.p.i.), cultures were incubated withS]-Methionine/Cysteine and total
protein was harvested by lysing cells in 1x Laemmfifer. Samples were resolved by

SDS-PAGE and dried gels were exposed to X-ray film.

Cells infected at 41°C differentialgxpressed a small number of proteins at 12 hours
post infection. (A) When compared to lytically iofed cultures, (B) these proteins
have similar sizand comigration with viral proteins normally proédcin productive
infection and appear to represent viral polypeptiddy 24 hourgostinfection a
reduction in synthesis of these proteins was oleserBy 48 hours postinfection viral
protein production at 41°C was undetectable. Duniigction at 37°C, HSV-1 shuts
off host protein synthesis and directs the cell amlvsynthesising viral proteins.
Comparedto cultures infected at 37°C (B), many of the vipabteins normally
associated with productive infection wemet detectable in cells infected at the
elevated temperature (Auggesting that they were either not produced oe wede
atvery low levels. In addition, at no point did infen at theelevated temperature
alter host cell protein synthesis pattewrselicit the shutoff of host translation
associated with lytic replication
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MW Marker (kDa)

Figure 3.1.6

A. B.

41C 37C 41C 37 C

Figure 3.1.6Metabolic labelling of infected NHDF cultures irmated at 41°C for 30
hours and either mock infected (M) or infected witBV-1 (Inf). At 1 hour prior to
the indicated sampling times in hours postinfecifbrmp.i.), cultures were incubated
with [*°S]-Methionine/Cysteine, and total protein was hateeé by lysing cells in
Laemmli buffer. Samples were resolved by SDS-PAGH &Ql of sample was
loaded into each well. Molecular weight standatidskDa) are shown to the left of
the panel. The arrows indicate suspected viral eprst produced during non-
productive infection at 41°C. For comparative asaly the pattern of proteins
expressed in cultures harbouring a lytic infectftom image B) is shown between
the 12 hour and 24 hour 41°C time points.
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Figure 3.1.7

Western blot analysis of viral protein production during lytic and non-
productive infection in NHDF cultures

To verify and further investigate the productidnvoal proteins in cells infected at
elevated temperature, western blotting with antisedirected against an array of
viral IE proteins was performed. Serum starved NHDFures were mock infected or
infected at 37°C or 41°C. Whole cell extracts werepared at the indicated times in
hours post-infection (h.p.i) by Laemmli lysis. Sdegpwere resolved by SDS-PAGE
and transferred to nitrocellulose. The nitrocelbddavas probed with antisera against
IE gene products ICPO, ICP4 and ICP22 or the lateegroduct, Us11.

Both cultures infected at 37°C and 41°C expressed 75-kDa viral IE protein ICP4.
While production increased over time in 37°C sampiedeclined in 41°C samples
confirming results from the immunofluorescence ®sighown in Fig. 3.1.3. The 66-
kDa IE protein ICP22 was also expressed in bothC3&fAd 41°C. However cells
infected at 41°C produced unprocessed ICP22 umidls infected at 37°C, which
was heavily post-translationally modified, detectad multiple immunoreactive
species. This ICP22 modification is an indicatoattithe infectious cycle is
progressing, and unprocessed ICP22 is indicatiwefettion that is stalled at an early
stage. Thdransactivatingprotein ICPO was produced at 41°C but accumulated a
greatly reduced levels compared to cultures inteate87°C. The “late” protein Us11,
which is made late in infection, was produced iiGltultures at minute amounts
relative to 37°C cultures, which further confirmiat viral infection was not

progressingvhen cells were held at 41°C.
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Fig 3.1.7
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Figure 3.1.7 Western blot analysis for production of HSV-1 vigboteins: ICPO,
ICP4, ICP22 and Us11 during lytic 37°C and non-piitve 41°C infection in NHDF
cultures. Blots were also probed with antiserum irejatotal p38 MAPK to
demonstrate even loading of samples.
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Figure 3.1.8

Immunofluorescence analysis of leaky late proteinGP5 production during lytic
and non-productive infection in NHDF cultures

The production of small amounts of virus and Ustlcultures infected at 41°C
indicated that a low level of lytic replication wagcurring. In order to further
validate if this phenomena is indeed occurring gundntify the numbers of cells
supporting lytic replication, we examined expressaf the late protein ICP5 by
indirect immunofluoresence. Serum-starved NHDFurak grown on glass coverslips
were mock infected or infected at either 41°C otG7or 24 hours. Cells were then
fixed and probed with ICP5 antiserum. Cells werenterstained with Hoechst to

visualise nuclei.
At 24 hours post-infection, cultures infected at@&xpressed extremely high levels

of ICP5, whereas an average of only 15% of celiscted at 41°C faintly expressed

this late antigen at very low levels.
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Figure 3.1.8

Inf. 410¢C Inf. 370C

ICP5
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Figure 3.1.8 Immunofluorescence of ICP5 production in cultumefected at either
37°C or 41°C at 48 hours post infection. The imagese captured at 20x
magnification and represent a typical field of vidbwue to low antigen expression at
41°C, a weak fluorescent signal was observed wkerguhe same exposure times as
those used for 37°C samples. Consequently, ovesexb(Overex) images of ICP5
staining were taken at 41°C to illustrate the numideantigen-positive cells (lower
image).
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Figure 3.1.9

Phase contrast image capture of lytic and non-prodttive infection in NHDF
cultures

In order to assess the degree of cytopathic eft@E) in cultures either infected at
41°C or 37°C, serum-starved NHDF cultures were mabicted or infected for 48

hours and then photographed by phase-contrast scmpg.

As expected, virus in cultures infected at 37°Qchlty replicated and cells exhibited
significant CPE by 48 hours postinfection, chamastel by changes in cell
morphology and detachment from one another. Inrasptcultures infected at 41°C
remained healthy with the exception of some cellsitgting low level CPE. These
cells are probably representative of cells harlmguiow level lytic replication and
will consequently die or recover, possibly to thembour a quiescent infection.

Figure 3.1.9Phase contrast microscopy of Serum-starved NHDimad that were
either mock infected or infected at 41°C or 37°€48 hours.
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Figure 3.1.10

Patterns of protein synthesis during prolonged quiscent infection

The stability of non productive infection was assesat 3 and 6 days postinfection
(d.p.i.) by examining the pattern of protein symiBan either mock-infected (M) or
infected (Inf) NHDF cultures. Cultures were metataily labelled using ¥S]-
Methionine/Cysteine for 1 hour at both 3 and 6 id.Whole-cell extracts were
resolved by SDS-PAGE, fixed and the dried gels wkem exposed to X-ray film.
The migration of molecular weight markers (in thaods) is shown to the left of the

panel.

As illustrated, the pattern and rates of proteintisgsis were indistinguishable from
those of mock-infected cells at both 3 and 6 dayggesting a lack of viral gene
expression and demonstrating again that at 41°@ithe cannot establish productive

replication.
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Figure 3.1.10Metabolic labelling of mock infected (M) and infed NHDF cultures
incubated at 41°C for either 3 or 6 days. At 1 hpdor to the indicated sampling
times in days postinfection (d.p.i.), cultures weiscubated with $S]-
Methionine/Cysteine, and total protein was harncedty lysing cells in Laemmli
buffer. Samples were resolved by SDS-PAGE whegg 6Dsample was loaded into
each well. Molecular weight standards (in kDa)slvewn to the left of the panel.
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Figure 3.1.11

Comparative phase contrast images of mock vs quiesdly infected cultures at 6
days post infection

To assess the morphologies of cultures infectetila€, NHDF cultures were either
mock-infected (M) or infected (Inf) at 41°C and phacontrast images were taken
after 6 days at 41°C.

It was found that the morphology of the culturesgted and maintained at 41°C was
identical to that of the mock infected culture, &¥E was not apparent.

Figure 3.1.11Phase contrast microscopy of Serum-starved NHD&ir@ad that were
either mock infected or infected at 41°C for 6 days
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Figure 3.1.12

Levels of viral antigen production during quiescene over a six day period

Considering the patterns of proteins synthesisednaorphology of cultures that were
either uninfected or infected at 41°C resembledh edber, it was decided to analyze
production of Usll and ICP4 in 41°C cultures hamesat 1 day and 6 days post
infection in order to decipher if any viral proteimssociated with lytic replication

were being produced 6 days postinfection at 41°C.

To accomplish this, whole-cell extracts from NHD#tares that were either mock
infected (M) or infected (Inf) for 1 or 6 days d@t°€. Samples were resolved by SDS-
PAGE and probed with antiserum against ICP4 or Usthhges of ICP4 are taken
from the same blot and exposure as presented iB.Ei@ to allow direct comparison
of expression levels at days 1 and 6 post infecfianillustrate that Us11l becomes

completely undetectable over time the image wasntrdnally overexposed.

As expected, the low level expression of Usll lasibn overexpressed blots in
samples became undetectable in samples over tiheteas low levels of ICP4
remained visible even at 6 days post infection. presence of ICP4 signifies that
either ICP4 is synthesized at minute quantitiesvas proteolytically stable in cells
that harbour HSV-1. This result agrees with presioeports showing that low levels
of ICP4 transcript are detected in mouse gangliantyy infected with HSV-1
(Kramer, MF 1995).

ICP4 |
us11 [
d.p.i. 1 6

Figure 3.1.12Western blot analysis for production of HSV-1 vipabteins: ICP4 and
Usll at 1 and 6 days postinfection in cultures taaed at 41°C. Blots were also
probed with antiserum against elF4AE to demons&atd loading of samples.
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Figure 3.1.13

Western blot analysis of viral antigen production n reactivated cultures vs
lytically infected cultures

For a non-productive infection to be consideredesgcent, reactivation of the virus to
a state of replication must be possible. To ingest whether the infection was
quiescent, NHDF cultures were infected and maiethiat 41°C for 6 days to
establish quiescence. Cultures were subsequemtisnesl to 37°C and transduced for
48 hours with an adenoviral vector encoding HSVEIP0, a key regulator of

reactivation from latency in vivo and quiescencgitro

Levels of viral antigen production in reactivatadteres were compared to cultures
infected at 37°C and it was found that at 48 hquwst transduction with Ad-0,
quiescently infected cultures had levels of thee lairal proteinUsll that were

comparable to those observed in cells infect@Y & for either 1 or 2 days.

For this experiment, the same amount of virus v&esl do infect cells at 37° C as was

used during a quiescent infection i.e m.o.i 0.5-1.

ICPQ == teem ‘
Us1l el .
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37 C

Figure 3.1.13Western blot analysis for production of HSV-1 vipabteins: ICPO and
Usl1l from NHDF cells infected for 24 or 48 hoursp(d 1 and 2) at 37°C, mock-
infected cell extracts (M), or cell extracts fronNF cells quiescently infected for 6
days and then reactivated for 48 hours (Q-R) uam@denovirus encoding HSV-1
ICPO (AdO) were resolved by SDS-PAGE, and membramese probed with
antiserum against ICPO or Us11. Blots were alsbgutavith antiserum against elF4E
to demonstrate even loading of samples.
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Figure 3.1.14

Recovery of infectious virus from quiescently-infeied NHDF cultures

To quantify the amount of recoverable virus fromeguence , NHDF cells were
grown in 35-mm dishes and infected at 41°C. At 36adays postinfection (d.p.i)
guiescent virus was reactivated by transductiorh vaitienovirus encoding HSV-1

ICPO and allowed to reactivate for 48 hours. Titdrefectious virus were quantified

on Vero cells.

Its was found that the yields of infectious virwerh ICPO-transduced cultures that
had been quiescently infected for either 3 or 6sdagre equivalent to those from
cells infected at 37°C and harvested at 48 houssirdection (see fig 3.1.5)
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Figure 3.1.14Viral titers from cultures infected at 41°C fotheir 3 or 6 days and
subsequently reactivated for 48 hours by transdua@uoltures with adenovirus
encoding HSV-1 ICPO. Titers of infectious virus wedetermined on Vero cells.

Titers are representative of multiple independ@pteements.
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Figure 3.1.15

Efficient quiescent infection requires non-dividing cells and temperature
optimization for different HSV-1 strains.

In establishing our system, one of the selectivesgures employed to prevent viral
replication was serum starvation. To demonstrageintportance and quantify the
levels of viral replication in unstarved cells iofed at 41°C, NHDF cultures were
maintained in 5% FBS and were either mock infectemfected with wild-type KOS

for 72 hours at 41°C. Cultures were photographeghase-contrast microscopy.

A low level of virus activity was detectable in tiules at 72 hours post infection as
evident by small areas of CPE and notable changeshe morphology and
detachment of cells. This higher level of CPE pnése unstarved cells implies that
cultures contain an amalgam of nondividing andding cells, where the dividing

cells possibly support productive infection.

Mock

Figure 3.1.15Phase contrast microscopy of unstarved NHDF cedttinat were either
mock infected or infected at 41°C for 3 days.
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Figure 3.1.16

Serum starvation is required for efficient quiescehinfection

To further explore the importance of serum staomtiunstarved and starved cells
were infected with wild-type KOS for 72 hours at°@l Total protein was then

solubilised after 72 hours at 41°C, or alternativelltures were reactivated by
transduction with adenovirus encoding ICPO (R) &s&d 48 hours later. Samples
were resolved by SDS-PAGE, and membranes were grolta antiserum against

either IE protein ICP4 or late protein Us11.

Although viral replication was largely inhibited bymperature elevation in unstarved
cultures, the presence of Usll in unreactivatedu@d above levels in starved
cultures infected at the same time indicates loxellgiral replication was occurring.

The increased expression of Us1l in adenovirusdeed cultures further supported

the idea that cycling cells harboured a mixturguescent and lytic infection.

Unstarved Starved

ICP4 —.” ﬂ.
Us11 . ‘ e
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Figure 3.1.16 Western blot analysis of production of HSV-1 vipabteins ICP4 and
Usl1l in unstarved and starved NHDF cultures thaewpeeincubated at 41°C and
then infected with wild-type KOS for 72 hours at’@1(Inf). Total protein was then
solubilized, or alternatively cultures were transel with adenovirus encoding ICPO
(R) and then lysed 48 hours later. The controbpdoto ensure even loading of
samples was elF4E.
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Figure 3.1.17

Efficient quiescent infection requires temperature optimization for different
HSV-1 strains

To address whether inhibition of replication byuserstarvation and temperature
elevation could be achieved using alternative s¢raif HSV-1, serum-starved NHDF
cultures were infected (inf) with wild-type HSV-frans KOS or Patton (Patt) for 72
hours at 41°C. Total protein was then solubilised,alternatively cultures were
transduced with adenovirus encoding ICPO (R) arsgdy48 hours later. Samples
were resolved by SDS-PAGE, and membranes were grolte antiserum against

either IE protein ICP4 or late protein Us11.

It quickly became clear that the replication of tatton strain of HSV-1 was less
sensitive to the elevated temperature of 41°C #@sneiwe CPE was observed (not
shown). This was reflected in abundant productiédnUs1l in Patton infected
cultures.

Characteristic of the Patton strain, its Us11 gaoeluct is larger than that of Kos.

Having found that 41°C was incapable of inhibitthg Patton strain, serum-starved
NHDF cultures were infected with wild-type HSV-1ttéa at 42°C and processed as
described above. At 42°C, non productive infectieas achieved using the Patton
strain, as shown by the absence of Usll expresdigievated temperature. The
infection was indeed quiescent as the Patton swam controllably reactivated to a
productive state by transduction with Ad-0, illaded by a lytic pattern of Usll

expression at 48 hours post Ad-0 transduction.
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Fig 3.1.17
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Figure 3.1.17 Western blot analysis of production of HSV-1 vipabteins ICP4 and
Us11 in starved NHDF cultures that were preincutbhate41°C and then infected with
wild-type KOS and or Patton (Patt) for 72 hoursither 41°C or 42°C (Inf). Total
protein was then solubilised or alternatively ctdguwere transduced with adenovirus
encoding ICPO (R) and then lysed 48 hours latee. [btver panel shows an extensive
overexposure demonstrating the lack of detectabsd1Uprotein in quiescently
infected cultures.
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Figure 3.1.18

Recovery of Patton strain from quiescently infecteadtultures maintained at 42°C
The levels of infectious virus produced in culturg@ected with patton was assessed 3

days post infection at 42°C and two days post negtaan with Ad-0.

Titers were determined by titration on Vero ce€llgers were representative of at least
three independent experiments. At the 42°C threg tlme point the culture
harboured a quiescent infection (Q) as no infestiotus was detected , whereas the
virus could be reactivated (Q-R) to a productivatestoy transduction with Ad-0 as
evident by extensive virus production at 48 hourst peactivation. This indicated that

the Patton strain of HSV-1 was also repressibleguis tissue culture model.

LOG pfu/culture
Y

Figure 3.1.18 Viral titer experiment analyzing the amount of ecfious virus
contained in NHDF cultures quiescently infected {@h HSV-1 Patton at 42°C 72
hours post infection or quiescently infected c@tureactivated (Q-R) by transduction
with adenovirus encoding ICPO were determined togtion on Vero cells. Titers are
representative of a number of independent expetsnen
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Figure 3.1.19

HSV-1 ICPO specifically reactivates virus from quiscently-infected NHDF cells

To address if the reactivation of virus from a gaent state was due to the specific
addition of ICPO, serum-starved NHDF cultures waieck infected (M) or infected
(Inf) at 41°C for 72 h to establish quiescence.t@ek were returned to 37°C and
either mock transduced with growth medium (medpdenoviral vectors encoding
HSV-1 ICP4 (Ad-4) or HSV-1 ICPO (Ad-0) as indicatedAt 47 hours post-
reactivation cultures were metabolically labelledr f1 hour using fS]
Methionine/Cysteine, whole-cell extracts were resdl by SDS-PAGE and fixed,
dried and gels were then exposed to X-ray film. Whigration of molecular weight

markers (in thousands) is indicated to the lethefpanel.

The reactivation of virus was found to be spedibidd-0 transduction as neither Ad-
4 nor growth medium could induce a viral patternpodtein synthesis. Also, the
addition of Ad-O to mock-infected cultures provedthit the appearance of a viral

pattern of protein synthesis was not due to a HS¥+itaminated Ad-0 vector.
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Fig 3.1.19 Metabolic labelling of mock infected (M) and infed NHDF cultures
incubated at 41°C for 6 days and either mock traced with growth medium (med)
or adenoviral vectors encoding HSV-1 ICP4 (Ad-4)H8V-1 ICPO (Ad-0) for 48
hours. At 1 hour prior to the sampling time, cudmirwere incubated with*°B]
methionine-cysteine, and total protein was haneedig lysing cells in Laemmli
buffer. Samples were resolved by SDS-PAGE whepd 6Dsample was loaded into
each well. Molecular weight standards (in kDa)slvewn to the left of the panel.
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Figure 3.1.20

ICPO mediated reactivation induces CPE characterist of productive infection

To evaluate the cytopathic effect (CPE) presemuitures 48 hours posttransduction
with the indicated adenoviral vectors describefigr8.1.19, a series of phase contrast
images were taken.

As expected, quiescently infected cultures thatewtesinsduced with an adenoviral
vector encoding ICP4 had a morphology largely itmdggiishable from uninfected
NHDFs, although a small percentage of cells appe@rée rounding up and possibly
harbouring productive infection at 48 hours afeurn to 37°C. This may represent

small numbers of cells that had spontaneously iredet] from quiescence.

Cells that had been mock infected and transduced wil-O presented no CPE
whereas cells that were quiescently infected atdeyuently transduced with Ad-0
exhibited extensive CPE, indicating efficient viraactivation and replication.

Mock Inf.

Figure 3.1.20Phase contrast microscopy of mock infected andsgeintly infected
cultures that were transduced either with Ad-O a4A Images were captured 48
hours after transduction at 10x magnification.
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Figure 3.1.21

Human serum prevents secondary virus spread and ubtrates the efficiency of
virus reactivation from quiescently-infected NHDFs

In order to quantify the amount of the virus intaus reactivating from a quiescent
state it was necessary to prevent reactivatingsvirom spreading and infecting
uninfected cells within the culture. This was agkt by the addition of 5% human
serum containing neutralizing antibodies which prévsecondary spread. Titering
experiments confirmed the efficiency of 5% humaruseagainst preventing HSV-1
lytic infection (not shown) and as a consequence dbncentration of human serum

was used for all subsequent experiments when egjuir

To observe patterns of proteins synthesised im@sgtreactivating from quiescence in
the presence of human serum, serum-starved NHDFFs miected at 41°C for 72

hours and then returned to 37°C and transducedthatindicated adenoviral vectors
encoding ICP4 (Ad-4) or ICPO (Ad-0). An additionatl-O transduced culture was
maintained in the presence (+) of 5% human seruer #ie adenoviral vector was
removed. At 47 hours post-reactivation, culturesewaetabolically labelled; whole-

cell lysates were resolved by SDS-PAGE and fixeddgels were exposed to X-ray
film. Migration of molecular weight standards (lmousands) is indicated to the left of

the panel.

The presence of human serum during reactivationltesk in a pattern of protein

synthesis containing a mixture of host cell andlvproteins, suggesting that human
serum reduced the secondary spread of virus irtivaged cultures and that a large
proportion of the culture initially infected reagited efficiently in response to Ad-0

transduction.
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Figure 3.1.21
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Figure 3.1.21 Metabolic labelling of mock infected (M) and quiesdy infected
cultures transduced either with Ad-0 or Ad-4 fork&irs in the presence of 5% FBS
DMEM or in the presence of 5% Human serum DMEM (H.At 1 h prior to
sampling, cultures were incubated witiS]J-Methionine/Cysteine, and total protein
was harvested by lysing cells in Laemmli buffermpées were resolved by SDS-
PAGE where 50l of sample was loaded into each well. Moleculargive standards
(in kDa) are shown to the left of the panel.
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Figure 3.1.22

Expression of Us11 in samples reactivated in the gsence of Human serum

To further confirm secondary spread inhibition lwrtan serum, NHDF cultures were
either mock infected (M) or infected (Inf) at 41t@ 72 hours and then returned to
37°C and mock transduced with growth medium (Med)transduced with the

indicated adenoviral vectors in the presence oerates of 5% human serum (HS). At
48 hours posttransduction whole-cell extracts wesolved by SDS-PAGE, and

membranes were probed with antiserum against Us11.

The levels of Us11 expression were reduced in mgtaontrollably reactivated in the

presence of 5% human serum relative to culturestiveded in the presence of 5%

FBS DMEM and this was more apparent on the noaxjpbsure of Us11 blots.

As outlined previously, low levels of Usll exptiessare indicative of spontaneous

reactivation occurring in quiescently infected audts that are transferred to 37°C and
supplemented with 5% FBS for 48 hours. However, rwhaiescent cultures are

transferred to 37°C in the presence of human setdgi,l production becomes

undetectable by western blot, again highlighting éffectiveness of human serum in

preventing secondary spread from occurring.
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Figure 3.1.22 Western blot analysis of production of HSV-1 vipabtein Usll in
mock infected and quiescently infected NHDF cwdtuthat were transduced with
either medium, Ad-0 or Ad-4 vectors in the preseoceabsence of human serum.
Samples were reactivated for 48 hours and therdlyselx Laemmli buffer. An
Overexposure was taken to illustrate low level petithn Us1l production in cells
spontaneously reactivating.
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Figure 3.1.23

Quantification of virus reactivation from quiescene

The quantify the amount of the culture reactivafirogn quiescence in the presence of
human serum, NHDF cells were grown on glass ahpsrand infected at 41°C for

72 hours. Cells were returned to 37°C and moclksttaced (Med) or transduced with

adenovirus encoding ICPO (Ad-0) in the presenaabsence of 5% human serum.

When virus was reactivated in the presence of 5% BBIEM approximately 95% to

100% of the culture stained positive for ICP5. Thercentage dropped to around
60% when reactivated in the presence of human seunescently infected cultures
that were not reactivated with ICPO but insteadma@ned in the presence of human
serum showed that about 2% of cells underwent speus reactivation in the first

48 hours upon return of the culture to 37°C.
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AdO
+H.S
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Figure 3.1.23Immunofluorescence of ICP5 production in cultu48shours post Ad-
0 or medium alone transduction in the presencéserece of 5% Human serum (HS).
Cultures were fixed and probed with the antiserugairsst ICP5. Nuclei were
counterstained with Hoechst, and images were oagbtat a 20x magnification. Two
representative fields are shown for HS experimdpgscent reactivation is presented
to the right of the immunofluorescent images. FdrA+ human serum and medium
+human serum reactivation experiments two imagee waken to represent each
culture.
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Figure 3.1.24

Enlargement of PML structures in NHDF cells infectel at elevated temperature
During the establishment of quiescence it was afeskthat only small amounts of
the immediate early protein ICPO was being producsdtive to immediate early
proteins ICP4 and ICP22. ICPO is a ubiquitin ligaggch functions to disrupt the
repressive ND10 structures within cell nuclei tlpmemoting the establishment of a
Iytic infection. (Clements, Stow 1989; Cai, Schafi®92; Maul, Guldner & Spivack
1993; Maul, Everett 1994; Cheg¢ al, 2003). PML is a key ND10 component that is
dispersed during lytic infection but recruited twal genome and enlarged during

non-productive infection.

To observe PML morphology and localization withinckei of cells during the
establishment of quiescence, a series of indinechunofluorescence experiments
were performed. Serum-starved NHDF cultures weosvgron glass coverslips and
mock infected or infected at 41°C or 37°C for 1@itsoand then fixed.

The indirect immunofluorescence experiments shothatl PML structures exhibited
a normal pattern of nuclear speckling in uninfeatetls at 41°C. The dispersal of
these structures was observed in infected cellengodhg lytic replication at 37°C, as
identified by costaining for the viral antigen ICRZonversely, cells infected at 41°C
contained enlarged PML aggregate structures. Then@menon occurred only in
infected cell nuclei that co-stained for viral getm ICP4 while neighbouring
uninfected cells had normal PML morphology. Thiggested that failure to produce
sufficient ICPO to disperse repressive PML was lyikeo play a role in the

establishment of a non productive infection.
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Figure 3.1.24
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Figure 3.1.24lImmunofluoresence of enlarged PML structures in NiHIIs infected
at 37°C and at elevated temperature 41°C. Cultwee co-probed with antiserum
against human PML (green) and HSV-1 ICP4 (red)tgins were then detected using
the appropriate FITC-conjugated or TRITC-conjugadedondary antibodies. Nuclei
were visualised by Hoechst counterstain and imagese captured at 63x
magnification.
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Figure 3.2

The role of host kinases during HSV-1 reactivation.

The development of this model which facilitates epagent infection of primary
human diploid fibroblasts allows the opportunity doectly compare HSV-1 lytic
replication and HSV-1 reactivation in the same tgle. As such, this approach can

be used to illuminate the mechanistics of the waristages in the life cycle of HSV-1.

Whereas previous reports have shown that the gctvihost MEK-ERK signaling
pathways is stifled during lytic infection within mumber of cell lines (McLean,
Bachenheimer 1999; Walsh, Mohr 2004; Slearal 2006; Santamariat al 2009),
little is known about the signaling pathways reqdiby HSV-1 during reactivation
from quiescence. To address this issue we firstldddo characterize the kinetics of

reactivation from a quiescent state over the 48 heactivation period.

Figure 3.2.1

The pattern of protein synthesis during reactivatiom

Serum starved NHDFs were mock-infected (M) or itddonith HSV-1 KOS  (m.o.i.
0.5-1) at 41°C for 6 days to establish quiesce@e Cultures were returned to 37°C
and either mock-transduced (-) or transduced (#) vwdeno viral vectors encoding
the immediate early trans activating protein ICBOnitiate reactivation of quiescent
virus (R).

During the first 24 hours of reactivation there saro significant differences in
patterns of proteins synthesized between mock,sqere and reactivating samples.
By 34 hours post reactivation the synthesis of allsmumber of higher molecular
weight proteins was observed and these proteinmigmated with polypeptides

abundantly produced in reactivating cultures a#®&our time point.
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Figure 3.2.1
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Figure 3.2.1 Metabolic labelling of mock (M) quiescently infedte(Q) and
reactivated (R) NHDF cultures. At 1 hour prior teetindicated sampling times in
hours post-reactivation  (h.p.r.), cultures were ubated with 1°S]-
Methionine/Cysteine, and total protein was harwkedtg lysing cells in Laemmli
buffer. Samples were resolved by SDS-PAGE wheg 6Dsample was loaded into
each well. Molecular weight standards (in kDa) sttewn to the left of the panel. The
asterisk indicates suspected viral proteins prodlulceing reactivation.
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Figure 3.2.2

Kinetics of viral protein production in reactivatin g cultures

To further explore the kinetics of viral proteinoduction in reactivating cultures,

guiescently-infected cultures were established r@adtivated as described in figure
3.2.1 and whole cell extracts were prepared aintthieated time points. Samples were
resolved by SDS-PAGE and membranes were probed thathndicated antibodies

for immediate early (IE) proteins ICPO, ICP4 andPR2, the leaky-late protein ICP5
which is produced both prior to and following vilANA synthesis and finally the late

protein Us11, which is only produced after viral BNynthesis.

The presence of low level ICP4 and ICP5 was dedelbtewestern blot in samples
from unreactivated quiescently infected cultureat tvere mock transduced with
medium. This production of ICP4 and ICP5 does netessarily signify lytic
replication as production of a number viral gemesluding those of ICP4, have been
reported in latently-infected neurons in vivo asllwas in tissue culture models
(Deatlyet al, 1987; Kramer, Coen 1995; Chetal, 1997).

The production of the lytic gene transactivator 0GFas not evident in quiescently
infected cultures that were mock transduced witdiora. Furthermore, ICPO was not
efficiently produced in mock infected cultures sdanced with Ad-0 as the ICPO gene
encoded by this Adenoviral vector is under the dndf its own promoter (Zhet
al., 1990). As ICP4 binds to the ICPO promoter taitaeig its expression (Zhu, Cai &
Schaffer 1994) the low levels of ICP4 that existhim quiescently infected cultures
may play an important role in promoting efficienpeession of exogenous ICPO upon

trans-gene delivery by the adenoviral vector.

By 34 hours post-transduction ICPO was produced sagiificant accumulation of
ICP4 and ICP5, as well as production and processingP22, detected as higher-
migrating species in SDS-PAGE gels was evident ohOAeactivated cultures.
Uninfected cultures transduced with Ad-O showedempression of these antigens
while quiescent cultures that were transduced widdium alone showed the same
levels of ICP4 and ICP5 expression over the 48 Hhoune period. These results
suggest that the significant reactivation evenggahesomewhere between 24-34 hours

post-transduction, coincident with robust expressid ICPO. Low levels of Usll
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were detectable at 34 hours in reactivated cultumes combined with the
accumulation of processed ICP22 suggested thativaaon was progressing into a
fully productive infection. Indeed, robust prodactiof all viral antigens examined
along with characteristic host Shutoff of proteymthesis (Fig 3.2.1) was evident by
48 hours post-transduction of quiescently infediétDFs.
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Figure 3.2.2 Western Blot analysis of the production of HSV-lipaoteins ICPO,
ICP4, ICP22, ICP5 and Usid mock (M), quiescently infected (Q) and reactaat
(R) NHDF cultures at the indicated sampling time$iours post-reactivation (h.p.r.).
To ensure even loading of samples elF4E was pridvexs a loading control.
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Figure 3.2.3

Analysis of viral antigen expression in quiescentral reactivating cultures by
indirect imuunofluorecence

Both ICP4 and ICP5 were expressed at low levelmieactivated quiescent NHDFs
but accumulated rapidly in reactivating cultures34t hours post-transduction. To
address whether these expression patterns werer ditie result of high-level
expression in a small subset of cells or low legiression within the majority of the
culture, the production of both ICP5 and ICP4 wsseased in reactivated cultures by

indirect immunofluorescence.

NHDFs were mock-infected (M) or quiescently infec{®), then mock-infected or
infected with Ad-0 to reactivate quiescent virug.(Rt 30 hours post-transduction
with either medium control or Ad-0, cultures werashed, fixed in formaldehyde and
probed with antiserum against ICP4 or ICP5. Nudcl@re counterstained with
Hoescht and images were captured at 63x magnditaising a Leica DFC 500

microscope.

It was discovered that neither ICP5 nor ICP4 wergble in either mock or
quiescently infected cells, suggesting that thestedtion in quiescently-infected
samples by western blotting represented low-lexprassion which was below the
sensitivity of indirect immunofluorescence. Conetys cultures that were transduced
with Ad-0 had approximately 40% of cells staininmspive for both viral antigens by
30 hours post-transduction. The absence of sigmficiral antigen accumulation
over the first 24 hours but accumulation of earg anid-phase viral gene expression
in approximately 40% of the culture by 30 hourstgoansduction suggested that
reactivation occurred in a synchronous manner betvi2®l-30 hours coinciding with
robust expression of ICPO and further reactivabbadditional virus likely occurred

over time.
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Figure 3.2.3
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Figure 3.2.3Immunofluorescence of HSV-1 viral proteins ICP4 d@&5 in mock
(M), quiescently infected (Q) and reactivated (RIDF cultures at 30 hours post-
reactivation. Cultures were probed with antiserugaimst HSV-1 ICP4 (green) and
ICP5 (green); proteins were then detected usingagy@opriate FITC-conjugated
conjugated secondary antibody. Nuclei were visadliby Hoechst counterstain.
Images were captured at 63x magnification.
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Figure 3.2.4

The pattern of ERK and p38 activity in reactivating cultures

Having established the kinetics of reactivation afisicovered that a significant
proportion of the culture can be controllably reéated in a synchronous manner,
changes in the activity of signalling pathways donbw be measured during the
various stages of reactivation. With this in minde decided to study the
phosphorylation patterns of both the ERK and p88aling pathways in either mock-
infected (M), quiescently infected (Q), or reactadi(R) cultures.

Serum-starved and temperature-elevated NHDF csltuvere mock infected or
infected and maintained for 6 days at 41°C. At @sdaost infection at 41°C mock-
infected (M) or quiescently-infected (Q) NHDFs weeturned to 37°C and mock-
infected (-) or infected (+) with Ad-O to reactieauiescent virus (R). Whole cell
extracts were prepared at the indicated times, darsh post-reactivation (h.p.r.).
Samples were analyzed by Western blotting with baxlies towards total or

phosphorylated forms of ERK or p38.

The levels of total p38 remained unchanged in mapkescent and reactivated
cultures. Phosphorylated p38 remained identicdlotin mock and quiescent NHDFs
at each point in the time course. Quiescent cklis were transduced with AD-0 had
no change in p38 phosphorylation over the first 3urs. At 34 hours post-
transduction, p38 phosphorylation increased. Thoghaided with the onset of
reactivation as evident by the expression of yimateins seen in Fig 3.2.2. As the
reactivation progressed, p38 phosphorylation coetinto increase. Similar to p38,
abundance of total ERK remained unchanged in sampler the course of
reactivation. Interestingly, quiescent culturespthyed a modest reduction in the
levels of phosphorylated ERK relative to mock celtseach time point. This slight
reduction in ERK activity suggested that quiescehe®l a negative affect on
mitogenic signaling. Over the first 24 hours ofat@ztion from quiescence, changes
in ERK phosphorylation were not observed. At 34rBgoost reactivation a modest
but reproducible increase in ERK phosphorylatiors whserved relative to quiescent

cultures. By 48 hours post reactivation ERK phosglation had declined below that
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of either mock or quiescent NHDFs, signifying thia virus entered a more lytic-like

State.

Ad-0 + + o+ + 4 +
M Q@ R M Q@ R M Q@ R

(PIERK S s e e o e e —

Lele 2+ 3 3 3 3§ & ¢

(P)p38 R T . am—

(D] R1 B R ———

h.p.r. 24 34 48

Figure 3.2.4Western Blot analysis of NHDFs of signalling patlysaactivated in

mock (M), quiescently infected (Q) and reactiva(Bd NHDF cultures. Whole cell
extracts were prepared at the indicated times iarhgost-reactivation (h.p.r.).
Samples were resolved by SDS-PAGE and probed witibadies towards total or
phosphorylated forms of ERK or p38.
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Figure 3.2.5

ERK stimulation is specific to HSV- 1 reactivation

The transient stimulation of ERK phosphorylationridg reactivation from
guiescence was not expected and contrasted withiopeereports that described ERK
inhibition during lytic replication (Gillis, Okagra& Rice 2009)(Zachos, Clements &
Conner 1999)(Hargett, McLean & Bachenheimer 200%).elucidate whether the
stimulation of ERK activity observed was a consemaeof the employed culture
conditions, NHDFs were mock-infected at 41°C fod#&ys and returned to 37°C.
Cultures were then mock-infected (-) or infected th Ad-O for 2 hours, then
washed and mock-infected (M) or infected (I) witlsW¥#1 KOS at m.o.i 1 for 48
hours. Whole cell extracts were prepared and aadlyw western blotting with the

indicated antisera. The cellular antigen elF4E prabed for as a loading control.

It was discovered that ERK activity was robustlpmtessed as the virus replicated, as
illustrated by the accumulation of the leaky-lated date viral proteins ICP5 and
Us1l. At no time during the infection was ERK stlation observed when timepoints
were examined (not shown). Additionally, the moakfected cells that were
maintained for 6 days at 41°C, returned to 37°C madsduced with Ad-0 prior to
lytic infection with HSV-1 showed no stimulation BRK activity which confirmed
that the process of Ad-0 transduction was not these of ERK stimulation, nor did it

interfere with HSV-1 mediated ERK suppression.

In summary, the culture conditions employed were an@ontributory factor in the

activation of ERK observed during reactivation.
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Figure 3.2.5
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Figure 3.2.5Western blot of phosphorylated ERK (pERK) and HSVia&l proteins
ICP5 and Usl1l in NHDFs that were mock-infected EiCAfor 6 days, returned to
37°C and subsequently mock-infected (-) or infeqtedwith Ad-0 for 2 hours, then
washed and mock-infected (M) or infected (I) witlsW¥#1 KOS at m.o.i 1 for 48
hours. The cellular antigen elF4E was probed fa Esding control.
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Figure 3.2.6

U0126 inhibits ERK activation during reactivation

The modest stimulation of ERK during the initiabges of reactivation led us to
examine the potential role(s) of both MEK-ERK an88pduring early stages of
reactivation from quiescence. Quiescently-infedti¢tDFs were returned to 37°C and
mock-transduced to maintain quiescence (Q) or tatewith Ad-0 to reactivate virus
(R) in the presence of equal volumes of DMSO (sdiw®ntrol), U0126 (20M) or
SB203580 (4AM). 34 hours later whole cell lysates were prepaed analyzed by
western blotting with the indicated antibodies. THoacentrations of U0126 (A1)

or SB203580 (400M) were chosen from experiments outlined in (Walbhr 2004).

Again, the ERK activity in reactivated cultures wasnd to be modestly stimulated
relative to quiescent cultures and it was obsethiatl U0126 robustly inhibited ERK
activity in reactivating cultures. Importantly, hotJ0126 and SB203580 had no
influence on the initial expression of adeno-viarived ICPO at this early point in

reactivation, nor did they affect total ERK levels.

Q Beactivated

Figure 3.2.6Western blot of total or phosphorylated forms &keand HSV-1 viral
protein ICPO in quiescently-infected NHDFs modkasduced to maintain
qguiescence (Q) or infected with Ad-0 to reactivates (R) in the presence of equal
volumes of DMSO, U0126 (20M) or SB203580 (4aM).
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Figure 3.2.7

Inhibition of MEK-ERK signalling reduces HSV-1 antigen accumulation during
reactivation

To observe what effects MEK-ERK inhibition had omal antigen accumulation
during reactivation, quiescently-infected NHDFs eemock-reactivated (Q) or
reactivated with Ad-0 (R) in the presence of equoelimes of DMSO, U0126 (20M)
or SB203580 (4aM).

The presence of U0126 caused a significant reduatiaghe expression of immediate
early, leaky late and late viral antigens at afidipoints taken whereas SB203580 had

no significant effect on antigen accumulation.
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Figure 3.2.7 Western blot of HSV-1 viral proteins ICP5, ICP22dakis1l in
quiecently-infected NHDFs mock-transduced to mamntpiescence (Q) or infected
with Ad-0 to reactivate virus (R) in the presené¢equal volumes of DMSO (solvent
control), U0126 (2AM) or SB203580 (4aM). Whole cell extracts were prepared at
the indicated times in hours post-reactivation .(b.jand elF4E was used as a loading
control (Load).
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Figure 3.2.8

Inhibition of MEK-ERK signalling reduces HSV-1 reactivation

To further confirm the requirement for ERK actividyring HSV-1 reactivation from
quiescence, quiescently-infected NHDFs were reatdd/ (R) with Ad-0 in the
presence of equal volumes of DMSO or U0126.(4D

The numbers of cells staining positive for both 5Gind ICP4 was notably reduced in
cultures reactivated in the presence of U0126. #althlly, ICP5 and ICP4 staining
intensities in antigen-positive cells were reducethe presence of U0126.
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DAPI ICP5 MERGE

R-U0126

Figure 3.2.8 Immunofluoresence of HSV-1 viral proteins ICP4 gactivated (R)
NHDF cultures at 34 hours post-reactivation in eitthe presence of either DMSO
and U0126 (2AM). Cultures were probed with antiserum against HSVWCP4
(green) proteins were then detected using the appte FITC-conjugated conjugated
secondary antibody. Nuclei were visualised by Heedounterstain. Images were
captured at 20x magnification.
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Figure 3.2.9

The effect of U0126 on yields of infectious virusrpduced in reactivating cultures
To quantify the affects of U0126 on yields of irtfeas virus produced in reactivating
cultures, NHDFs were quiescently-infected in 35misheés and reactivated by Ad-0
transduction for 48 hours in the presence of DM80126 (2M) or SB203580
(40uM). Culture supernatants were serially diluted terdlaon permissive Vero cells

and titers of infectious virus were calculated dsigculture supernatant.

It was found that SB203580 had no effect on reatibm from quiescence as the level
of infectious progeny within supernatants were iaah to those taken from cultures
reactivated in the presence of DMSO. In contras$B203580, U0126 caused a 20
fold reduction of virus production compared to DM8€ated samples.

Log pfu/culture supernatant
[4;]

DMSO uoi126 SB203580

Figure 3.2.9Viral titers of HSV-1 produced over a 48 hour pdrif reactivation in
the presence of either DMSO, U0126 |(B0) or SB203580 (4aM). Titers are
represented as Log/pfu/culture supernatant andtreeaverage of a number of
independent experiments.
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Figure 3.2.10

The reactivation of HSV-1 in the presence inhibitos and Human serum

To confirm that the inhibition of HSV-1 replicatiqureviously observed was due to
U0126 inhibiting reactivation and not secondaryhgpread, the reactivation of virus
was performed in the presence of human serum tibiirtiral secondary spread.
Mock-infected (M) or quiescently-infected NHDFs wemock-reactivated (Q) or
reactivated with Ad-O (R). After 2 hours the ademalvvector was removed and
cultures were washed and maintained in medium gonta5% human serum along
with either DMSO, U0126 (3M) or SB203580 (4aM). Samples were analyzed by
western blotting with antibodies toward ICP4, ICP511 or elF4E.

Again it was found that U0126 inhibited reactivatimom quiescence as evident by a
reduction in production of ICP4, ICP5 and Usl1lathithe 34 hour and 48 hour time
points. Furthermore, inhibition of p38 had no efferc antigen accumulation, with the

exception of modest effects on ICP5.
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Figure 3.2.10 Western blot of HSV-1 viral proteins ICP4, ICP5 ahidll in
quiescently-infected NHDFs mock-transduced to na&mnguiescence (Q) or infected
with Ad-0 to reactivate virus (R) in the presen& Buman serum and equal volumes
of either DMSO (solvent control), U0126 {(#d) or SB203580 (4aM). Whole cell
extracts were prepared at the indicated times wr Ipmst-reactivation (h.p.r.) and
elF4E was probed for as a loading control (Load).
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Figure 3.2.11

Inhibitors of ERK phosphorylation do not affect lytic replication

These findings suggested a role for MEK-ERK in simgactivation. However, to
exclude the possibility that this was due to melialihanges in the cell due to culture
conditions that might influence the processes wewlin HSV-1 infections we
analysed whether ERK activity was required fordygplication in cells that had been
mock-quiescently infected. NHDFs were mock-infected 6 days at 41°C. Upon
return to 37°C, cultures were mock-infected (M)irdected (Inf) at moi 0.5-1 in the
presence of DMSO or U0126 (281). At 48 hours post infection, whole cell lysates

were prepared and analyzed by western blotting thighindicated antibodies.

The inhibition of ERK did not affect the replicatioor spread of HSV-1, as viral
antigen accumulation was identical in cultures atéd either in the presence of
DMSO or U0126. This data correlates with findingsn a previous report (Walsh,
Mohr 2004), which demonstrated that ERK inhibitidoes not affect Iytic HSV-1

replication and suggests that the reduction ofl vieactivation from quiescence
observed in U0126 treated cultures is the resuthefdrug affecting the reactivation

process directly.

Figure 3.2.11Western blot of HSV-1 viral proteins ICP5 and Us&INHDFs that
were mock-infected for 6 days at 41°C and returtee®7°C, cultures were then
mock-infected (M) or infected (I) at moi 0.5-1 ihet presence of DMSO or U0126
(20uM). At 48 hours post infection whole cell lysatesrey prepared and analyzed by
western blotting with the indicated antibodies. 4#Fwas probed for as a loading
control.
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Figure 3.2.12

The effects of U0126 on spontaneous reactivation gfiiescent HSV-1

As spontaneous reactivation occurs naturally witdinin-vitro models (Feldmamet
al., 2002; Margoliset al, 2007; Knickelbeiret al., 2008) and possibly reflects the
natural dynamic state of HSV-1 in vivo, it was imjamt to assess whether ERK
inhibition affected this process. This also allowmesl to exclude effects of ERK
inhibition on Ad-O mediated reactivation. To obserwhether ERK inhibition
impacted spontaneous reactivation, mock-infected) @ quiescently-infected
NHDFs were returned to 37°C and allowed to sportasly reactivate for 5 days in
the presence of either DMSO, U0126 (R0 or SB203580 (4aM).

Whole cell extracts were prepared and analyzed egtevn blotting with antisera
against ICPO, Usll or cellular elF4E as a loadiogtrol. The Usll blots were
purposely overexposed to detect the low levels eflin drug-treated reactivating
cultures. The same blot and exposure was usednbempty dividing lane to allow
excessive overexposure (O.E) was cropped out.

Spontaneous reactivation of HSV-1 in cells treatéith either U0126 or SB203580
showed that both U0126 and SB203580 significargfjuced the expression of viral
antigen accumulation with U0126 having a greatehibitory capacity than

SB203580.

The fact that SB203580 inhibited spontaneous regi@bn was not surprising as
spontaneous reactivation is asynchronous in natwegre virus reactivates at
different times resulting in areas within the cudtuwhere low level spread is
occurring. As discussed previously low level spresaithhibited by the SB203580 and
this is likely the reason why SB203580 reduces spw@ous reactivation.
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Figure 3.2.12
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Figure 3.2.12Production of HSV-1 viral proteins ICP0O and Us11NhDFs that
were either mock or quiescently-infected, then metd to 37°C and allowed
spontaneously reactivate in the presence of eSO, U0126 (2QM) or
SB203580 (4AM). At 5 days post initiation of spontaneous reaation, whole cell
lysates were prepared and analyzed by westernngatiith the indicated antibodies.
elF4E was probed for as a loading control. Us11 wias intentionally overexposed
to detect signal in the U0126 treated sample.
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Figure 3.2.13

Inhibition of infectious virus production during spontaneous reactivation by
U0126 or SB203580

To quantify the affects of both U0126 and SB203680yields of infectious virus
produced during spontaneous reactivation, supersatdom 35mm dishes of
quiescently infected cultures allowed to spontasBoveactivate for 5 days in the
presence of the indicated inhibitors were takere $uapernatents were then serially
diluted, plated on permissive Vero cells and titgrenfectious virus were calculated

as p.f.u./culture. Titers are representative déadt three independent experiments.

It was found that both U0126 and SB203580 greaitipiced spontaneous reactivation
relative to DMSO, with U0126 being the more potarttibitor of the two. These
findings reflected the accumulation of viral antigegn whole cell extracts analysed

by western blotting (Figure 3.2.12).

3
2
1

DMSO uo126 SB203580

Log pfu/culture supernatant

Figure 3.2.13Viral titers of HSV-1 produced over a 5 day periofdspontaneous
reactivation in the presence of either DMSO, UO{2®M ) or SB203580 (4aM).
Titers are represented as Log/pfu/culture supemhaiad are the average of three
independent experiments.
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Figure 3.2.14

MEK-ERK and p38 inhibition potently blocks spontaneous reactivation

To determine the pattern of virus reactivation, knodected or quiescently-infected
NHDFs were returned to 37°C and allowed to sporttasly reactivate for 5 days in
the presence of equal volumes of DMSO, U0126k20or SB203580 (40aM). Cells
were washed in PBS, fixed and analyzed by indiraotunofluorescence using anti-
ICP5 antiserum.

It was discovered that although large areas of DMi®@ed cultures were antigen
positive, ICP5 expression was not evident in celiureactivated in the presence of
U0126 or SB203580. This suggested low levels ottreation occured below the

detection limits of immunofluorescence.

DAPI ICP5 MERGE

Figure 3.2.14 Immunofluorescence of HSV-1 viral protein ICP5 protion in
spontaneously reactivated (Sp.) NHDF cultures egkavith either DMSO, U0126
(20uM) or SB203580 (4aM) at 5 days post reactivation. Cultures were pdolvéh
antiserum against HSV-1 ICP5 (green), proteins wiren detected using the
appropriate FITC-conjugated conjugated secondatipady. Nuclei were visualised
by Hoechst counterstain. Images were captured>atr@nification.
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Figure 3.2.15

U0126 does not affect low multiplicity lytic infecion and spread of HSV-1

To ensure that the previous effects of ERK inhilmition spontaneous reactivation
were not due to effects on lytic virus spread, NBh¥ere mock-infected at 41°C for
6 days then returned to 37°C and infected with HS&-m.o.i. 0.025 in the presence
of DMSO or U0126 (2QM). After 3 days whole cell extracts were prepassull
analyzed by western blotting using the indicatetibadies.

It was confirmed that U0126 had no effect on lygplication and secondary spread
as the accumulation of both ICP5 and Usll was eo@fl by ERK inhibition,
suggesting that effects of U0126 were due largelyhe inhibition of reactivation

events.

m.o.l. 0.025
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Figure 3.2.15Western blot of HSV-1 viral proteins ICP5 and UstINHDFs that
were mock-infected for 6 days at 41°C and returtee®7°C, cultures were then
mock-infected (M) or infected (Inf) at moi 0.02% the presence of DMSO or U0126
(20uM). At 72 hours post infection whole cell lysatesrey prepared and analyzed by
western blotting with the indicated antibodies. 4H#Fwas probed for as a loading
control.
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Figure 3.2.16

Inhibitors of Mnk and mTOR cause a reduction of HS\A1 reactivation from
guiescence

elF4E is a major constituent of the elF4F compled aediates the binding of
capped mRNA. Considering that the ERK and p38 adligng pathways directly
control the phosphorylation of the Mnk-1 kinase wnoto phosphorylate elF4E,
which results in an increase of HSV-1 protein sgsih during lytic replication
(Walsh, Mohr 2004; Duncan, Peterson & Sevanian RO@®5 was decided to
investigate the roles of both Mnk and mTOR acfidtring reactivation of HSV-1
from quiescence. The drug concentrations used whsen from experiments
outlined in (Walsh, Mohr 2004).

It was discovered that both Rapamycin and CGPrivesatt resulted in the suppression

of virus reactivation from quiescence, reducing dbeumulation of all viral antigens

examined.
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Figure 3.2.16 Western blot of HSV-1 viral proteins ICPO, ICP5,1Usand cellular
proteins elF4E and 4E-BP1. Quiescently-infected IRslEhat were mock-reactivated
(Q) or reactivated with Ad-O (Reactivated) in theegence of equal volumes of
DMSO, the Mnkl inhibitor CGP (3M) or the mTORCL1 inhibitor Rapamycin
(125nM). Whole cell extracts were prepared at 48rbigost-reactivation. The Us1l
blots were intentionally overexposed to detectlthe levels of Us11 in drug-treated
reactivating cultures. The same blot and exposutesed but an empty dividing lane
to allow excessive overexposure was cropped out.

116



Figure 3.2.17

Inhibitors of Mnk and mTOR cause a reduction of spataneous reactivation
from quiescence

To observe whether Mnk and mTOR inhibition impacgpdntaneous reactivation,
mock-infected (M) or quiescently-infected NHDFs wereturned to 37°C and
allowed to spontaneously reactivate for 5 dayshi& presence of either DMSO,
CGP57380 (3aM) or Rapamycin (125nM). Whole cell extracts weregared and
analyzed by western blotting with antisera agal@f4, ICP5, Usll, p70S6K and

elF4E as a loading control.

It was discovered that the presence of either CG8®73QM) or Rapamycin
(125nM) significantly reduced spontaneous readtwvatwith Rapamycin having a

stronger effect.
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Figure 3.2.17 Western blot HSV-1 viral proteins ICP4, ICP5, Usddd cellular
proteins elF4E and p70S6K. Mock infected and qeiettg-infected NHDFs were
spontaneously reactivated in the presence of eguiames of DMSO, the Mnkl
inhibitor CGP (3@M) or the mTORCL1 inhibitor Rapamycin (125nM). Whadell
extracts were prepared at 5 days post reactivagiéE was probed for as a loading
control while p70S6K was probed for to show Rapans/capacity to inhibit the
MTORC1 pathway.
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Figure 3.1.18

The effect of Rapamycin and CGP on yields of infeitus virus produced in
spontaneously reactivating cultures

To quantify the affects of both Rapamycin and CGI8®7 on infectious virus
produced during spontaneous reactivation, supersatdom 35mm dishes of
quiescently infected to spontaneously reactivateSfalays in the presence of the
indicated inhibitors were serially diluted, platexl permissive Vero cells and titers of

infectious virus were calculated as p.f.u./cultsmpernatant.

It was found that both Rapamycin and CGP57380 fugmitly reduced spontaneous
reactivation relative to DMSO with Rapamycin bethg more potent inhibitor of the
two. This was in agreement with their effects atigen accumulation (Figure 3.2.17)
and suggested that the active elF4F is requiredHBY-1 during spontaneous

reactivation from quiescence.
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Figure 3.1.18Viral titers of HSV-1 produced over a 5 day periofdspontaneous
reactivation in the presence of either DMSO, Rapamyr CGP57380. Titers are
represented as Log/p.f.u/culture supernatant amdhar average of three independent
experiments.
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Figure 3.3

Inhibition of translation in primary human fibrobla sts by 4EGi-1

Considering that the inhibition of elF4F regulaidNK and mTOR both reduced
reactivation from quiescence, it was deemed pléisitat inhibition of elF4F activity
may be a viable therapeutic target for inhibitiauridg HSV-1 lytic replication or
reactivation from quiescence. The small moleculebimor 4EGi-1 has been reported
previously to prevent elF4E- elF4G binding and é¢fi@re is thought to inhibit elF4F
assembly (Moerket al 2007). We therefore tested its effects on vieectivation

and replication.

Figure 3.3.1

The effects of 4EGi-1 on host translation rates

To investigate whether this drug could inhibit H&Veplication, the levels of 4EGi-1
needed to inhibit translation within NHDF culturesre optimised. NHDFs were
treated with increasing concentrations of 4EGi-1 ® hours. Cells were then
metabolically labelled with®fS]-Methionine/Cysteine for 1 hour in the presente o
4EGi-1. Whole cell extracts were prepared in 1xrhadi and resolved by SDS-
PAGE. The gels were then fixed dried and exposea-tay film. Migration of

molecular weight standards is indicated to thedéthe panel.
It was found that a gradual decrease of translatedes occurred with increasing

concentrations of 4EGi-1, the most effective cotiedions being between 30 and

50uM. Cells were found to be stressed auddand above (not shown).
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Figure 3.3.1

MW Marker (kDa)

Figure 3.3.1 Metabolic labelling of NHDFs treated with DMSO oncreasing

concentrations of 4EGi-1 for 4 hours. At 1 hourgpto sampling, cultures were
incubated with $S]-Methionine\Cysteine. Total protein was harvestgdysing cells

in Laemmli buffer. Samples were resolved by SDS-EAGere 5QI of sample was

loaded into each well. Molecular weight standatidskDa) are shown to the left of
the panel.
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Figure 3.3.2

Cellular effects of 4EGi-1 at 4 hours post treatmein

While characterization of the effect of 4EGi-1 dR4F complex formation has been
described previously, little is known about theeef§ of the drug on initiation factor
abundance or the activity of cell signalling patheavhich impart translational

control. To investigate these questions, NHDFs vierated for 4 hours with DMSO
or 4QuM 4EGi-1; whole cell extracts were then analyzedumgtern blotting with the

indicated antibodies.

The total levels of 4E-BP1 were examined using remolving 7.5% gels while
phosphoylated 4E-BP1 was resolved using 17.5% déls.elF4E phosphorylation
profile in cells treated with 4EGi-1 was elucidatbg iso-electric focusing and
membranes were probed with anti-elF4E antibody.rign of the phosphorylated
(p-4E) and hypophosphorylated (4E) forms of elF4Endicated to the left of the
blot.

The steady state levels of elF4E, PABP, elFAG aBeBR1 were unaffected by
treatment with 4EGi-1. In addition, the phosphatigia profiles of ERK, a MAPK
substrate, or stress-activated targets such asop38F2Zx were unaffected. The
MTOR substrates, p70S6K and 4E-BP1 were slighimusated. In addition, the
phosphorylation profiles of elF4E in DMSO and 4EGsamples were identical. This
suggested that the translational repression obdarvéN\HDFs treated with 4M
4EGi-1 was not linked to changes in either the danoe of key translation initiation

factors or the activity of signal pathways thatulege their function.
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(A) Western blotting of total protein levels
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Figure 3.3.2 (A) Western blot of translation factor abundance aritl ssgnalling
pathway activities in NHDFs that were treated foh@durs with DMSO or 40M
4EGi-1.Whole-cell extracts were analysed with theéicated antibodies. 17.5% gels
were used to probe and resovle (R) hyper and higpsghorylated forms of 4E-BP1.
Samples described for the right hand panel (B) wesetionated by isoelectric
focusing and membranes were probed with anti-eledftbody. Migration of the
phosphorylated (p-4E) and hypophosphorylated (dEn¢$ of elF4E are indicated.



Figure 3.3.3

The effects of 4EGi-1 on the composition of initiabn complexes in NHDFs

It has been reported previously that 4EGi-1 sigaiftly disrupted elF4F complex
formation in transformed cell lines at concentnasiamf 10QuM or above (Moerkeet
al., 2007). As outlined previously it was found durimgr investigations that NHDFs
were stressed at concentrations aboveMsObut translation was inhibited at
comcentrations between 3@-50 pM.

As primary human cells are of lower metabolic attiand contain considerably
smaller amounts of translation initiation factanan transformed cells, we examined

the effects of 40M 4EGi-1 on the composition of initiation complexes

Confluent NHDFs were treated for 4 hours with DM&OGIQUM 4EGi-1. It has been
shown that 4EGi-1 binds to elF4E reversibly. Fais treason, cell extracts were
prepared by freeze-thaw in the absence of deter@etht4EGI-1 was added to all
buffers at every step of the assay. Soluble céthets were precleared with sepharose

4B and subsequently subjected to 7-Methyl-GTP clatography.

The abundance of initiation factors and phosphtipfaprofiles of 4E-BP1 and
elF2o present in the input samples were similar, provaggin that 4EGi-1 had no
significant effect on steady state levels of initia factors or the activity regulating
kinases. However, it was discovered that 4EGi-1 hadinhibitory effect on the
elF4E:elFAG interaction, in line with a previouspoe showing that higher
concentrations are needed to disrupt elF4F (Moetksd, 2007. A slight increase in
elF4E-4E-BP1 binding was observed in 4EGi-1 treatedls, which was also
observed in the initial report characterising 4BGinterestingly, large amounts of
total and phosphorylated eléc2were found in initiation complexes from 4EGi-1-
treated cultures. To confirm that whole initiatioomplexes were being pulled down
with the cap, elF3A and Ribosomal Protein S3 (RR&3E also examined. While 3A
was unchanged, binding of RPS3 increased, suggeshat 4EGi-1 increased

ribosomal complexes with inactive elF2.
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Figure 3.3.3
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Figure 3.3.3 NHDFs treated for 4 hours with DMSO or /N 4EGi-1. Soluble
extracts were subjected to to 7-Methyl-GTP chromaphy. 7M-Cap-bound and
input samples were then resolved by SDS-PAGE. Mands were probed with the

indicated antibodies. 4E-BP1 was examined using5%?7.gels to resolve
phosphorylated species.
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Figure 3.3.4

The effects of 4EGi-1 on the composition of initiabn complexes in HelLa cells

To determine if the effects of 4EGi-1 on the comipas of initiation complexes was
unique to NHDFs, a repeat of the previous expertmas conducted on Hela cells.
As Hela cells are transformed with a higher metalatitivy, a higher concentration
of 4EGi-1 was chosen to suppress tranlation. Caresdgty HelLa cells were treated
for 4 hours with DMSO or §tM 4EGi-1 then processed and analyzed as descrnibed i
(Figure 3.3.3).

The treatment of HelLa cells with 4EGIi-1 had simidfects to those observed in
NHDFs, as the levels of translation factors as aslthe phosphorylation of 4E-BP1
and elF2r in input samples remained identical to DMSO treatells.

It was again discovered that 4EGi-1 had no inhiljiteffect on the elF4E:elF4G
interaction and that a small increase in 4E-BPdibop to elF4E was observed in
4EGi-1-treated cultures. The large amounts of phosgpated elF& that were found
in NHDF initiation complexes from 4EGi-1-treatedtaves were also found in 4EGi-

1ltreated Hela cells.
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Figure 3.3.4HelLa cells were treated for 4 hours with DMSO opM04EGi-1 and
soluble extracts subjected to 7-Methyl-GTP chromaphy. 7M-Cap-bound and
input samples were then resolved by SDS-PAGE. Mands were probed with the
indicated antibodies. 4E-BP1 was examined using5%?7.gels to resolve
phosphorylated species.
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Figure 3.3.5

Reversible accumulation of phosphorylated elF& in elF4F complexes observed
with alternatively sourced 4EGi-1

To decipher if phosphorylated elé-2lisassociates from the cap complex in vitro
when the drug is removed during the cap pull-dowsags a series of experiments
were performed. HelLa cell cultures were treatedh wiuM 4EGi-1 for 4 hours. Cell
extracts were prepared by freeze-thaw in the ales@&ifcdetergent. Soluble cell
extracts were precleared with sepharose 4B ancequbstly subjected to 7-Methyl-
GTP Chromatography. For the 4EGi-1 samples the drag) added to all buffers at
every step of the assay. For the wash out sardplg, was added to all buffers up
until the final wash steps post the cap binding.ste addition, to determine if the
effects observed with 4EGi-1 were the result of poond impurities it was decided
to repeat the HelLa cap pulldown experiment with BE@urchased from a different

company (Santa Cruz).

When samples were analysed western blotting, dagntrent of HeLa cells with Santa
Cruz 4EGI-1 had similar effects to those observét the Calbiochem (CB) 4EGi-1
experiments; the levels of translation factors afl as the phosphorylation of el&2
in input samples remained identical to DMSO treatells. It was again discovered
that 4EGIi-1 had no inhibitory effect on the elF4AEZ4G interaction. The large
amounts of phosphorylated and total elR& addition to Ribosomal Protein S3 that
were found in NHDF initiation complexes from Caltihem 4EGi-1-treated cultures
(Figure 3.3.3) were also in Santa cruz 4EGi-1-a@adfieLa cells, suggesting that the
phenomena of elfRaccumulation in initiation complexes was not anoraaly of the
Calbiochem 4EGi-1 compound. Interestingly, whendhey was removed (R) during
the wash steps a reduction in phosphorylated atal €IFZX, in addition to
Ribosomal Protein S3 bound to the complex was obsgesuggesting that the effect

of the drug was reversible.
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Figure 3.3.5
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Figure 3.3.5HelLa cells were treated with DMSO or 8@ 4EGi-1 for 4 hours.
Soluble extracts were then subjected to 7-MethyRGEhromatography.Two
independent sources of 4EGi-1 were used, Calbioclfé®) and Santa Cruz
Biotechnology (SC). An additional sample was predafrom cells treated with
60uM 4EGi-1 but the inhibitor was removed (R) by omidt it from wash buffers at
the end of the assay to examine reversibility. 7&®ound and input samples
resolved by SDS-PAGE. Membranes were probed wehinbicated antibodies. 4E-
BP1 was examined using 17.5% gels to resolve plooglaited species.
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Figure 3.3.6

4EGi-1 reversibility upon removal from culture medium

To determine how quickly the affects of 4EGi-1 lastells once the drug has been
removed from the culture medium, a series of wagherperiments were performed.
To do this, NHDF cultures were treated with eitBMSO or 4QuM 4EGi-1 for 4
hours and labelled with®*J5]-Methionine/Cysteine for 10 or 30 mins eithertire

presence or absence of drugs.

It was observed that translation rates recoveredetr the levels observed in the
DMSO treated samples even after 10 minutes of llagelvhen then inhibitor was

removed (R), while after 30 minutes in the absenicdEGi-1 the cells synthesise
proteins as efficiently as cells treated with DMSKbese results indicate that once
4EGi-1 is removed from the culture medium the iitbity affect the drug reverses

almost instantaneously.
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Figure 3.3.6Metabolic labelling of NHDF cultures treated witither DMSO, 4EGi-
1 4QuM (NHDF) for 1 hour at either 10 or 30 minutes pirio sampling, cultures were
incubated with °S]-Methionine\Cysteine in either the presence areabe 4EGi-1,
total protein was harvested by lysing cells in Ladnbuffer. Samples were resolved
by SDS-PAGE where %0 of sample was loaded into each well. Moleculaighe
standards (in kDa) are shown to the left of thespan
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Figure 3.3.7

The effects of Torinl on the composition of initiabn complexes in NHDFs

Given that 4EGi-1 treatment had no effect on elEfG interaction but still
robustly inhibited translation, we decided to exanthe contribution of elF4F to
rates of protein production by treating cells witBOnM Torinl, a catalytic site-
specific mTOR inhibitor that inhibits 4E-BP1 phospylation (Thoreeret al, 2009).
NHDFs were treated with DMSO or 100nM Torinl forddy and processed as in
(Figure 3.3.3). The Torinl drug concentration uged chosen from experiments as
outlined in (Thoreert al, 2009).

The treatment of cells with Torinl had no effect mprotein abundance in input
samples but caused a robust dephosphorylation -@RHhich resulted in increased
4E-BP binding to elF4E on the cap. Incidentallye thcreased binding of 4E-BP to
elF4E caused a large decrease in the amounts 4Gddbund to elF4E on the cap.

Importantly, phosphorylated el&2vas not found in NHDF initiation complexes from

Torinl treated cultures.
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Figure 3.3.7 NHDFs were treated for 24 hours with DMSO or 100mbtinl and
soluble extracts were subjected to 7-Methyl-GTPogtatography. 7M-Cap-bound
and input samples were then resolved by SDS-PAGENManes were probed with
the indicated antibodies. 4E-BP1 was examined usiigh% gels to resolve
phosphorylated species.
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Figure 3.3.8

The effects of 4EGi-1 and Torinl on translation ra¢s in human cells

Torin 1 was found to cause a robust increase irmthumdance of hypophosphorylated
4E-BP1 in input samples, resulting in a large iasein the association of 4E-BP1
with elF4E and a loss of elF4G binding, whereas 4E@hibited translation without
causing elF4F disruption. Therefore, a comparidahe effects of inhibitors on rates
of translation in HelLa cells and NHDFs was perfaidme

NHDFs or Hela cells were treated with DMSO,uf0 (NHDF) or 6QuM (HeLa)
4EGi-1 or 100nM Torinl for 1 day. Cultures were ahetlically-labelled for 1 hour
prior to sampling. Whole cell extracts were resdloyy SDS-PAGE and fixed dried
gels were exposed to x-ray film. MW standards adécated to the left of the panel.

The autoradiogram illustrates how Torinl affects éxpression of specific proteins,
in line with a role for elF4F in stimulating traabn of specific types of mMRNAs. In
contrast to 4EGi-1, Torinl only had a modest effectreducing global rates of
protein synthesis in either HeLa or NHDFs.
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Figure 3.3.8 Metabolic labelling of HeLa and NHDF cultures teshtwith either
DMSO, 4EGi-1 4pM (NHDF) 60uM (HeLa) or 100nM Torinl for 1day. At 1 hour
prior to sampling, cultures were incubated witiS[-Methionine\Cysteine in the
presence of drugs, and total protein was harvdsgdgsing cells in Laemmli buffer.
Samples were resolved by SDS-PAGE whergl 50 sample was loaded into each
well. Molecular weight standards (in kDa) are shawithe left. As with all previous
experiments, drugs were disolved in DMSO.
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Fig 3.3.9

4EGi-1 toxicity in NHDF and Hela cells

It was noticed that HelLa cells treated with 4EGigbeared visibly stressed after 24
hours, while NHDFs were indistinguishable from DM&@htrols (not shown).

To verify if cellular stress was occurring upon 4H8Greatment, HeLa and NHDF
cultures were treated with DMSO or M (NHDF) or 6QuM (HelLa) 4EGi-1 for 1
day, then whole cell extracts were prepared angestdul to western blot analysis
using anti Caspase-9 and Caspase 3 antibodiesnibination of full-length (FL) and

cleaved (CI) forms of Caspases is indicated tddfief the panel.

It was found that a decrease in full-length caspamed appearance of specific

cleavage products was evident in HeLa cells butimbtHDFs.
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Fig 3.3.9Western blot of full length (FL) and cleaved for(@) of Caspase 3 and 9
in cultures of HeLa and NHDFs treated with DMSOLMIO(NHDF) or 6QuM (Hela)
4EGi-1 for 1 day.
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Figure 3.3.10

4EGi-1 reversibility after prolonged treatment of eells

To determine how quickly the affects of 4EGI-1 mses once the drug has been
removed from cells after prolonged treatment ofscednother series of wash out
experiments were performed. NHDF cultures weretdéckavith either DMSO or
40uM 4EGi-1 for 8 days, the drug was replaced aftelags and 7 days. On th& 8
day the cells were labelled witAS-Methionine/Cysteine in the absence of 4EGi-1 for
30 minutes.

It was observed that unlike the results garneremnfrshort treatments where
translation rates recovered to near the levelsrebden the DMSO treated samples
(Figure 3.3.6), after 30 minutes in the absencéks®i-1 translation recovered but to
a lesser degree. This is most likely because the ltave been in a state of constant
translational suppression for 8 days which resuhemlowering of metabolic activity,
including decreased levels of translation factdnattwould thus increase the

translation recovery time upon drug removal.
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Figure 3.3.10Metabolic labelling of NHDF cultures treated witither DMSO or
40uM 4EGi-1 for 8 days. At 30 minutes prior to samplircultures were incubated
with [**S]-Methionine/Cysteine in the absence of DMSO (Ohe absence of 4EGi-1
(Gi-R), and total protein was harvested by lysietjscin Laemmli buffer. Samples
were resolved by SDS-PAGE wherepb®f sample was loaded into each well.
Molecular weight standards (in kDa) are shown wl#ift of the panel.
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Figure 3.3.11

4EGi-1 stability in culture

To elucidate the length of time 4EGi-1 is activeuitured NHDFs, cells were seeded
at low density (3.5 x ) on 35mm dishes. Upon seeding after cell attactniear
cultures were treated with g0 4EGi-1 and one culture was treated with DMSO
alone. At 1, 2 and 3 days post seeding, a culta® taken from the 37°C incubator
and the drug removed (rem) from the cells by waslince with 5% FBS DMEM,
and returning to culture in fresh 5% FBS DMEM camnitag DMSO. 4EGi-1 was not
removed from the last culture. On day four eachucelwas trypsinised, resuspended
in medium and 5@ of the cell solution was added to an equal volwh8% trypan
blue. The cells were then counted using a haemowter. The numbers shown are

an average of two independent experiments.

It was found that in the absence of 4EGi-1 thescaticreased in number to
approximately 22.5 x TOover a period of five days. When the drug was nesdo
after one day the cells reached 21 %d&r well. When drug was removed on day two
the cells reached 6.5 x 1per well and on day three the cells reached ajpiately
2.5 x 1¢ cells per well. Finally the 4EGi-1 culture whichdhno wash step was found
to have 2.6 x1Dcells per well. Taken together with the resultsnfr(Figure 3.3.5,
3.3.6) these results suggest that although 4EGi+hpidly reversible upon removal
but is highly stable in cultures for periods umtdeast three days.
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Figure 3.3.11
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Figure 3.3.16Cell counts taken from four NHDF cultures seede8.atx1d per 35
mm dish and treated with g0 4EGi-1. One culture was treated with DMSO alone.
At 1, 2 and 3 days post seeding, a culture wasnt&lom the 37°C incubator and the
drug removed (rem) from the cells by washing ondd wedium, and returning to
culture in fresh 5% FBS DMEM containing DMSO. 4EGwas not removed from
the last culture. On day four each culture wasdirnjped, resuspended in medium and
50ul of the cell solution was added to an equal vollwh8&8% trypan blue. The cells
were then counted using a haemocytometer. The ngngb®wn are an average of
two independent experiments.

134



Figure 3.3.12

The effects of extended exposure to 4EGi-1 on pratesynthesis rates in NHDFs

To determine the effects of extend exposure of amyncells to 4EGi-1, we then
guantified translation rates at timepoints overegght day period. Previous studies
have reported that 4EGi-1 is stable in culture3do 7 days (Moerket al, 2007;
Tamburiniet al, 2009) in line with our findings that it is stalfler at least 3 days
(Figure 3.3.11).

It was discovered that the rates of translationeweduced to 5% relative to DMSO
control samples by 3-4 hours post-treatment, wbdatinued exposure to 4EGi-1
further reduced rates to 0.5-1% of control samplesater points suggesting that

4EGi-1 can suppress translation for long periodsnoé.
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Figure 3.3.12mRNA translation rates determined by TCA precijptatin NHDFs
cultures treated were DMSO or4M 4EGi-1 for either 4 hours, 1 day or 8 days. 1
hour prior to the indicated time-points, culturegrav metabolically-labelled and
whole cell extracts prepared. For 8 day samplagydwere replenished at day 3 and
7. [°S] incorporation was quantified as counts per n&@r@PM) as a percentage of
control cultures treated with DMSO, arbitrarily s&tL00%.
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Figure 3.3.13

The effects of extended exposure to 4EGi-1 on pattes of translation and cell
viability in NHDFs

Further characterisation of the effects of exteneepose to 4EGi-1 was performed
by metabolic labelling and cell viability assaysassess the levels of translation and
what affects extended translational suppressiorohackll viability.

(A) The degree of translational suppression at\& gest-treatment with 4EGIi-1 was
evident on overexposed auto radiographs.

(B) It was found that NHDFs cultures treated withGl-1 had no reduction in cell
viability.
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Figure 3.3.13 NHDFs were treated with DMSO or 4B 4EGi-1 for 8 days
replenishing at day 3 and 7 and then metabolidathelled with §°S]-
Methionine/Cysteine for 1 hour. Whole cell extraetsre resolved by SDS-PAGE
and fixed dried gels were exposed to x-ray film. M¥#ndards are indicated to the
left of the panel.
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Figure 3.3.13NHDFs were treated with DMSO or g8l 4EGi-1 for 8 days then cells
were trypsinized and incubated with trypan bluec@eatage viability represents the
number of dye-excluding cells as a percentageeofdtal cell number.
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Figure 3.3.14

Effects of prolonged 4EGi-1 exposure on protein amdance

To measure the effects of prolonged 4EGi-1 exposuar@rotein levels, whole cell
extracts from NHDFs treated for 8 days with eitb1SO or 4QuM 4EGi-1 were
analyzed by western blotting with the indicateditaodies. Phosphorylated forms of

4E-BP1 were assessed using 17.5% gels.

The abundance of cellular antigens was modestlycetl along with the activity of
the mTOR signalling pathway as determined by a ckoo of 4E-BP1
phosphorylation. The levels of the apoptotic inthces Caspase 3 or 7 were also
reduced in 4EGi-1-treated cultures. However, thas w&pparently a result of a global
decrease in abundance of proteins in these culttateer than apoptotic associated
cleavage, as cleavage products were not evidedE®i-1 samples. The arrow (>)

points to a low abundance Casp-7 cleavage produeMSO-treated cultures.
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Figure 3.3.14 Western blot of protein abundance and cell sigmgllpathway
activities in NHDFs that were treated for 8 dayshwibMSO or 4QM 4EGi-1.
Whole-cell extracts were analysed with the indidadatibodies. Full length (FL) of
Caspase 3 and 7 in cultures were also analyselote & extended exposure caused
apoptosis. The (>) represents the cleaved formagp@se 7.
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Figure 3.3.15

The effects of extended expose to 4EGi-1 on actitalilization in NHDFs

To examine the effects of extended 4EGi-1 treatroantytoskeletal integrity,

NHDFs were treated with DMSO or gbl 4EGi-1 for 8 days then washed in PBS
and fixed in formaldehyde after which the culturesre permeablised and actin
stained.

Although the intensity of actin staining decreasedEGi-1 treated cells, correlating
with the global decrease in protein production,dblis treated with 4EGi-1 had actin
morphologies similar to control cells suggestinutar homeostasis was maintained

over the extended period of 4EGi-1treatment.
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Figure 3.3.15Fluorescent analysis of actin filaments in culuteeated with either
DMSO or 4EGi-1 for 8 days and subsequently staimgth FITC-conjugated
phalloidin (actin; green). Nuclei were counterstginwith Hoescht (DNA; blue).
Phase contrast and fluorescent images were captarad_eica DFC 500 microscope
at 63x magnification.
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Figure 3.3.16

4EGi-1-treated NHDFs remain tolerant of and response to proteasome
inhibition
While cells remained viable when translation wdshited to barely detectable levels
over extended periods, it was necessary to unaerdtae degree of sensitivity to
stress within cultures exposed to 4EGi-1.
To address this question, NHDFs were treated withSD or 4QuM 4EGi-1 for 7
days, replacing the drugs at day four and seveawel by treatment with DMSO or
10uM MG132, a broad-spectrum chemical inhibitor of tpesome and lysosome
function, for 24 hours. Whole cell extracts weregared and resolved by SDS-PAGE
and blots were probed for Hsp27, Hsp70, and els4& @ntrol antigen. The MG132
drug concentration used were chosen from expersn@ntoutlined in (Walsh, Mohr
2004).
In control samples that were not exposed to MGI8&|s of each protein were again
modestly reduced in 4EGi-1-treated cultures cotiredawith the global decrease in
protein production. Cells exposed to MG132 had heyels of Hsp70 expression in
both DMSO and 4EGi-1-treated cultures, illustratihgt cultures were viable and
stress-responsive.
Interestingly, 4EGIi-1 reduced the accumulation @&p27 in response to MG132,
demonstrating distinct mechanisms by which thesallsand large Hsps were
induced. Finally, the pattern of elF4E expressiemained unaltered in cultures
treated with MG132 treatment, only being modestyguced in the presence of
4EGI-1.
4EGi-1 - -+ - o
MG132 - - -+ -+

Figure 3.3.16Western blot of Heat shock proteins (Hsp) 70 anth2YHDF cultures
that were with either DMSO or 4M 4EGi-1 for 7 days and subsequently treated
with 10uM MG132 for 24 hours in addition DMSO or 4 4EGi-1.Whole-cell
extracts were resolved by SDS-page and elF4E vadegrfor as a loading control.
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Figure 3.3.17

4EGi-1-treated NHDFs remain tolerant of and responise to heat shock

To confirm that 4EGi-1 treated cells had a geneaglacity to tolerate stress and not a
specific response with regard to proteasome inbiitNHDFs were treated for 7
days as described figure 3.3.16followed by either continued incubation at 37°C or
heat shock (H.S.) at 41°C for 24 hours. Whole eaflracts were prepared and
resolved by SDS-PAGE and blots were probed for Asp&sp70, and PABP as a

control antigen.

It was discovered that control cultures that weoe exposed to heat shock had a
modest reduction in protein levels when treatedhwWIEGI-1 for 8 days, again
correlating with the global decrease in proteindoicion.

The levels of PABP expression remained unalterexlis subjected to heat shock.

In contrast, cells exposed to heat shock had egbl$ of Hsp70 expression in both
DMSO and 4EGi-1-treated cultures, proving thatunal$ remain capable of mounting
a stress response. Finally, in agreement with tk&L82 experiment, the presence of
4EGi-1 reduced the accumulation of Hsp27 relatovéhe DMSO control in response

to heat shock.
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Figure 3.3.17Western blot of Heat shock proteins (Hsp) 70 anth2YHDF cultures
that were treated with either DMSO orid 4EGi-1 for 7 days and subsequently
heat shocked at 41°C for 24 hours in the presehegler DMSO or 40M 4EGi-1.
Whole-cell extracts were resolved by SDS-page aA8H°was probed for as a
loading control.
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Figure 3.3.18

Effects of prolonged exposure to 4EGi-1 and heat shk on actin structures

The effects of heat shock on cells that had be@osed to 4EGi-1 for 7 days was
further assessed by fluorescence microscopy. NHBDé&® treated for 7 days as
described in Figure 3.3.16 then heat-shocked &t 4dra further 24 hours.

Although the intensity of actin staining decreasedEGi-1 treated cells, the Phase-
contrast and fluorescent imaging illustrated thatmorphology of cells together with

the integrity of the actin cytoskeleton in both D®Snd 4EGi-1-treated cultures

remained intact under heat-shock conditions
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Figure 3.3.18Fluorescent analysis of actin filaments in cukuteeated with either

DMSO or 4EGi-1 for 7 days and subsequently heatlstub at 41°C for 24 hours in
the presence of either DMSO orid 4EGi-1. Cultures were stained with FITC-
conjugated phalloidin (actin; green). Nuclei weoelterstained with Hoescht (DNA;
blue). Phase contrast and fluorescent images wagtured on a Leica DFC 500
microscope at 63x magnification.



Figure 3.3.19

Effects of prolonged exposure to 4EGi-1 and heat shk on apoptotic markers

To assess if an apoptotic profile of caspase aativavas present in cells exposed to
4EGi-1 and heat shock, NHDFs were treated for % deydescribed in figure 3.3.15,
followed by continued incubation and heat shockS(Hat 41°C for 24 hours. Whole

cell extracts were prepared and resolved by SDSHAlEN blots were probed with

an antibody against PARP-1, which detects both langth (FL) and cleaved (C)

forms of the protein, or an antibody against theaeéd form of PARP-1, NHDFs

were also treated withuM of Staurosporin for 4 hours as a control for deta of

apoptosis.

The processing of PARP-1 indicative of apoptosis wat detected in either DMSO
or 4EGi-1-treated cultures which had been heat lsddhcunlike cells treated with

staurosporin which showed a large an increaseeaveld PARP and a reduction of
full length PARP.
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Figure 3.3.19 Western blot of anti-Parp-1 and anti-cleaved Paip-Xultures of
NHDFs treated with DMSO or 4M 4EGi-1 for 7 days followed by continued
incubation and heat shock, (H.S.) at 41°C for 2drfian the presence of either drug.
NHDFs were also treated withull of Staurosporin for 4 hours as a control for
detection of apoptosis.
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Figure 3.3.20

4EGi-1 inhibition of HSV-1 reactivation from quiesence

The discovery that primary human cells were extigrt@erant of 4EGi-1-mediated
translational suppression led us to examine whdthisrinhibitor could be used to
inhibit viral replication. To investigate what efts 4EGi-1 would have on HSV-1
reactivation from quiescence, NHDFs were mock-itg#e¢M) or infected with HSV-

1 day at elevated temperature to establish a qenésafection, which was maintained
for 6 days.

(A) Cultures were then returned to 37°C and quietscgarus was allowed to
spontaneously reactivate in the presence of DMS@0pM 4EGIi-1 for 5 days.

Whole cell extracts were prepared in 1x Lemmlidysuffer and resolved by SDS-
PAGE. Blots were probed with the indicated antilesdi

(B) NHDFs were quiescently-infected with HSV-1 #®days then returned to 37°C.
Cultures were mock transduced with medium (Q) angduced with adenovirus
encoding HSV-1 ICPO (Reactivated) in the preserid@eMSO or 4QuM 4EGi-1 for
48 hours. Whole cell extracts were prepared by hakrnysis and resolved by SDS-
PAGE, then blots were probed with the indicatedbaaties.

While the accumulation of viral proteins remaingncumbered during spontaneous
and controlled reactivation in the presence of DM$&@ treatment of cells with
40uM 4EGi-1 prevented production of the immediate yea@éne ICP4, leaky late
gene ICP5 and the late gene Usl1l during both speots and controlled
reactivation. Notably, 4EGi-1 also prevented ICR@dpction during controlled

reactivation.
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Figure 3.3.20 (A) Western blot analysis for production of HSWiral proteins:
ICP4, ICP5, Usll and load control protein elF4Emnack infected or quiescently-
infected NHDFs that were spontaneously reactivatdle presence of equal volumes
of DMSO, or 4uM 4EGi-1. Whole cell extracts were prepared at ysdpost
reactivation. (B) Western blot analysis for prodoictof HSV-1 viral proteins: ICPO,
ICP5, Us11 and load control protein elF4E in madkected and quiescently-infected
NHDFs that were transduced with adenovirus encoHi8Yy-1 ICPO (Reactivated) in
the presence of DMSO or gbl 4EGi-1 for 48 hours.
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Figure 3.3.21

4EGi-1 inhibition of infectious HSV-1 productiom during reactivation from
guiescence

To confirm that 4EGi-1 prevented the productiorviable infectious virus.

NHDFs were quiescently infected for 6 days at 4a4h@ then returned to 37°C prior
to reactivation with an adenovirus encoding HS\GPO in the presence of DMSO or
40uM 4EGi-1 for 48 hours. The levels of infectiousugrin cultures was quantified
by titration of freez thawed cell culture lysates\ero cells and were represented as

plaque-forming units per culture (Log p.f.u/culture

The presence of 4EGi-1 during reactivation complefgevented production of

infectious virus, in agreement with the inhibiti@f viral antigen accumulation

(Figure 3.3.20)
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Figure 3.3.21Viral titers of HSV-1 produced during a Ad-0 corked reactivation in
the presence of either DMSO or 4 4EGi-1 over a 48 hour period. Titers are
represented as Log/p.f.u/culture in supernatamsntdrom cultures which had been
freez thawed and are the average of three indepeegperiments.
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Figure 3.3.22

4EGi-1 inhibition of translation during lytic HSV-1 replication

As 4EGi-1 was found to inhibit reactivation fromigscence, we therefore assessed
whether 4EGi-1 was effective against primary lytifection. To address this
guestion, NHDFs were mock-infected (M) or infecteith HSV-1 of m.o.i. 5 in the
presence of increasingV concentrations of 4EGi-1. 10 hours post-infectonftures
were metabolically labelled for 1 hour and whol# egtracts were resolved by SDS-
PAGE. Fixed dried gels were exposed to x-ray fiMVV standards are indicated to

the left panel.

At concentrations above 30M, 4EGi-1 caused potent inhibition of viral protein

synthesis.
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Figure 3.3.22Metabolic labelling of NHDF cultures treated wigither DMSO or
increasing concentrations of 4EGi-1 in uninfectdyl ¢r infected with HSV-1 at m.o.i
5 for 11 hours. At 1 hour prior to sampling, cuésirwere incubated with*°B]-
Methionine/Cysteine in the presence of the drugsalTprotein was harvested by
lysing cells in Laemmli buffer. Samples were resdh\by SDS-PAGE where fDof
sample was loaded into each well. Molecular weggahdards (in kDa) are shown to
the left of the panel.
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Figure 3.3.23

Rates of protein synthesis in HSV-1 infected cultws treated with 4EGi-1

To quantify the rates of translation in 4EGI-1 teshcells infected with HSV-1.
NHDFs were mock-infected (M) or infected with HS\a&tim.o.i. 5 in the presence of
increasinguM concentrations of 4EGi-1, 10 hours post-infectionltures were
metabolically labelled for 1 hour. Translation satevere quantified by TCA
precipitation and represented as a percentage oS@Nontrol arbitrarily set at
100%.

It was found that 4EGi-1 at a concentration gfiOreduced translation rates to 1.4%

of control samples during lytic infection.
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Figure 3.3.23mRNA translation rates determined by TCA precimtatin NHDFs
treated with DMSO or increasingM concentrations of 4EGi-1 and infected with
HSV-1 for 11 hours. At one hour prior to samplinglteres were ¥S]-
Methionine/Cysteine metabolically-labelled and vehalell extracts prepared®>$]
incorporation was quantified as counts per min@EN!) as a percentage of control
cultures treated with DMSO, arbitrarily set at 100%
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Figure 3.3.24

The affects of 4EGi-1 treatment on viral antigen acumulation during lytic
replication

The ability of 4EGIi-1 to reduce translation in H3Vinfected cells led us to
investigate what effects 4EGi-1 had on viral pmot@iccumulation during lytic
infection.

NHDFs were mock-infected (M) or infected with HS\atlm.o.i. 5 in the presence of
increasinguM concentrations of 4EGi-1. 11 hours post-infectwimole cell extracts
were prepared. Samples were analyzed by westerttinglousing the indicated

antibodies.

The abundance of viral antigens was found to deeredth increasing concentrations
of 4EGi-1, with 4QuM 4EGi-1 reducing the production of viral protei@samined to

below detectable limits.
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Figure 3.3.24Western blot analysis for production of HSV-1 vipbteins: HSV-1,
ICP22, Us1l in NHDFs cultures that were mock irdddfU) or infected with HSV-1
at m.o.i 5 (HSV-1) in the presence of equal volurnE®OMSO, or increasingiM
concentrations of 4EGi-1. Whole cell extracts wemepared at 11 hours post
infection. elF4E was probed for as a load control.
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Figure 3.3.25

Effects of 4EGi-1 treatment on infectious progeny mduction during lytic
replication

Acknowledging the ability of 4EGi-1 to inhibit rateof translation and viral antigen
accumulation, the amounts of infectious progenydpgiroduced in cultures infected
in the presence of 4 4EGi-1 were measured.

NHDFs were infected with HSV-1 at m.o.i. 5 in theegence of increasingM
concentrations of 4EGI-1 for 11 hours. Infectioirsiy production was determined by
titration of freez thaw culture lysates on permissVero cells and represented as Log
p.f.u/culture. Titration results are representatif’éhree experiments.

Cultures treated with 40M 4EGi-1 contained on average around 400 partipkss

culture, more than fdold lower than DMSO controls.
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Figure 3.3.25Viral titers of HSV-1 produced in NHDFs culturesatiwere infected
with HSV-1 m.o.i 5 in the presence of equal volurneé®MSO, or increasing 3M
and 4QM concentrations of 4EGi-1 for 11 hours. Titers aepresented as
Log/p.f.u/culture supernatant and are the averagferee independent experiments.
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Figure 3.3.26

The effects of Torinl on elF4F complexes during HSXL infection

Considering that both Mnk and mTOR inhibition reédcreactivation from
guiescence, it was deemed plausible that inhibitibalF4F activity may be a viable
therapeutic target for inhibition of HSV-1 lyticpication. Torinl has been reported
previously to prevent 4E-BP phosphorylation thugussting elF4E and preventing
elF4G binding, therefore inhibiting elFAF assem@loreen et al. 2009).

To determine if the addition of Torinl during HSVitffection caused inhibition of
elF4F complex formation, NHDFs were pretreated wlif©OnM Torinl for 1 hour
prior to infection. Cells were then infected at m®for 11 hours in the presence of
Torinl (100nM). Cell extracts were prepared in NPhsis buffer, precleared with
sepharose 4B and subsequently subjected to 7-Mé&thil Chromatography. Cap-
bound and input samples were resolved by SDS-PA@E@embranes were probed
with the indicated antibodies. 4E-BP1 was examinsthg 17.5% gels to resolve

phosphorylated species.

Torinl caused hypophosphorylation of 4E-BP1 andeased binding to elF4E
causing a significant reduction of elF4G bindingnibnstrating that during HSV-1
infection Torinl effectively disrupted elF4F fornat.
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Figure 3.3.26 Western blot of translation factor abundance and-BRPE
phosphorylation in NHDFs that were treated with DM8r 100nM Torinl and then
infected at m.o.i 5 for 11 hours in the presenceitsfer DMSO or Torinl (100nM).
Soluble extracts were subjected to 7-Methyl-GTPostatography. 7M-Cap-bound
and input samples resolved by SDS-PAGE. Membraneee wprobed with the
indicated antibodies. 4E-BP1 was examined using5%?7.gels to resolve
phosphorylated species.
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Figure 3.3.27

The affects of Torinl on translation rates during H5V-1 high multiplicity
infection.

To investigate whether Torinl could inhibit HSV4hrslation, NHDF cells were
either mock infected or infected at m.o.i 5 forHdurs in the presence of DMSO or
100Nm Torinl. Cells were then metabolically labgllewith [°S]-
Methionine/Cysteine for 1 hour in the presence M or 100nM Torinl. Whole
cell extracts were prepared in 1x Laemmli and resbby SDS-PAGE. The gels were
then fixed dried and exposed to x-ray film. Migoatiof molecular weight (MW)
standards is indicated to the left of the panel.

The metabolic labelling of mock infected cells teshwith either DMSO or Torinl
illustrated that Torinl reduces the translatiore ratodestly compared to DMSO

treatment. During infection Torinl also modestlgresses translation.
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Figure 3.3.27 Metabolic labelling of NHDF cultures treated wigither DMSO or
100nM Torinl and mock infected (Mock) or infectddS\V-1) for 11 hours with
HSV-1 at m.o.i 5. At 1 hour prior to sampling, cults were incubated with>B]-
Methionine/Cysteine in the presence of the drugd, tatal protein was harvested by
lysing cells in Laemmli buffer. Samples were resdh\by SDS-PAGE where fDof
sample was loaded into each well. Molecular weggahdards (in kDa) are shown to
the left of the panel.
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Figure 3.3.28

A comparison of the effects of 4EGi-1 and Torinl owiral protein production.

To observe what effects 4EGi-1 and Torinl havehengroduction of viral proteins
and downstream targets of mTOR in either uninfeaednfected cells, NHDF
cultures were mock infected of infected at a nbdor 12 hours in either the presence
of DMSO, 100nM Torin or 40M 4EGi-1. Whole cell extracts were prepared and
analyzed by western blotting and probed with ardisagainst p70S6K, HSV-1,
ICP22, ICPO, US11 and elF4E as a loading control.

As expected Torinl caused the appearance of deipbigdped forms of p70S6K in

both the wuninfected and infected cultures. 4EGi-&d hno affect on the

phosphorylation of p70S6K relative to the DMSO c¢oht The DMSO treated

infected culture showed an increase in p70S6K whiak blocked by 4EGi-1 due to
the inhibition of infection, while Torinl causedggphosphorylation of p70S6K due
to mTOR inhibition.

In the infected cells treated with DMSO HSV-1 repted efficiently as evident by
the accumulation of HSV-1, ICP22, ICPO and US11rinlo slightly reduced the
accumulation of all viral antigens tested whereB&iéd1l completely inhibited their

accumulation.
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Figure 3.3.28
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Figure 3.3.28 Western blot of HSV-1 viral proteins: ICPO, ICP28daHSV-1 in
addition to cellular protein p70S6K in NHDFs cu#arthat were mock infected
(Mock) or infected with HSV-1 m.o.i 5 in the presenof equal volumes of DMSO,
40uM 4EGi-1 or 100nM Torinl. Whole cell extracts wgneepared at 11 hours post
infection. elF4E was probed for as a load contfdl.drugs used were disolved in
DMSO.

154



Figure 3.3.29

4EGI-1 is capable of suppressing translation mid wathrough a HSV-1 lytic
infection.

To determine whether 4EGI-1 was capable of suppr@ssanslation mid way
through a HSV-1 lytic infection, NHDFs were mocHKeaoted (M) or infected with
HSV-1 at m.o.i. 5. 4 hours into the infection tinéection the cells were treated with
either DMSO or 4(QM 4EGi-1. 8 hours post-infection cultures were rbetecally
labelled for 1 hour and whole cell extracts wersoheed by SDS-PAGE. Fixed dried
gels were exposed to x-ray film. MW standardsiadécated to the left of the panel.
Samples were analyzed by western blotting usingniieated antibodies.

4EGi-1 added to cultures at mid stages of infectietained the capacity to inhibit
ongoing viral protein synthesis as illustrated byetabolic labelling and the

suppression of the accumulation of late proteinlJs1
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Figure 3.3.29Metabolic labelling of NHDF cultures that were iafed (HSV-1) for 9
hours with HSV-1 at m.o.i 5. 4 hours into the intfec the cultures were treated with
either DMSO (0) or 4QuM 4EGi-1. At 1 hour prior to sampling, cultures wer
incubated with 1°S]-Methionine/Cysteine in the presence of the driigsal protein
was harvested by lysing cells in Laemmli buffermpées were resolved by SDS-

PAGE where 50l of sample was loaded into each well. Samples @ subjected
to western blot and probed for Us1l and elF4E. ®ldl weight standards (in kDa)
are shown to the left of the panel.
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Figure 3.3.30

4EGi-1 translational suppression during late stagéiSV-1 infection.

As 4EGi-1 inhibited translation when added prioatw during infection of cells,

it was decided to test whether 4EGi-1 could sugptemslation when added at very
late stages during infection. NHDF cultures werfedted with HSV-1 m.o.i 5 for 12
hours and subsequently treated with either DMS@EsBI-1 for 4 hours and labelled

with 3S-Methioine/Cysteine for 1 hour in the presencedrafys.

It was discovered that when 4EGi-1 is added tsoadly late in HSV-1 infection still

potently suppressed translation, although somé picdein synthesis was detectable.
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Figure 3.3.30Metabolic labelling of NHDF cultures that were iafed (HSV-1) for
16 hours with HSV-1 at m.o.i 5. 12 hours into th&ection the cultures were treated
with either DMSO or 4uM 4EGi-1 for 4 hours. At 1 hour prior to sampliragiltures
were incubated with *]S]-Methionine/Cysteine in the presence the drugstalT
protein was harvested by lysing cells in Laemmliféru Samples were resolved by
SDS-PAGE where 50 of sample was loaded into each well. Molecularght
standards (in kDa) are shown to the left of theshan
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Figure 3.3.31

Suppression of poxvirus protein synthesis by 4EGi-1

To determine whether 4EGI-1 was capable of supprgsbe replication of viruses
other than HSV-1 we tested 4EGi-1 effects on Vaacifirus (VacV), the laboratory
prototype for poxvirus infection. NHDFs were mocKkected (M) or infected with
VacV at m.o.i. 10 for 15 hours in the presencencfeasing concentrations of 4EGi-1
then metabolically labelled for 1 hour. Whole celtracts were resolved on SDS-

PAGE gels that were then dried and exposed to xXHray

Poxvirus infection of DMSO-treated NHDFs resultedthe characteristic shut-off of
host translation and robust synthesis of poxvirdypeptides. While lower
concentrations of 4EGi-1 had no significant effeat the pattern or rates of viral
protein synthesis, modest inhibition of translatisias evident at JM while

concentrations above @M resulted in dramatic suppression of translation.
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Figure 3.3.22
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Figure 3.3.22Metabolic labelling of NHDF cultures infected witfaccinia virus at a
m.o.i of 10 for 16 hours in the presence of eitb&1SO (0) or increasingiM
concentrations of 4EGi-1. At 1 hour prior to samgli cultures were incubated with
[*°S]-Methionine/Cysteine in the presence of the driggal protein was harvested
by lysing cells in Laemmli buffer. Samples wereotesd by SDS-PAGE where fD
of sample was loaded into each well. Molecular Weggandards (in kDa) are shown
to the left of the panel.
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Figure 3.3.32

Rates of protein synthesis in Vaccinia infected ctures treated with 4EGi-1
To determine the rates of translation in VacV sasplescribed in figure 3.3.31, TCA

precipitation was performed and presented as a&ptrge of DMSO controls.
TCA precipitation and quantification showed thapuBDand 4uM 4EGi-1 reduced

translation rates in infected cultures to 2.4% &8% respectively, of those in
DMSO-treated cultures

100

os]
o

()]
o

=
o

CPM as % of DMSO Control

N
o

0 10 20 30 40
4EGi-1

Figure 3.3.23mRNA translation rates determined by TCA precijptatin NHDFs
treated with DMSO or increasing concentrations &G#1 and infected with
Vaccinia virus m.o.i 10 for 16 hours. At one houiop to sampling cultures were
[*°S]-Methionine/Cysteine metabolically-labelled andiole cell extracts prepared.
[*°S] incorporation was quantified as counts per n@n{@PM) as a percentage of
control cultures treated with DMSO, arbitrarily s¢t100%.
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Figure 3.3.33

Effects of 4EGi-1 treatment on infectious progeny mduction during Vaccinia
virus replication.

To test the effects of this translational supp@ssin production of infectious virus,
NHDFs were treated with DMSO or @0 4EGi-1 and infected at a multiplicity of
either 1 or 10 pfu per cell to determine whether ¢ffects of this inhibitor were also
influenced by the amount of incoming virus pargclét 16 hours post infection the
samples were harvested by freeze-thaw and infectious determined by titration on

permissive BSC40 cells.

(A) In both instances 4EGi-1 reduced virus replaato approximately 3% of control
DMSO-treated cultures, demonstrating that 4EGi-ppsessed virus replication
regardless of the amount of incoming virus and ttsaeffects on virus replication
closely mirrored the degree to which it suppresssds of viral protein synthesis
(Figure 3.3.32). However, when represented on aritignic scale (B) although
4EGi-1 potently suppressed VacV replication iteetff on infectious virus production

were much lower than that observed with HSV-1.
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Figure 3.3.33
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Figure 3.3.33Viral titers of Vaccinia Virus produced in NHDFsluures that were
infected with Vaccinia Virus at m.o.i 1 and 10 hetpresence of equal volumes of
DMSO or 3@uM of 4EGI-1 for 16 hours. Titers are represented.ag/p.f.u/culture
supernatant and are the average of three indepeexigeriments. (A) Represents the
amounts of viral progeny production in culturesateel with 4EGi-1 as expressed as a
percentage relative to a DMSO infection. (B) Repng¢s the amounts of viral progeny
production as expressed on the logarithmic scale.
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Figure 3.3.34

The effects of 4EGi-1 on Vaccinia virus antigen acenulation

To determine the effects of 4EGi-1 on Vaccinia @i accumulation during
infection, NHDFs were mock-infected (M) or infectedth VacV at m.o.i. 10 in the
presence of increasingv concentrations of 4EGi-1 and whole cell extrguotspared

after 16 hours. Samples were analyzed by westettig using anti-VacV antibody.

In contrast to HSV-1 antigens (Figure.3.3.24) oxposure of western blots against
VacV antigens demonstrated that the accumulationvicdl proteins was still
detectable in 30M 4EGi-1-treated samples. As such, while 4EGi-lectid
translation rates in both cases it had distinea$ on the overall fate of Poxvirus and

Herpes virus infection.

M vacv

— . G . s -

-_ e —

VacV

EIFIE == — — =~ —

4EGi-1 0 0 5 10 20 30

Figure 3.3.24Western blot analysis for production of VaccinieaVprotein: VacV in
NHDF cultures that were infected with Vaccinia \drat m.o.i of 10 for 16 hours in
the presence of equal volumes of DMSO increasikgconcentrations of 4EGi-1.
elF4E was probed for as a loading control.
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Figure 3.3.35

4EGi-1 translational suppression during late stag&accinia infection

As 4EGi-1 inhibited translation when added prioratad during HSV-1 infection, it

was decided to test whether 4EGi-1 could suppnmessslation when added at late
stages of VacV infection. NHDF cultures were ingectith Vaccinia virus m.o.i 10

for 12 hours and subsequently treated with eithiSD or 4EGi-1 for 4 hours and

labelled with**S-Methioine/Cysteine for 1 hour in the presencerafys.

It was discovered that when 4EGi-1 was added ts tak in Vaccinia virus infection

4EGi-1 retained the capacity to potently suppressstation.
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Figure 3.3.35Metabolic labelling of NHDF cultures that wereeanfed with Vaccina
at m.o.i 10 for 16 hours. 12 hours into the infectithe cultures were treated with
either DMSO or 3QM and 40uM 4EGi-1 for 4 hours. At 1 hour prior to sampling,
cultures were incubated witf"§]-Methionine/Cysteine in the presence of the drugs
Total protein was harvested by lysing cells in Lag@inbuffer. Samples were resolved

by SDS-PAGE where %0 of sample was loaded into each well. Molecularght
standards (in kDa) are shown to the left of theshan
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Section 4: Discussion
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4.0 Discussion:

In contrast to our relatively detailed understagdafi HSV-1 lytic replication, latent

infection and reactivation remain very poorly uredeod. This project was aimed at
understanding the roles cell of signalling and gtatonal regulation during the

establishment and reactivation from HSV-1 quieseei an attempt to achieve our
goals we endeavoured to create an in vitro modddtidy these phenomena. Our
decision to create such a model was due to theHatiatent infection has proven to
be difficult to model in the past. Consequentlyarder to study cellular changes

caused by reactivation events an efficient model rgguired.

4.1 Developing a cell culture model of HSV-1 lateyc

In the past many attempts in studying latency remeloyed the use of both in vitro
and in vivo models. Of the in vivo models, mice aatibit models are used most
frequently for the study of latency. The use of eniduring studies has been
considered advantageous due to the low cost reltdiother animal models and some
aspects of mouse HSV-1 latency mimic aspects ofamubiSV-1 latency, and led to
identifying the neuron as the site of latency dmeléxpression of LATS during latent
infection. However, the limitations associated wiitle use of mice to model human
latency include the unusual routes by which infecttis accomplished, such as
infection of the cornea or through the footpad whio not represent a typical route
of infection normally taken by an infecting virughe main disadvantage postulated in
using mice for the study of HSV-1 latency is thiagyt are not human and mouse
models lack the characteristic of spontaneous ikedicin, a phenomena routinely
seen in humans. Spontaneous reactivation along WAR expression occurs in
rabbits that are latently infected but their uss baen limited as they are quite
expensive and cumbersome to work with. Althoughnggmeous reactivation is seen
in latently infected rabbits a fact which has ledhg to suggest that HSV-1 latency in
rabbits mimic human infection more closely than enigquestions over the relevancy
of these models have not eluded experts in the. flgh example of this is that in mice
latently infectedwith a LAT promoter deletion mutant, HSV-1 genonae less
associated with repressive histone dimethyl H3 K&ntvith the wild type strains.

Whereas HSV-1 LAT-negative genomes in infected itabilo not become less
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enriched in repressive histone marks reldiivene wild type, therefore indicating that
the LAT does noseem to exert a repressive effect on the chronsstite oflatent

genomes in rabbits. These findings highlight thpasing characteristics of infection
in different species which raises questions on réllevancy of animal models to

human infection by human pathogens (Wahgl., 2005; Giordanét al., 2008).

It should also be outlined that many clinical iseaof HSV-1 vary with regard to
their neurovirulance and pathology in different @ps of animal. Therefore the
amount of genotypes, serotypes and phenotypesahbiaifor study is limited in
comparison to the plethora of naturally occurrimg® The study of HSV-1 mutants
is also encumbered by the fact that specific charistics of virus infection, latency
and reactivation are often strain specific, so etrerugh mutants are available for
study in tissue culture they may not be viable ifovivo study. For example the
17syn+ strain is a standard strain used in mutaki@malysis but is much more
virulent in mice than the Kos (M) strain (Thompsatal, 1986). Additionally, strain
specific difference in viral glycoproteins as weal other proteins may drastically
influence the capacity of the virus to spread m tlervous system and hypothetically
alter the parameters of latency (Izumi, Steven9)1¥2hasz, Stevens 1993; Bloom,
Stevens 1994; Mitchell, Stevens 1996).

The difficulties in creating in vitro models whiadan facilitate detailed mechanistic
studies of HSV-1 latency has also largely contedutto our relatively poor
understanding of latency. In the past, attemptseHasen made to create models
which approximate human infection as accuratelgassible but many of the models
developed for such studies have used neuronal oéllson-human origin and
transformed cell lines while employing the use lo¢émical inhibitors to suppress the
initial production of immediate early genes. Altatimely HSV-1 mutants which lack
the required genes to initiate viral replicatiovéalso been used. These strategies to
suppress viral replication have attempted to irsgethe amount of virus that could
infect and be coerced into a non replicating séatéenfecting cultures with wild type
virus at high multiplicity without inhibitors is nwiable and invariably results in the
lytic replication and death of the culture. The mdisadvantages of these models are

the poor efficiency of both spontaneous and colatiote reactivation and the fact that
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they use animal cells, which again raises questdiigse results gathered using these

models with regard to their relevancy to humandhés.

Due to Ethical and accessibility issues associatgd the development of human
neuronal systems using primary cell cultures, nresegroups have developed models
to study quiescence using Human fibroblasts. Thieainly due to the low metabolic
state of fibroblasts which is thought to resemiblat tof neurons more closely than
transformed cell lines which do not support quiesaefection. It is also thought that
fibroblasts express factors which restrict virapligation (Hancock, Corcoran &
Smiley 2006).

Although primary fibroblasts may resemble neurorstaiolically, difficulties still
remain in forming efficient quiescent infection.tmne past, just as in animal neuronal
models, the inability to infect at high multipligithas led research groups to create
mutant stains of HSV-1 which are either lackingha immediate early gene ICPO or
lacking ICPO in combination with other essentiahg® such as ICP4. While these
mutant strains have been useful in the study of H\iescence, doubt still remains
about whether quiescence established using IE risutaliows an identical infection
paradigm to wild type infection. The caveats ofsthemodels raise questions in
relation to the viruses natural characteristicsirduthe formation of latency. For
example, does immediate early protein productioouoauring establishment of
guiescence, and if so, does that mean when ceaytaies are deleted from a genome,
are there alterations in the virus host balanceinduinitial establishment of
guiescence, as many of the genes initially produw@ee regulatory functions which
control ordered cascades that may determine thealbfate of the genome as it
resides in either a strongly repressed or weakipmassed state during its residency

within the nucleus.

To begin to ask questions about these issues anaé¢lchanisms of virus reactivation
from a dormant state, we developed a model to sH@Yy-1 quiescence requiring
only simple culture conditions to support the elssalment of quiescence in human
cells without having to employ mutant forms of tieus or chemical inhibitors of
viral replication. In considering the parameterdéotested to establish quiescence in
primary NHDF’s our choices were influenced by thservation that old models used

cycling cells which would presumably provide a mdéagourable environment for
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Iytic replication to proceed. Indeed previous stsdcould only achieve a m.o.i of
0.003. As a result the first selective pressureleyea for the establishment of the
guiescence model was serum starvation which synaes confluent cultures into
the g0 quiescent phase, whéhne cells have left the cycle and stopped dividimgs
limiting kinase pathway and metabolic activity t@shl levels creating a less
favourable environment for efficient viral replicat. This non dividing state may
resemble the low metabolic state of neurons whrehtlae primary environment for
the establishment of latency in humans. When exparis were conducted to answer
whether serum starvation was required for the #shabent of quiescence, the
selective pressure was removed from the quiescedelmprotocol and cells were
infected at elevated temperature in medium comgibPo normal serum, upon which
it was discovered that although replication waspsegsed, some Us1l was observed
at 48 hours post infection and low lewaal replication was observed at 72 hours
postinfectionjllustrated by small areas of CPE. This suggedtatia mix of quiescent
and replicating viruses were present, likely refteg the mixtureof dividing and
nondividing cells present in unstarved cultures amghifying that temperature
elevation alone is not sufficient to suppress lygplication and that a restricted
metabolic environment is required for maximal nomductive infection (Figure
3.1.16, 3.1.15).

The second selective pressure employed to establishquiescence model was
temperature elevation. As mentioned previously,indutatency of herpes simplex
virus type 1, the latency associated transcriptTL2&-kb intron is expressed, this
intron is excised from the larger (10kb) precungoemary transcript. During infection
of neuronal cells with HSV that express LATS, itsmabserved that their presence
increase the accumulation of the Hsp70 proteins HBP has molecular chaperone
activity and regulates processes involved in prot@bgenesis e.g stabilization of
unstable misfolded proteins, localisation of pnogeito particular cellular
compartments and control of the switch betweervadtiactive protein conformation
(Whitley, Goldberg & Jordan 1999}t has therefore been hypothesised that Hsp
overexpression during infection may be used bwihes to increase the viability of
the infected cells during the establishment oftaniinfection.
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Considering that LAT expression is inefficient imigscently infected rat neuronal
and human fibroblast cultures, in addition to maeyronal cells in vivo, it is likely
that the induction of Hsp expression by temperadlgeation may allow for increased
cell viability during infection with HSV-1. In ounodel the over expression of Hsp27
and Hsp70 was successfully achieved by temperatavating NHDF cultures for 30
hours at 41°C despite the metabolic suppressiosenfm starvation (Figure 3.1.2).
Western blot analysis showed Hsp27 and Hsp70 esipreswas up-regulated
compared to mock infected or infected cells at 3&A@ no increase in the expression
of the control protein PABP was observed. Critigathe infection of cells at 41°C
did not alter the degree of Hsp expression relativenock infected cells. Whether
Hsps are truly important for protecting cells dgrithe establishment of quiescence
could be tested in future experiments by siRNA-raemtl knockdown of Hsps or the

use of inhibitors of Hsp function such as Geldanamy

Although temperature elevation induces heat shookems, it also has the added
benefit of suppressing HSV-1 replication. Tempeawatelevation had no inhibitory
affect on entry into the cell or the expression@®4. However, unlike cells infected
at 37°C,where virus replicated efficiently and subsequesfplyead to 100% of the
culture by 24h postinfection, the percentage of cells expngsdiCP4 at 41°C
remained static (Figure 3.1.3, 3.1.4), which sutggeshat the virusvas unable to
replicate at elevated temperature. Measurin@iheunt of infectious virus in cultures
at either temperaturealidated that virus was being actively synthesigsecells
infectedat 37°C while only minimal amounts of infectiousus weredetectable in
cultures at 41°C over the first 24 to 48 ho(am observation seen previously in
neuronal cell systems (% al, 1999). This was also evident in the small amewfit
Usll produced at 41°C in the first 48 hours. Thisdpction of virus became
undetectable by 72 hours postinfection (Figure 53.¥alidating that as long as
cultures were maintained at 41°C, the infecti@s maintained in this nonproductive
state. This was further confirmed by metabolic g that monitored population-
wide changes in protein production during entry into aaproductivestate. The
experiment illustrated that at 12 hours postintecti cells infected at 41°C
differentially expressed a small number of proteins that due & thize and
comigration with viral proteins in lytically infeetl cultures most likely represent viral

polypeptides. By 24 hourgostinfection, synthesis of these proteins had bhegu
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diminish,and by 48 hours postinfection they became undddiectalative to cultures
infected at 37°C (Figure 3.1.6). Notably, many bk tviral proteins normally
characteristic with productive infection weamet synthesized in cells infected at the
elevated temperatursyggesting that they were either not produced oeweade at
levels below detection. In addition, at no poind dnfection at theelevated
temperature alter host cell protein synthesis padter elicit the shutoff of host
translation associated with Iytieplication, a well known phenomena of HSV-1
infection which is facilitated by the viral protsirVHS protein and ICP27 (Feng,
Everly & Read 2001; Taddeo, Zhang & Roizman 201l0¢sSe results suggest that as
the quiescent infection progressed, the synthesiwiral proteins declined and
production of progeny ceased, seemingly indicativay the virus was entering into a
non productive state and agrees with previous tepshowing that elevated
temperature suppress lytic replication providedittiection has not proceed past the

stage of genome replication stage (Crouch, Rap@)197

As mentioned previously the many clinical isolaté&iSV-1 vary with regard to their
neurovirulance and pathology. The question of wéretdternate strains of HSV-1
could be coerced to a state of non productive tidecusing this system was
answered in figure 3.17 and 3.18. When culturekwhiere treated as outlined in the
models protocol were infected with the Patton strai HSV-1 it was shown that
although serum starvation and temperature elevaifocultures to 41°C repressed
viral replication, some replication was observetisTphenomena was prevented by
increasing the temperature to 42°C and it was fahatl virus was recoverable from
quiescence as evident by tittering experimentsoperéd (Figure 3.1.18). The exact
reason for this requirement is unknown, but Paigdmown to be a more temperature
insensitive strain than Kos, which further suppate theory that temperature
elevation suppresses HSV-1 replication and thisresde@f suppression can vary
depending on the strain used. To illuminate thesara for this occurrence, an
analysis of the production of immediate early, yahd late antigens produced by
Patton at both 41°C and 42°C may indicate whetheripression of specific Patton
strain proteins are less sensitive to temperatlggagon thus making the lytic
programme of the Patton more resistant to supmmesslative to the Kos strain.
Another possibility is that Kos ICP4 may be moressive to elevated temperature

than the Patton strain, thus altering its transatitig capacity at a lower temperature.
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This could be possibly tested by electrophoreticbitity shift and Chromatin

immunoprecipitation assays.

4.1.1 Protein production and entry into quiescence.

The four bands initially visible at the 12 hour popost-infection at 41°C sample
(Figure 3.1.6) were suspected to be viral antigemswestern blotting with antiserum
directed against an array of viral IE proteins aoméd that viral antigens were being
robustly produced at 37°C whereas at 41°C the aolation of viral antigens was
greatly repressed relative to the 37°C infectiagyFe 3.1.7). Although ICP4 was still
being produced efficiently at 41°C, the productminthe critical regulator of lytic
replication ICPO was highly suppressed relative toormal lytic infection, whereas
ICP22 was produced but not posttranslationally redli which suggests that
infection was impeded at an early stage of thd liflacycle. Additionally the Us11
protein which is an indicator of viral progeny pustion was only visible in minute
guantities on the blots taken, signifying low levwgic replication, an observation
confirmed by immunofluorescence analysis of anotlae antigen, ICP5 which
showed at 24 hours post infection that culturesat&d at 37°C expressed extremely
high levels of ICP5 (100% of culture), whereas aerage of only 15% of cells
infected at 41°C faintly expressed ICP5 at very lmwels. Whether these cells
eventually died from productive infection or sumtvdue to the level of Iytic antigen
production being below the threshold of celluldetance remains unknown, but as
no large scale CPE or accumulation or cell debas found in these cultures it was
unlikely that these cells harbour robust lytic otfen.

During lytic infection, the viral transcription fer VP16 binds to cellular
transcription factors HCF and OCT-1 to initiate ieuirate early gene expression. In
cells lacking HCF and OCT-1, HSV-1 infects pooMWysocka, Herr 2003; Nogueira
et al, 2004). Interestingly during entry into quiesogntE genes such as ICP4 were
being produced abundantly throughout the first 48r& (Figure 3.1.7) and when
samples taken from a 6 day infection at 41°C wesdysed it was found that residual
ICP4 was present. The presence of ICP4 indicatgseither ICP4 was continually
synthesized at low quantities or was proteolyticadtable in cells quiescently

infected. This result agrees with previous repstiswing that low levels of ICP4

171



transcript are detected in mouse ganglia latenfigcied with HSV-1 (Kramer, Coen
1995) and seems to indicate that Vpl6 may be fonaliy active at elevated
temperature. Taking this into consideration, aneusiinding of how these cells allow
for the production of some immediate early genesenguppressing ICPO production
may provide some important mechanistic understandito how certain host cells
prevent HSV-1 from productively replicating. Thisayinvolve heat shock responses

that regulate (NF)-kappa B which controls ICPO esgion (Amici et al. 2006).

Another mechanism by which lytic replication may peevented is the fact that
ICP22 is being produced but not processed. ICP22 psotein 420-amino-acids in
length and is encoded by th22 gene and is required for regulation of early kabel
gene expression. The2 gene is not required for replication in permviesVero and
HEp-2 cell lines, buti22” mutant viruses replicate inefficiently in restivet primary
human fibroblasts (Post, Roizman 1981; Meigmeal, 1988). Interestingly, in the
restrictive cells, the mutant HSV-1 strain R325 ebhlacks the carboxyl-terminal 220
codons of thei22 gene exhibits a reduction of ICPO and of Us1INARNd proteins
(Purves, Ogle & Roizman 1993). During the earlgstaof infection, ICP22 localizes
in punctuate nuclear structures. Upon the onsevi@l DNA synthesis, ICP22
colocalizes in infected nuclei with ICP4, viral DNARNA polymerase Il, and the
small cellular protein EAP. This localisation rems the presence of the functional
HSV-1 protein kinase encoded by thelB3 gene and is required for optimal late-gene
expression (Purves, Ogle & Roizman 1993; Leopatdial, 1997). During the
procession of Iytic infection ICP22 is extensivetyodified. These modifications
include phosphorylation by the viral protein kinedés3 and Y13 (Post, Roizman
1981; Purves, Ogle & Roizman 1993) and nucleotidyiign by casein kinase Il
(Blaho, Mitchell & Roizman 1993; Mitchell, Blaho oizman 1994; Mitchelket al,
1997). A recombinant virus carrying a deletion lne ) 13 gene was found to be
similar to R325 with respect to several properti®tudies of the UL3 virus in
restricted cells led to the conclusion that the gporylation of ICP22 is necessary
for the functions described above. At least oneth®d sequences required for
posttranslational modification of ICP22 maps in #eboxyl-terminal domain of
ICP22. Therefore it is interesting to note that thek of ICP22 posttranslational
modification observed in cultures infected at etedatemperature may also play a

role in the repression of ICPO synthesis. IndeedP22 has been shown to
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downregulate ICPO expression in cotransfectionyasgdnere increasing amounts of
the ICP22 expression vector, and unprocessed IQRR2&in, resulted in loss of ICPO

expression (Bowmaet al, 2009).

4.1.2 Controllable and spontaneous reactivation afuiescent infection.

Of the characteristics exhibited by the virus dgninfection at elevated temperature,
the failure to efficiently process ICP22 and thbust inhibition of ICPO production
(Figure 3.1.7) were likely the primary events hindg the establishment of
productive infection. During a normal productivefeiction the IE protein ICPO
disrupts nuclear structures within the host ceiin as ND10 oPML bodies. These
PML bodies are then reorganised coinciding withmfation of viral replication
compartments (Cheet al, 2003; Everett, Maul 1994; Everett, Murray 208%grett
et al, 2006; Ishov, Maul 1996; Gerd G. Maul 1998).

In neuronal cell lines, infection with mutant HS\Hat lacks ICPO results in enlarged
PML bodies and the formation of a quiescent intect{(Hsu, Everett 2001; Hsu,
Everett 2001). PML structures are also known toobex enlarged in human
fibroblast lines when infected with HSV-1 mutantsatt lack IE gene products
including ICPO. Interestingly, during infectionelevated temperature PML structures

were also observed to be enlarged (Figure 3.1.24).

Although the capacity of the repressive culturediions to prevent lytic replication
was clear, there was a concern that the virus nbghinactived. ICPO is a critical
regulator of lytic replication and reactivation rinoquiescence, whereby it acts as a
promiscuous transactivator that functions in thelews to enhance the expression of
genes by degrading and dispersing repressive NRbied (Everettet al, 2006;
Everett, Chelbi-Alix 2007). Its low level productiat 41°C likely contributes to the
failure to lytically replicate. Demonstrating thtte virus was not inactivated and
could indeed be coerced back into productive iidecteven after 6 days of
guiescence was recovery by transduction of cellls am Adeno viral vector encoding
ICPO (Figure 3.1.13). This was evident in robusbdoiction of Usll at levels
comparable to a 37°C lytic infection of identicaliltiplicity. In addition, viral titering
experiments showing that the yields of infectioussfrom ICPO-transduced cultures
that had been quiescently infected for either 8 days were equivalent to those from
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cells infected at 37°C and harvested at 48 houssingection. Phase contrast imaging
also showed extensive CPE in cultures that had Qaescently infected for 6 days
and reactivated with ICP0O, demonstrating that tinesvcould be robustly reactivated
in a controlled manner upon exogenous additiofC&fd (Figure 3.1.14).

Whereas exogenous expression of ICPO caused ra@ativof virus, exogenous
expression of ICP4ould not reactivate quiescent virus above spowoitasievels in
our system as evident by metabolic labelling expents which showed a primarily
cellular pattern of protein synthesis (Figure 3).TThis result was further supported
by phase contrast imaging of quiescent cultureatece with either ICPO or ICP4
vectors which illustrated that the extensive CPHGIRO reactivated cultures was
absent in quiescent cultures treated with ICP4uiei.1.20). Additionally western
blot analysis of Us11 from various quiescent cel¢utreated with either ICPO, ICP4
or medium alone showed that in cells harbouringsgent virus that were transduced
with ICP4 vector, the levels of Usll expressionensimilar to quiescent cultures
treated with medium alone (Figure 3.1.22). Thisaa expected as ICP4 was already
being expressed in quiescent cells (Figure 3.11h2agreement with these results are
previous reports describing the inability of exogesm expression of ICP4 to
reactivate quiescent HSV human cell line models (Harrest al, 1989; Zhuet al.,
1990; Harris, Preston 1991; Arthetral, 2001).

In the past, the degree of viral genome repressias been observed to vary
depending on the cell type used. Reports have shlbatralthough ICPO is the most
efficient at causing reactivation, both ICP4 andl1@Palso have the capacity to
reactivate virus in neuronal lines (Halfoetlal, 2001). Also, it has been shown that
various stress-inducing agents can reactivate virugertain neuronal models.
Conversely, human fibroblast models are resistanhost reactivation stimuli with
the exception of ICPO. This information has ledhe suggestion that viral genomes
can be suppressed to varying degrees, as it sdanhfiuman fibroblasts maintain
HSV-1 in a more repressed state than non humeamonal cell lines. To date our

findings are in line witlthese previous reports.

Although exogenous expression of ICP0O caused tbevesy of virus, spontaneous
reactivation of virus could be also initiated byn@val of the cells from the selective

pressures of serum starvation and temperature telavanterestingly, low level
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spontaneous reactivation has also been reportedopsty in quiescent systems.
Additionally, low levels of viral production in ralit ganglia causes shedding of virus
which is contained by host immunity and asymtomatliedding routinely occurs in
infected humans (Feldmaat al, 2002; Margoliset al, 2007). Therefore our results
with regard to low level reactivation in culturesenroved from their selective
pressures likely reflect the natural dynamic stdtelSV-1 in-vivo where the virus is
spontaneously produced at low levels, but is colig prevented from causing a
large scale productive infection by the hosts imityunin agreement with this
hypothesis is the fact that when quiescently if@ctultures were removed from
elevated temperature and maintained in 5% humamsénat contains neutralizing
antibodies, spread of virus from this smpbpulation undergoing spontaneous
reactivation was prevented (Figure 3.1.23).

The main motivation in designing a quiescence moda$ to characterize what
bearing HSV-1 quiescence and reactivation has dinlare processes such as cell
signalling and translation. For our model to beeabl detect cellular changes caused
by the virus at various stages of its life cychee majority of the culture needed to be
harbouring quiescent virus which could be viablgaterated. Through the use of
Human serum during reactivation it was possibleetactivate virus and drastically
reduce secondary spread of the virus to uninfecédld. This approach allowed for a
more accurate quantification of cells harbouringctvating virus. From results
illustrated in figure 3.1.22 it was shown that wheinus was reactivated in the
presence of Human serum there was a reductioreiarniount of Us11 accumulation
relative to cultures reactivated in normal serumisTalong with metabolic labelling
showing that cultures reactivated in human seruoh &xa amalgam of cellular and
viral proteins being expressed simultaneously ssiggethat secondary spread was
indeed being suppressed. This allowed us by indinemunfluorescence to quantify
that 40- 60% of the culture was harbouring reattigavirus. Therefore this model
provides an amenable tool to study wild type HSgtliescence in human cells,
whereby the relatively simple selective pressureseyum starvation of primary
normal human diploid fibroblasts and temperatuevaion results in inhibition of
productive infection and the establishment of queese. Importantly, the model can
use different strains of HSV-1 with the provisotthi@e correct elevated temperature

must first be elucidated to inhibit replication. &ddition, as the majority of the

175



culture can be quiescently infected without causiefjular stress, this allows for
population-wide scale occurrences to be readilyeaable by experimentation.
Furthermore, the use of human serum allows foredection of secondary spread of
virus post reactivation. Consequently, this featfréhe system therefore confers the
capacity to differentiate between events associatéd reactivation from those
related to secondary spread of the virus. As stiuls, approach can be used to

illuminate the mechanistics controlling the varictsges in the life cycle of HSV-1.
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4.3 The role of host signalling in reactivation:

The control of cell signalling pathways during Vin@plication is of paramount
importance to the resulting fate of viruses wittlie host cell. During HSV-1 lytic
infection, the activation of the p38 mitogen-actadh protein kinase (MAPK)
signalling pathway is onserved. This MAPK pathwayknown as a stress-activated
protein kinase (SAPKs) due its involvement in coliitig cellular responses to
various types of stress. Studies have discove@d B8 becomes activated as early as
3 hours postinfection during the initial stagesH8V-1 Iytic infection and peaks at
about 6 to 8 hours postinfection (McLean, Bachemleeil999). The activation of this
SAPK signalling pathway appears to be importantrformal viral replication since
the presence of the pharmacological inhibitor E&RI§ to a large drop in viral yields
wheb cells are infected at low multiplicity but Hade impact when large input doses
of virus are used (Walsh, Mohr 2004). The timingh@ p38 activation suggested that
an IE gene product might be responsible for injpid8 stimulation as IE proteins are
present at high levels at 3 hours postinfectiomdXient with this are studies which
have shown that ICP27 is required in the contexti infection for activation of
the SAPK pathways (Hargett, McLean & Bachenheim@05). While host p38
signalling pathways exploited by Herpes Simplexu¥itype 1 during lytic replication
are relatively well characterized, little is knovatout kinase pathway activation
during reactivation from the non-productive stafeqaiescence. Considering that
viruses manipulate protein kinase signalling nekwowithin host cells for the
primary purpose of hijacking critical cellular furans to facilitate their replication, it
was decided to characterize the activities the EERH P38 kinase pathways during
HSV-1 quiescence and reactivation from quiescersieguthe model described in

figure 4.1.

4.2.1 The role of ERK and p38 in HSV-1 reactivation

To characterize the activities of these pathwaysmgdueactivation it was required to
pinpoint the moment of viral reactivation subsequenlCPO transduction. A kinetic
analysis of reactivation was illustrated by metablalbeling and showed that while at
34 hours post transduction cells were producingarily cellular proteins, there were
four bands visible which migrated to areas of tkevghere viral proteins are observed
in cultures supporting complete reactivation ahd8rs post infection (Figure 3.2.1).
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Upon analysis of viral antigen expression at vaitimepoints post reactivation, it
was found that by 24 hours, ICP0O was not being yred in either the quiescent or
reactivated cultures and levels of ICP4 in the treated cultures were similar to
those observed in quiescently infected cultureguifé 3.2.2), indicating that the virus
had not yet reactivated. The fact that ICP4 wasresged during quiescence
correlated with the results garnered in (Figurel2)l At 34 hours post reactivation,
there was robust ICPO accumulation which coincideth the expression of
immediate early ICP4 and processed ICP22. Thisgalaith expression of the leaky
late protein ICP5 suggested that the viral genamptication was progressing, and
when Usll was analyzed it was found that small antsoof these proteins were
already being produced. By 48 hours post reactiwadlil viral antigens analyzed were
being robustly expressed. These results suggesiad the initial processes of
reactivation occurred upon ICPO production somewletween 24 and 34 hours post
reactivation (Figure 3.2.2). It was likely that tip®pulation of quiescent virus
reactivated in a relatively synchronous mannernasiunofluorescence analysis of
reactivating cultures showed no viral antigen stgmat 24 hour post reactivation
whereas by 30 hours post transduction approximadéBt of the cultures were
expressing both ICP4 and ICP5 (Figure 3.2.3).

With at least 40% of the culture reactivating by B@urs post infection, it was
possible to observe changes in signalling actwitoe the duration of the initial stages
of reactivation. Western blot characterization 88mnd ERK activity in quiescent
cultures showed that although p38 was unaffecteyrisingly ERK activity was
suppressed relative to mock infected cultures satgge that quiescence has a
suppressive effect on this pathway. Converselygactivated cultures it was found
that MEK-ERK signalling was modestly stimulated idgrreactivation from a non-
productive state at the 34 hour time point. Asreeectivation progressed ERK activity
was suppressed and p38 stimulated most likely @tiget production of ICP27 (Gillis,
Okagaki & Rice 2009; Hargett, McLean & Bachenheir2@05). The maintenance of
ERK activity at early stages of infection was sigipg given it has no role in HSV-1
lytic replication, as NHDFs that had been subje¢ted mock quiescent infection i.e
serum starvation and temperature elevation pri@ kgtic infection at 37°C showed
that ERK activity was not required and was in feagressed during Iytic replication

(Figure 3.2.5). This result was in agreement witvpus reports which have shown
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that the activity of host MEK-ERK signalling pathysa are stifled during lytic
infection within a number of cell lines and ERK ibitors do not suppress lytic
replication (McLean, Bachenheimer 1999; Walsh, M@604; Sloanet al, 2006;

Santamari@t al., 2009).

These differences in MEK-ERK signalling activitieduring lytic replication,
quiescence or reactivation from quiescence suggiettiat distinct contextual
requirements exist for ERK depending on the stagkl®V-1 infection. This was
confirmed when quiescent virus was controllablycteated by Ad-0 transduction in
the presence of either MEK-ERK or p38 pathway irtbils to see what affects these
drugs would have on viral antigen accumulation.

The presence of U0126 caused a reduction of IGEB22 and Us11 at both 34 hours
and 48 hours post transduction whereas SB203580 rimaceffect on antigen
accumulation (Figure 3.2.7). This reduction of gati accumulation by ERK
inhibition was also seen in cells reactivated i® thresence of human serum
containing neutralizing antibodies, indicating thiae reduction observed was not
caused by a inhibition of secondary spread to ewiefl cells within the culture
(Figure 3.2.10).

The capacity of U0126 to suppress viral reactivatiwas also confirmed by
immunofluorescence which showed that the amouceld staining positive for both
ICP5 and ICP4 was reduced in cultures reactivategtie presence of U0126 relative
to cells reactivated in the presence of DMSO (Feg8r2.8). Additionally, it was
discovered that when viral progeny production waangified from Ad-O reactivated
cultures, in contrast to SB203580, U0126 causedOafold reduction of virus
production compared to DMSO treated samples (FigLz®).

Whereas controllable reactivation is facilitated tsgnsduction with adeno viral
vectors coding for ICPO, a key feature of our gueese model was that it also
allowed the study of spontaneous reactivation, kvhigost likely reflects more
accurately the processes of reactivation in-viiis Bspect of the model also allowed
us to discount that the suppression observed wasdue to a defect in Ad-O
transduction caused by UO126. Consequently, tteetadf ERK inhibition on viral
accumulation was investigated and was found to laswveven more robust effect on

spontaneous reactivation than controllable reattima(Figure 3.2.12). Spontaneous
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reactivation of HSV-1 in cells treated with eithehibitor showed that expression of
both ICPO and Us11 was reduced by both U0126 art0$&B0. Furthermore it was
found that U0126 significantly reduced spontanewativation relative to DMSO
with a 1200 fold reduction of infectious progenyda8B508230 had a 1000 fold
reduction (Figure 3.2.13). In addition, immunoflescence analysis illustrated that
ICP5 expression was not evident in cultures reatgv in the presence of U0126 or
SB203580 (Figure 3.2.14).

Although HSV-2 encodes ICP10, a ribonucleotide ctalse (R1) protein that blocks
apoptosis in cultured hippocampal neurons by atttigahe extracellular signal-
regulated kinase (ERK) survival pathw@erkinset al.,2002) no reports have shown
that its homologe in HSV-1 (ICP6) has a similareeffon ERK signalling. Whether
an as-yet unidentified viral protein can activat®RKE specifically during the
reactivation process is unclear, but it is likdiattthe ERK phosphorylation observed
at 34 hours post reactivation reflects metaboliangfes in the host cell during
reactivation of the dormant viral genomes. Intengbg, microarray studies have
shown that the onset of HSV-1 reactivation eliatsvide range of responses in the
host cell, identifying MAPKSs, including ERKs as bgi rapidly induced upon
reactivation in ganglia explanted from latentlyaated animals (Singeat al, 1998;
Tsavachidouet al., 2001; Hill et al, 2001; Kent, Fraser 2005; Schang, Bantly &
Schaffer 2002). These reports would seem to sugtpst cellular responses are
exploited by the virus to facilitate early eventsthe reactivation of the repressed
genome. Indeed, during reactivation of HSV-1 witbkplanted ganglia both Cdk1/2
have been shown to be induced (Schang, Bantly &affah2002). Interestingly,
Cdk1 has recently been shown to activate ERK andiet have also reported ERK
dependent phosphorylation of Cdk2, suggestingdbiplicated feedback loops exist
between Cdk activity and ERK signalling (Lerdgs al, 2002; Borysov, Guadagno
2008). Also it has been reported that the cyclipeshelent kinase inhibitor roscovitine
inhibits the transactivating activity and alters tposttranslational modification of
ICPO (Davido, Leib & Schaffer 2002). AdditionallgRK activity has been shown to
be involved in the reactivation of other herpesiss (Changt al, 2006; Forcet al,
2006; Fahmet al, 2000;Fukudaet al, 2002), and a number of chemical treatments
understood to reactivate HSV-1 both in-vitro ands/ivo are known to activate ERK
signalling (Smithet al,, 1992; Froset al, 1994; Bartoliet al, 2003; Danaheet al,
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2005; Terry-Allison, Smith & DelLuca 2007; Warey al, 2008). These findings
illustrate that although the exact contributive heatsms for HSV-1 reactivation
remain unclear, they may be analogous to the rdéyed by TPA mediated
reactivation of KSHV (Cohen, Brodie & Sarid 2008)hile it remains to be
elucidated how ERK is activated, our results dertrates its functional role in the

initial stages of HSV-1 reactivation.

The requirement for activated p38 during the ihgtages of lytic infection has been
demonstrated during previous studies (Zachos, Glesn& Conner 1999; Hargett,
McLean & Bachenheimer 2005; Hargett, McLean & Batteemer 2005). During the
characterization of HSV-1 reactivation in this stud was found that p38 was
activated at 34 hours post transduction with Adi@ this activation of p38 coincided
with the expression of early and mid phase protefthough this pathway is not
essentially required during viral replication dgrihigh multiplicity infection, it does
play a role during low level lytic replication argpread (Walsh, Mohr 2004). In
agreement with these previous findings, our resldtaonstrated that p38 did not play
a significant role in the reactivation process unmmnditions of efficient reactivation
when the culture was transduced with Ad-0. Howewdren spontaneous reactivation
was allowed to occur, a process resulting in asymgdus disparate reactivation,
where low levels of reactivation and secondary apreccurs randomly and
inefficiently throughout the culture, it was obsedvthat p38 inactivation resulted in
the reduction of viral antigen accumulation aneatious virus production within the

culture.

This disparity between the ability of HSV-1 to riepte during controlled reactivation
and the inability to accumulate virus during spoetaus reactivation when in the
presence of SB203580 likely reflects the need f88 ginase activity during low
multiplicity lytic spread but also may be due toedi effects on virus reactivation. As
spontaneous reactivation is a highly inefficienbgass compared to that of Ad-0
mediated reactivation, p38 might play a subtle inyortant role in the biology of
HSV-1 during sub optimal conditions. Indeed, p3&cdsivated by a variety of stimuli
in vivo, with stress being the main contributorgtta (Kumar, Boehm & Lee 2003).
As spontaneous reactivation is a dynamic evei, fiequently occurring in vivo but

contained by the hosts immune system thus pregifitaguent symptomatic lytic

181



replication in mucosal epithelia (Feldmah al, 2002; Sackst al, 2004; Gilbert
2006; Margoliset al, 2007). Consequently, under conditions of phygjaal stress it

is thought that a reduction in immune function gfside an increase in the efficiency
of spontaneous reactivation can result in a gregttance of opportunistic re-entry
into the productive stage viral replication and pB8y play a subtle but important
role in this process. It may also be possible thatprocesses governing spontaneous
and controllable reactivation differ. Indeed, thetern of gene expression observed
during primary lytic infection has been reported be at variance from that of
reactivation from quiescence (Danaher, Jacob &avlibctober 2006). Additionally it
has been observed that chemical treatments andusaHSV-1 viral proteins can
trigger reactivation both in-vitro and in-vivo (Haitd et al, 2001; Miller, Danaher &
Jacob 2006; Preston 2007), suggesting that thes vden exploit many different
environmental cues to initiate reactivation throutjfierent routes. Indeed, evidence
that ICPO is not required for reactivation in vilras been reported previously
(Thompson, Sawtell 2006). Therefore if spontane@astivation occurs through a
process which is distinct from the processes imewlvin ICPO controllable
reactivation, the fact that U0126 suppresses bgbntaneous and controlled
reactivation adds emphasis to the central impoeaidMEK-ERK signalling during
HSV-1 reactivation, and possible roles for p38istidct processes.

4.2.2 The role of Mnk and mTORC1 in HSV-1 reactiation.

As described previously, HSV-1 increases mTORC1 88 cell signal pathway

activities during lytic infection (Walsh, Mohr 200Walsh, Mohr 2006). We had also
demonstrated that both ERK and p38 were requiremhglspontaneous reactivation
from quiescence. Considering that these kinaseth Hwve a function in

phosphorylating the Mnkl kinase which is known toogphorylate elF4E and
enhances translation (Bianchiet al, 2008), we decided to inhibit Mnk and
MTORC1, a serine/threonine protein kinase whosetgtkes are p70-S6 Kinase 1
(S6K1) and 4E-BP1 during virus reactivation. Bygeting both kinases we hoped
clarify if the downstream targets of ERK, p38 and®RC1 that regulate translation

were required for reactivation from quiescence.

Upon reactivation in the presence of either the Mitkhibitor, CGP57380, or the
MTORCL1 inhibitor, Rapamycin, it was discovered thmith kinase inhibitors
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suppressed controlled and spontaneous reactivatbam quiescence (Figure 3.2.16,
3.2.17). Rapamycin proved to be the more potenbitan of the two, suggesting that
the disruption of elF4E-elF4G by 4E-BP1 sequestratiof elF4E reduced

accumulation of viral antigens and infectious progeroduction during reactivation

more so than the inhibition of elF4E phosphorylatiand agrees with the commonly
held understanding of elF4E phosphorylation havangmore subtle regulatory
function compared to sequestration of elF4E by 4E-Bhis suggested that targeting
the formation of the elF4F complex directly may &eiable therapeutic target in

preventing HSV-1 viral reactivation.
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4.3 The role of initiation factors in HSV-1 reactiation

The importance of translation as an essential nmesimain the conversion of genes to
protein for either host cells or invading viruseanegot be understated. The
convergence of dependence is evident by the cotigpetior translation factors
between host cells and virus during infection. Duehis dependence on translation
for both cell viability and productive replicatiarf virus, questions relating to the
suitability of targeting translation therapeutigato inhibit viral replication have
remained unclear. Over the past decades our uaddisy of the mechanistics of
translation regulation, and consequently, the &fet its deregulation has improved
greatly. The result of this understanding has lberdevelopment of small molecule
inhibitors which suppress translation initiationheéBe inhibitors have included
Rapamycin, which binds the cytosolic protein FKebing protein 12 (FKBP12) and
inhibits MTORC1 (Dowlinget al, 2010), Torinl, which is a highly potent and
selective ATP-competitive mTORC inhibitor that ditlg inhibits both mTORC1 and
MTORC2 complexes and impairs cell growth and peddifion to a far greater degree
than Rapamycin (Thoreest al,, 2009) and NSC119889, a compound phavents the
association of elF2 with Met-tRNA* (Robertet al, 2006).

As our understanding of the detailed mechanistigratein synthesis has increased,
it has become apparent that mMRNAs may have distegiirements for initiation
factors to mediate their translation. Previousorephave shown that the degree of
complexity in the 5° UTRs of mMRNAs may play an innfamt role in whether their
translation is affected when elF4F is modulateduc®arally complex mRNAs have
been found to be dependant on high levels of fonally active elF4F while
abundant housekeeping mMRNA with little 5 UTR coexity are relatively
insensitive to modulations in the activity of tliemplex (Coldwell, Morley 2006;
Ramirez-Valleet al, 2008). Additionally, investigations into the pénsability of
components within elF4F have shown that many iotemas within the complex are
not required to maintain significant rates of glopeotein synthesis, indicating that
this complex could play more a regulatory ratheanttessential role in translation
(Hinton et al, 2007). With these developments in understanding, potential for
suppressing tumor growth through inhibition of dfF#h a safe manner has gained

recognition and driven the search for small molesuihat exclusively target this
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complex. One of the most promising inhibitors fduecently was 4EGi-1. 4EGi-1
was discovered by high-throughput in vitro scregrfior molecules that can bind to
elF4E, and has been identified as a drug that qootentially prevent the interaction
between elF4G and elF4E (Moer&eal, 2007). As cancer cells have been shown to
rely on high rates of translation, this small malecinhibitor has been proposed as a

potential anti cancer drug.

Given recent findings which showed that DNA virusésulate elF4F we wanted to
test the effects of 4EGi-1 on viral replication (Mg Mohr 2004; Walslet al, 2008;
Ariaset al, 2009; Castellat al, 2009). However, the potential effects of 4EGiith
regard to ongoing translation in normal cells hatl meen investigated and therefore
must be considered if it is to be used therapdiyic&Vith this in mind we
endeavoured to investigate the effects of tramsiathibition with regard cell stress
tolerance, cell viability and finally what effedtis drug had on replication of both the

HSV-1 and Vacinna virus.

During our initial characterisation of 4EGi-1, matéic labelling experiments of cells
which had been treated with increasing concentiatiof 4EGi-1 showed that the
effective concentration to suppress translatioowealetectable levels was between 30
and 5@M. This concentration was much lower than that usegrevious reports
which showed that concentrations between 50 andiMO&nd even higher were
needed to disrupt elF4F complex formation (Moexkal, 2007; Faret al, 2010).

The characterisation of initiation factor abundareed of the activity of cell
signalling pathways which impart translational cohtllustrated that 40M 4EGi-1
does not alter the levels of elF4E, PABP or elF4@ hoth the Mnk regulating
kinases: ERK and p38 pathways remain unaffectethguranslational suppression
(Figure 3.3.2). Interestingly the mTOR substra®$6K, was slightly stimulated and
may represent a failsafe mechanism whereby whaeslaton is suppressed to below
a certain threshold a feedback loop involving mTiQRctivated. In agreement with
this explanation is a report showing that upon ayekimide treatment mTOR1
signalling is activated and that the change in mT&Bnalling was inversely
proportional to alterations in the expression a# #hort lived mTORC1 repressor,
REDD1 (Kimballet al, 2008). In addition to p70S6K activation, a smiatlrease in
the phosphorylation of 4E-BP1 was also observee félot that p70S6K was more
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stimulated than 4E-BP1 could be due to the fadt4B&5i-1 was reported in the initial
characterisation paper to cause an accumulatiglEeBP1 on elF4E. This tripartate
interaction may prevent 4E-BP1 phosphorylation #ng explain why one substrate
of MTORL1 is more phosphorylated than the otheaddition, the regulator of global
translation initiation (elF2) was assessed and found to have a phosphorylation
profile identical to DMSO treated samples. Thisnglowith the absence of p38
activation suggested that even though the cellse weanslationally suppressed,

cellular stress was not occurring.

elF4E phosphorylation was also analysed as anatalioof 4EGi-1's capacity to

prevent elF4E/ elF4G binding and iso-electric fasggiemonstrated that 4EGi-1 had
no effect on elF4E phosphorylation (Figure 3.3)is result indicated that elF4E/
elF4G binding was still occurring and during suhsag cap pull-down experiments
in both NHDF and Hela cells it was shown that 4BEGiid not prevent elF4E/ elF4G

binding to any large degree.

4EGi-1 at concentrations sufficient to inhibit gédlranslation was found to modestly
stabilize the interaction of 4E-BP1 with elF4E bid not affect the binding of elF4G
to any significant degree (Figure 3.3.3). In linglmthese data are numerous studies
which have shown that modest changes in 4E-BPlirigrid elFAE are insufficient to
elicit changes in elF4F levels in many cell typesluding NHDFs (Walsh, Mohr
2004). This is most likely due to the differencasthe relative amounts of each of
these proteins. In agreement with this was the tfaat high 4EGi-1 concentrations
were previously reported necessary to achieve fo®lF4F disruption (Moerket
al., 2007). During our initial experiments, disruptiof elF4F was evident in NHDFs
at higher 4EGi-1 concentrations but was coincideith the onset of cytotoxicity.
Therefore it is unknown whether the drug was disngpelF4F or if the disruption
observed was due processes associated with cel.desken together our findings
demonstrated that 4EGi-1 suppressed translationcomicentrations below the
concentrations needed to cause a disruption toFelfddeed, a reduction of elF4F
levels does not necessarily confer a reductiorrasfsiation rates in cells, as during
cap pull-down analysis of initiation complexes froglls which had been treated with

Torinl, it was found that Torinl treatment causeolaust dephosphorylation of 4E-
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BP1 in input samples, which correlated with a larggease in the association of 4E-
BP1 with elF4E and an associated loss of elF4E@IBihding, resulting in a robust
disruption of elF4F. However, Torinl only had a rasideffect on translation rates
relative to 4EGi-1 treated NHDF and Hela cells (ffeg 3.3.6) and was consistent
with recent reports which documented the effedtSTarinl on elF4F and viral
protein production in Herpesvirus infected cellso@viman, Shenk 2010). These
results seem to indicate that when 4EGi-1 is usdbealower concentrations it may
confer small fluctuations in elF4F at undetectdblels, which may have specific
effects on the translation of structurally compieRNAs (Moerkeet al, 2007), but
the powerful effects of this inhibitor on globahmslation appear to be largely caused

by an alternative mechanism independent of thelEe&4G interaction.

It was shown in previous reports that 4EGi-1 disedpelF4F complexes in vitro and
in vivo, but at relatively high concentrations (Mkeet al, 2007; Faret al, 2010).
Although a number of properties of this compoundenglucidated during its initial
characterization, questions of whether 4EGi-1 mayehauxiliary effects on the
processes of translation arose due to the factsttimhibited translation and reduced
the growth of cell lines at concentrations lowearththose required to disrupt elF4F.
Additionally, 4EGi-1 affected the translation of MRS containing reporter
constructs which employ Internal Ribosome Entresifrom Encephelomyocarditis
Virus (EMCYV) or Hepatitis C Virus (HCV) and there&do not require elF4F but did
not affect the translation of a mMRNA containing tbecket Paralysis Virus (CrPV)
IRES, which is distinct from both the EMCV and HIRES elements in that it drives
ribosome recruitment and translation initiatioraimanner that is independent of both
elF4F and elF2 (Sarnow, Cevallos 2005; Wilson.2@00).

We therefore examined the levels of other companehtthe translation initiation
complex that forms on elF4F. It was found that 4EGhad no effect on the
abundance or association of elF3A, a componenheffinctional core of the elF3
complex (Masutanet al, 2007), but did increase the binding of the 4ik®somal
protein, RPS3. In addition to the aforementionestgins, elFa was examined due to
its central role in regulating global protein syedls. Similar to whole cell extracts
(Figure 3.3.2), input samples demonstrated that i4dE@id not induce elR2
phosphorylation (Figure 3.3.3). However, large anmsuof phosphorylated elk2
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were found in complexes isolated from 4EGi-1-trdatltures. Overall these
findings suggested that this compound increased absociation of ribosomal

complexes containing phosphorylated inactive elR@ elF4F.

A recent report demonstrated that L{BD4EGi-1 inhibited translation in HelLa cells
with only a small induction of cellular stress owar 8 hour period, but the levels of
elF4F complex formation were not investigated (Mokgaal, 2009). We therefore
treated HeLa cells with 6 4EGi-1 and first confirmed that this concentrat@so
suppressed translation. Subsequently it was fobhatithe composition of initiation
complexes in HelLa cells treated®0 4EGi-1 for 4 hours were similar to the those
found in NHDFs, the levels of translation initatifactors and RPS3, as well as the
phosphorylation of elR2 in input samples remained unaffected in 4EGi-at&d
samples (Figure 3.3.4), whereas analysis of 7-MetBYP-bound complexes
demonstrated that 4EGi-1 had no significant eftacthe association of elF4E with
elF4G, or with elF3A, but did increase the assommabf RPS3 and phosphorylated
elF20, suggesting that phosphorylated elF&zcumulation was not cell-type specific.
This effect was also observed in samples treateéd @ikEGi-1 purchased from an
independent source (Figure 3.3.5), demonstratiagttie effects were not limited to

4EGi-1 sourced from Calbiochem.

While the exact mechanisms behind the accumulatibrphosphorylated elfe2
remain unclear, this occurrence may explain how i4E(hibited the translation of
MRNAs containing reporter constructs driven by phetomyocarditis Virus
(EMCV) or Hepatitis C Virus while being unable teepent translation of mRNA'’s
containing the Cricket Paralysis Virus (CrPV) IRHSalso may explain why this
inhibitor supresses translation and reduces growthcells at relatively low
concentrations. Indeed, a previous report has shban4EGi-1 potently inhibited
global translation in HelLa cells and resulted ia #tcumulation of 80S ribosomes,
which was not observed when elF4E levels were éxgatally reduced (Mokast
al., 2009). 4EGi-1 may cause defects in the dissociand recyling of both elF4 and
elF2 that normally occurs during ribosome assendrlg translation initiation, or
alternatively may increase the abundance of ina&i¥2-bound ribosomes. Potential
effects on correct elF2 translocation and releasing the formation of the 80S

ribosome and the onset of translation might alsavith the polysome profiles of
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Mokas and colleagues (Mokas al, 2009). While it remains to be determined how
4EGi-1 mediates this effect, it may be analogoulsaw 4EGi-1 stabilizes the elF4E-
4EBP-1 interaction. This finding offers an explamatwhy this inhibitor affects
global translation and cell growth at concentratidrelow those needed to disrupt
elF4F. As such, this is an important functional sidaration if 4EGi-1 is to be

considered a as tool to study elF4F as a therapagént.

During the initial characterisation it was obsenthdt extensive dialysis of 4EGi-1
reverses its interaction with elF4E, but the reddity of its effects on translation
had not been examined (Moerlaet al, 2007). During our investigations we
discovered that translation was restored in NHDpsnuremoval of 4EGi-1 as
illustrated in figure 3.3.10, which shows the ampooh [**S]-Methionine/Cysteine
incorporated into proteins increased with incregdabelling time and was potently
reduced in the continuous presence of 4EGi-1. Hewein cultures where the
inhibitor had been washed out, only a very smalduotion in [°S]-
Methionine/Cysteine incorporation was observedrafi@ minutes labelling, while
after 30 minutes no significant differences werseasbed (Figure 3.3.5),, illustrating
that the effects of 4EGi-1 were very rapidly revudes in cultured cells. Given the
reversibility of effects on translation upon 4EGteimoval we examined whether its
effect on RPS3 and elk2association with cap complexes were also reversabld
found that the increased association of RPS3 amdpbtorylated elR2 was also
reversed when 4EGI-1 was omitted from buffers dytime final wash stages of the
assay after recovery of cap-bound initiation comgde Overall, these findings
demonstrate that the effects of 4EGi-1 on both utall translation and the

composition of initiation complexes are rapidly eesible upon drug removal.

As 4EGi-1 had no obvious effects on NHDF morpholagier 1 day, we then

examined more prolonged exposure to this inhibiRyevious studies demonstrated
that 4EGi-1 inhibited cell growth or induced apaps$oin different cell types over 3-7

day periods (Moerkeet al, 2007; Tamburiniet al, 2009), suggesting that this
inhibitor is relatively stable in culture. In agreent with these reports, when low
density cultures of NHDFs were treated withuWD4EGi-1 it was found that the drug
completely inhibited cell growth at least 3 dayg(ffe 3.3.11). When samples were
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metabolically labelled after 4 hours, 1 day and &ys] TCA precipitation
demonstrated that rates of translation were redtewé&do of control samples by 3-4
hours post-treatment while continued exposure @i4Efurther reduced rates to 1%
of control samples at the 8 day time point. Thereegand global nature of
translational suppression at 8 days post-treatiwastevident on autoradiographs of
samples resolved by SDS-PAGE but despite this, \dability, as determined by
trypan blue exclusion remained unaffected afteasdFigure 3.3.13). In addition,
the structural integrity of both the cell and thatira cytoskeleton in 4EGi-1 treated
cultures were found to be similar after 8 days rehtment as the DMSO treated
control cultures (Figure 3.3.15), although the msigy of staining in inhibitor-treated
cells was modestly decreased, in line with gengealreases in protein abundance in
these cells (Figure 3.3.14). In addition, remafa4EGi-1 from cultures resulted in a
substantial restoration of translation rates witjoist 30 minutes, demonstrating that

cells remained viable and the effects of this irtbitremained reversible.

The cytotoxicity observed when cells are treatetth Wwigher concentrations of 4EGi-1
suggested that primary cells can exist with a lasab level of protein production but
below that threshold the cell cannot sustain vigbilndeed, above this threshold it
was found that cells not only remain viable buaietd the ability to tolerate stress as
evident by Hsp70 accumulation in 4EGi-1 cells exgubso distinct chemical and
thermal stresses. 4EGi-1-treatment in the absehstress had no effect on Hsp70
expression, further demonstrating that 4EGi-1 doascause cellular stress at this
low concentrations and that Hsp70 accumulation as sensitive to inhibition of
global translation. Therefore Hsp70 accumulationlikely to be controlled by
additional mechanisms during stress responsesestiiegly, translation of Hsp27 and
Hsp70 mRNAs have been shown to be enhanced rdtherrepressed when elF4F
components are depleted in HelLa cells (Joshi-BddeeBenedetti & Rhoads 1992).
As 4EGi-1 did impair Hsp27 accumulation (Figure .B63 3.3.17), this further
suggests that 4EGi-1 affects Hsp27 accumulatioanirelF4F-independent manner.
Interestingly the accumulation of Hsp70 that waensie 4EGi-1 treated cells during
stress could be explained by a previous reportdbatonstrated selective synthesis of
Hsp70 occuring during stress conditions which @litated by sequences specifically
found in the 5 UTR of Hsp70 mRNA (Yueh, Schnei@@00). These sequences may

confer an advantage in competing for low levelsacfive initiation complexes.
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Alternatively, the accumulation of Heat shock pia¢emay be the result of alterations
in protein stability, or conversely, increases lie expression or stability of Hsp70
MRNA. The latter would give Hsp70 mRNA an advantager other transcripts to

compete for initiation complexes available in thedl.cin any case, these findings
demonstrated that extensive exposure to 4EGi-1ndidadversely affect the cells

overall capacity to tolerate diverse stress coondibut it did alter the accumulation
of specific Hsps, this raised the possibility tthet drug may be a viable therapeutic to

suppress viral replication given their dependencéast translation.

Currently, the only antiviral treatments preseraisailable to treat HSV-1 are based
on conversion of nucleotide analogues to cytotdeitns by the viral Thymidine
Kinase (Elion 1993). Consequently, the selectivespure of widespread use has
caused the emergence of drug-resistant strainglA\&1 replication depends on the
host cells translational machinery for productidnvival proteins, manipulation of
MRNA translation may prove an attractive antivethtegy. Indeed, the inhibitors of
Mnk and mTOR which reduce the capacity of the telitranslate mMRNAs were
recently shown to reduce herpes virus lytic repiiicaand viral reactivation from
guiescence, which suggests the importance for eletivity during both stages of
viral lifecycles (Walsh, Mohr 2004; Walgt al, 2005; Arias et al. 2009; Moorman,
Shenk 2010).

Upon investigation of the antiviral potential afgeting translation it was discovered
that 4EGi-1 robustly inhibits both spontaneous eodtrolled reactivation of HSV-1

from quiescence as illustrated by readily deteetéblels of early (ICP4), mid (ICP5)
and late (Usll) stages proteins in samples from OM®ated cultures while levels
of these proteins remained completely undeteciabl&Gi-1-treated samples (Figure
3.3.20). It was also found that the levels of itfees progeny produced during
controlled reactivation were undetectable in celutreated with 4EGi-1 (Figure
3.3.21).

In contrast to the process of virus reactivatiamfra quiescent state within the cell,
infecting viral particles that establish a produetiytic infection contain within the
tegument layer a plethora of viral proteins whoaeous functions manipulate the

host cell environment to ensure the rapid onsefffafient viral replication (Karupiah
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2002). We therefore tested the efficacy of 4EGgaiast the lytic phase of HSV-1
infection and discovered that while @@ 4EGi-1 had only modest effects, 8@ and
40uM concentrations caused an increasingly effectiwepsession of viral protein
synthesis. When the abundance of viral antigensanal/sed in the same samples the
accumulation of HSV-1 proteins was reduced in aeditependent manner, reaching
undetectable levels at @Bl 4EGi-1 (Figure 3.3.24). The effects on antigen
accumulation were reflected in the levels of viu®duction in inhibitor-treated
cultures infected at m.o.i. 5 for 11 hours, witbgb in 4@M 4EGi-1-treated cultures
declining to just 400 infectious particles per owdt a 1 million fold reduction
compared to DMSO controls (Figure 3.3.25). Addisityy when 4EGi-1 was added
to cultures mid-way through infection it potentlyppressed protein synthesis and
reduced the accumulation of late proteins which dependent upon ongoing
translation. This demonstrates that the inhibit@swcapable of interfering with
protein synthesis even in an established infectiod that its effects were not due to

defects in viral entry.

Although 4EGi-1 potently suppressed rates of pnowinthesis, some viral protein
synthesis was evident when 4EGi-1 was added at hseyin infection. HSV-1
encodes numerous proteins that interact with elFgi64A, PABP and ribosomal
proteins in addition to encoding proteins capalilenodulating both the activity of
elF2 kinases and directly influencing phosphateduer on elF2 (Diazt al, 1993;
Feng, Everly & Read 2001; Fontaine-Rodrigwtzal, 2004; Larraldeet al, 2006;
Walsh, Mohr 2006). Future work might aim to elu¢elevhether any of these proteins
might partially lessen the effects of 4EGi-1 atlatages of infection.

To determine the contribution of elF4F to HSV-1tpio synthesis and accumulation,
we then examined the effects of Torinl during ititet In agreement with previous
reports (Walsh, Mohr 2004), HSV-1 activated mTOR arduced phosphorylation of
4E-BP1 in input samples and resulted in a lossEoB®1 associated with elF4E in
cap-bound samples (Figure 3.3.26). In contrastinIdreatment resulted in a robust
dephosphorylation of 4E-BP1. This was accompanied bobust decrease in elF4G
binding to elF4E compared to the DMSO-treated abnfFigure 3.3.26). Upon

analysis of effects of Torinl on rates of host ardl protein synthesis metabolic

labelling illustrated that Torinl reduced rategrahslation in both mock and infected
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samples to comparable degrees, suggesting thaahdstiral mMRNAs have a similar
requirement for elF4F activity. However, the extehtepression was not as dramatic
as that observed for 4EGi-1 (Figure. 3.3.28).

When a comparison analysis on the effects of baothibitors was conducted in
relation to the production of viral proteins, it sveound that Torinl caused a notable
reduction in the accumulation of viral immediatalgaroteins and late proteins
detected with anti- HSV-1 antibody. These resul&senin agreement with a recent
report detailing that Torinl disrupted elF4F, whigneas shown that Torinl reduced
HSV-1 replication by approximately 100-fold (MoormaShenk 2010). However, it
should be outlined that those experiments wereopedd in mouse embryo fibroblast
cells that were infected at m.o.i. 0.05 for a peérof 3 days. Therefore the viral
growth defects observed may have been amplifiethéfficient secondary spread in
Torinl-treated cultures. Nevertheless, our findiags in agreement with this report
and suggest that although elF4F is important foximal rates of translation, as
significant disruption of this complex does not exbely affect HSV-1 protein
synthesis to a major degree. In contrast to Torgakth of the viral antigens tested
were undetectable in 4EGi-1-treated samples. HSNfdction resulted in mTOR
activation and phosphorylation of p70S6K, which wext only inhibited but was
reduced to below basal mock-infected levels in pinesence of Torinl (Figure
3.3.28). In addition p70S6K phosphorylation in seihfected with HSV-1 in the
presence of 4EGi-1 remained the same as in DMSAEGi-1-treated mock-infected
samples, which was most probably the result off#iilare of the virus to establish
lytic infection and produce the proteins requirecttivate mTOR.

We also examined whether 4EGi-1 was potentiallgative against other viruses.
Vaccinia Virus (VacV) is a large, complex, doubteaaded DNA enveloped virus
belonging to the Poxvirus family and is the laborat prototype for Poxvirus

infection (Knipeet al, 2007). Compared to other human DNA viruses, Rages are

unique with regard their life cycle as they repécaxclusively in the cytoplasm of
infected cells. To confirm if 4EGi-1 can inhibitettreplication of viruses other than
HSV-1 we then tested its effects on VacV. Uponttreat of NHDFs with increasing
concentrations of 4EGi-1 it was found that whilex#tus infection of DMSO-treated

NHDFs resulted in the characteristic shut-off osthtwanslation and robust synthesis
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of Poxvirus polypeptides, a modest inhibition anslation was evident when cells
were treated with 1M 4EGi-1 while concentrations above |20 resulted in
dramatic suppression of translation. TCA preciptatind quantification showed that
30uM and 4@M 4EGi-1 reduced translation rates in infected e to 2.4% and
2.3% respectively, of those in DMSO-treated cubufeigure 3.3.32). Notably, when
4EGi-1 was added to cultures at 12 hours post iioiectEGi-1 inhibited ongoing
viral protein synthesis (Figure 3.3.35), demonsttathat its effects were again not
due to 4EGi-1 preventing cell entry.

When the effect of this translational suppressiorpoxvirus replication was assessed
it was found that 4EGI-1 reduced virus replicattonapproximately 3% of control
DMSO-treated cultures (Figure 3.3.33), this resaltelated with the degree to which
4EGi-1 suppressed rates of viral protein syntheasid demonstrated that 4EGi-1
inhibited virus replication regardless of the nplltity of infection used. However,
although 4EGi-1 potently suppressed VacV replicatlee degree of suppression was
much lower than that observed with HSV-1 (Figurd.Zb). Indeed, in contrast to
HSV-1 antigens, western blotting against VacV amigy demonstrated that the
accumulation of viral proteins remained detectabldEGi-1- treated samples albeit

with significant reductions (Figure 3.3.34).

As mentioned previously, the degree to which 4EGsuppressed translation
Poxvirus-infected cells directly correlated withetleduction in infectious virus

produced in 4EGi-1-treated cultures. However, algin4EGi-1 reduced translation
to similar levels in HSV-1 infected cells it haddasproportionately large effect on
viral antigen accumulation and production of infegs virus during HSV-1 infection.

While this effect may be caused by a series of amknnegative effects on other
processes during HSV-1 infection it may also be tuée fact that Herpesviruses
and Poxviruses have lifecycles that are inheretiffgrent. For example, poxviruses
replicate in the cytoplasm whereas HSV-1 replicatede nucleus but can also exist
in a dormant repressed state mediated by suppeessillar factors. Upon infection,

if the critical regulators of lytic replication aret produced in sufficient quantities
these suppressive cellular factors can coerce thus Yo a non productive state.
Therefore 4EGi-1 may cause inefficient productiérih@se proteins to below a level

required to initiate lytic replication. This in d¢aboration with the cells natural
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suppressive mechanisms likely results in an ansplitbon of the inhibitory effects of

4EGi-1 on the HSV-1 lifecycle. Similarly, 4EGi-1hibition of HSV-1 reactivation is

likely due its ability to suppress de-novo prodotof ICPO therefore resulting in a
maintained repression of viral genomes which maysipeilar to the phenonema
observed in our quiescence model where low leviel€B0 produced fail to disperse
PML resulting in an inability to establish prodwetiinfection. Therefore, 4EGi-1 may
be a particularly effective treatment in the repras of infectious agents that depend
upon efficient expression of viral proteins to aa@ne the hosts natural cellular

restrictions.
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Section 5.0: Conclusions
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Conclusions:

The main focus of this thesis was to investigagertiles of host signalling pathways
and translation initiation factors during HSV-1 egeation from quiescence and lytic

replication.

To achieve these goals a tissue culture model ttatygng HSV-1 quiescence was
developed. The system utilizes selective pressafeserum starvation of primary
normal human diploid fibroblasts and temperatusvation, both of which proved to
play an important role in the inhibition of prodivet infection and establishment of a
stable quiescent infection. Approximately 40-60%tloé culture can be quiescently
infected and reactivated efficiently, which allofes population-wide occurrences to
be readily examined. The model can be readily adbfur use with different strains
of HSV-1. Additionally, the use of human serum wa#o for the reduction of
secondary spread of virus post reactivation andetbee permits differentiation
between mechanistic events associated with reéiciivand secondary spread of the

virus.

While the reduced metabolic state caused by setamasion likely creates a sub-
optimal environment for efficient viral infectiothe role of temperature elevation in
this system will prove important for our understiaugdof cellular mechanisms that
repress viral infection. Notably, ICPO, a viral tiaccritical for establishing productive
infection, failed to be produced efficiently duriegtry into quiescence in our system.
Interestingly, it has been reported that Herpegprvirus 1 is able to hijack the
host-cell lkappaB kinase (IKK)/NF-kappaB pathwayusiag a redirection and
recruitment of NF-kappaB to the ICPO promoter. Was laboratories have
documented in vitro and in vivo interactions betwéee heat shock response (HSR)
and NF-kappa B (Amicet al, 2006). Alternatively, ICPO may be unstable ajhler
temperatures in certain cell types and the degreersitivity may be HSV-1 strain-
specific. In addition, the failure to process ICR22ay negatively impact on ICPO
production. Therefore, further experimentation tonitor these phenomena using our
model may help to uncover why a block in ICPO puaiun occurs in heat shocked

primary human cells.
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Additionally the role of heat shock proteins in weshg cellular stress during viral
infection may be further examined using siRNA knadkvn of specific hsps. In
addition, small molecule inhibitors of Hsp functionght be possible to use to further

examine their role in this system.

The characterisation of signalling pathways requice efficient reactivation showed
that ERK activity was moderately stimulated durimgactivation relative to

guiescently-infected cells and in contrast to prasi studies of ERK suppression
during Iytic infection. Indeed, inhibition of ERKailed to affect Iytic infection but

resulted in a suppression of viral reactivatiorggasting a specific role for ERK in
the reactivation process. Considering that therse avauppression in ERK activity
during quiescence but modest stimulation obserwguhg reactivation, which was in

line with previous reports of elevated ERK duringactivation from explanted

ganglia, this may represent a cellular respongbdaeactivation of quiescent virus.
As our system allows direct comparison of distiplcases of the viral lifecycle in the
same cell type, it would be interesting to concpetallel microarray and proteomic
studies in mock and quiescent NHDF cultures, aliolegeeactivating cultures in the
presence or absence of ERK inhibitors, such as 60IRis may help to determine
the role of ERK activity in responding to or altegicellular metabolism during both

guiescence and reactivation, and its role in vieagtivation.

Additionally, the activity of the down stream sulas¢ of ERK and p38, Mnk1, along
with the mTORC1 substrate 4E-BP, both of which fegu mRNA translation
initiation factor elF4E, were shown to be requifed efficient reactivation. These
results correlate with studies showing a requirenfien efficient translation during
HSV-1 lytic replication and highlight its importaman both phases of the virus
lifecycle (Walsh, Mohr 2004). In line with this, @hviability of directly inhibiting
elF4F as a potential therapeutic target againat infection was also assessed using
the mTORC1/2 inhibitor, Torinl. Results with thizhibitor showed that both host
and viral protein synthesis was only modestly défdcby disruption of elF4F,
suggesting that viral mMRNAs have a similar low-lensgjuirement for elF4F activity
to cellular housekeeping mRNAs.
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In contrast to Torinl, cells treated with 4EGi-1sraall molecule reported to inhibit
elF4F formation was also assessed. Experimentseshtiat translation rates could
be reduced to 0.5-1% of normal rates with 4EGi-Acemtrations that did not prevent
elFAF formation. At these relatively low concentas, increased association of
inactive elF2 with initiation complexes was observed and maythe primary
mechanism by which 4EGi-1 functions. Robust traimtainhibition did not initiate
apoptotic events in normal human cells, which attained their capacity to mount
stress responses in reply to heat shock or prateasohibition, suggesting that
prolonged 4EGi-1 mediated inhibition of translatibat did not confer fragility to
primary NHDFs.

Our findings that 4EGI-1 causes increased bindingb@somal protein and inactive
elF2o to cap-bound complexes suggests that this inhiloitay cause defects in the
dissociation and recyling of both elF4 and elF2 tlmmally occurs during ribosome
assembly and translation initiation, or alterndtivenay increase the abundance of
inactive elF2-bound ribosomes. A recent report sitbthat 4EGI-1 potently inhibited
global translation while increasing the accumulatd 80S ribosomes (Mokas 2009).
Therefor polysome profiling in addition to immunepipitation of 40S and 60s
ribsosomal subunits in 4EGi-1 treated cells mayp belunderstand potential effects of
this inhibitor on the proper formation and disstiola of factors involved in
translation, which may be perturbed in numerous sway 4EGi-1 to induce its

effects.

Importantly, 4EGi-1 powerfully suppressed both dytieplication and reactivation
from quiescence. It would be interesting to invgsie whether the lack of viral
protein synthesis during lytic infection allows feuppressive cellular mechanisms
that exist in the nucleus to silence the virus &oite it into quiescence. The
reorganisation of PML structures that were seentha establishment of the
guiescence model may also be observed during igfexction in the presence of
4EGi-1 by immunofluorescence. Additionally, as 4HGis reversible, it would be
interesting to determine if HSV-1 replication reswpon wash-out of inhibitor after

infection. This may occur rapidly or gradually, g§ento spontaneous reactivation.
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Overall, our findings show that inhibition of cdln signalling pathways that regulate
elF4F function or disruption of elF4F itself onlyodestly reduce virus reactivation or
Iytic replication. However, 4EGi-1 mediated potdranslational suppression and
inhibits infection by both Herpesviruses and Paxs@s. As such, this may represent a

potent, non-cytotoxic antiviral approach.
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