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Abstract

Cytomegaloviruses (CMV), the prototypidaherpesviruses, have co-evolved with their
hosts and thus acquired multiple strategies forutatn of the immune response. Viral
engagement of pattern recognition receptors (PR&)h as toll-like receptors (TLRS)
and cytosolic nucleic acids sensors, initiates Hwst immune response through
activation of elaborate signalling programs. Thesuamg inflammatory response is
further sustained and amplified through cytokiressh as IL-B, activating signalling
pathways greatly overlapping those utilized by TLRbBe central hypothesis of this
thesis is that a viral counter-measure by murineMCWICMV) involves specific
targeting of TLR- and IL-f-induced signalling along the MyD88 to NdB- pathway.
To test this hypothesis MCMYV inhibition of ILB1signalling was initially investigated in
a fibroblast cell line. It was demonstrated thaM@MV infected cells IL-B-induced
IxBa degradation is largely inhibited. Comparison obdarctive and non-productive
infection showed this modulation requires de-novw@lvgene expression beyond the
immediate early region. Further investigationsising a ORF M45 deletion mutant
identified viral gene M45 as necessary for medgthre observed modulation of 1134
induced kBo degradation. To further test the hypothesis, stidiiere extended to
include TLR stimulation in the context of bone neavrderived macrophages (BMDM)
infection. It was found that TLR7/9-induced MB- activation is inhibited in MCMV
infected BMDM. Overall, data presented in this studemonstrate a previously
unrecognised MCMYV inhibition of ILfi- and TLR7/9-induced NkB activation, and

indicate a role for viral gene M45 in mediatingsteifect.
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1 Chapterl

Introduction

1.1 Family Herpesviridae: A brief overview

Herpesviridae is a large family of viruses, with over 200 mensbatentified thus far,
highly disseminated in nature. Inclusion in the igmHerpesviridae has been
historically based on virion architecture consigtiof: a linear double-stranded DNA
(varying in length from 124 to 230 kb), icosahedrapsid (approximately 125 nm in
diameter), tegument (amorphous, sometime asymnmagierial surrounding the capsid)
and an envelope. Members of this family share keyrbiological properties:

a) Their genome encodes enzymes involved in nual@tt metabolism, DNA

synthesis and protein processing.

b) DNA replication as well as capsid assembly tgkase in the nucleus.
C) Lytic infection results in destruction of thdented cells.
d) Establishment of latency following primary infien of the natural host.

The family Herpesviridae is further divided into three subfamilies pha/beta/gamma-

herpesvirinae, with human pathogens represented in each (Tab)e 1



Table 1.1: Biological

herpesviruses *

Characteristic

characteristics of the

subfamilies of

Alphaherpesvirinae Betaherpesvirinae Gammaherpesvirinae*

Host range

Reproductive
cycle

Infection in cell
culture

Cytotoxicity

Latency

Viruses
pathogenic in
humans **

Variable, often broad

Short

Spreads rapidly
Infects many cell
types

Much cell destruction

Primarily in sensory
cells

-- HHV-1 (Herpes
simplex virus 1 (HSV-
1))

-- HHV-2 (Herpes
simplex virus 2 (HSV-
2))

-- HHV-3 (Varicella-
zoster virus (VZV)

Progresses slowly

Enlarged cells form

Maintained in many
cells including
secretory glands,
lymphoreticular
cells, kidneys, and

(Cytomegalovirus )

Limited to family of
natural host

Relatively long

Infects primarily
lymphoblastoid cells

Some Iytic infection of
the epithelial and
fibroblasts cells

Specific for either B or T
lymphocytes

-- HHV-4 (Epstein-Barr
virus (EBV))
-- HHV-8 (Kaposi's
sarcoma-associated HV
(KSHV))

* Adapted from: (James H. Strauss, 2008) (Phili&lett, 2006)

** For each virus both the official designation (MH Human herpes virus + number)

and vernacular name are given.



1.2 Cytomegaloviruses (CMVs)

1.2.1 Human CMV (HCMV) overview and pathogenesis

HCMV, a characteristic betaherpesvirus, is ubiqustp present in the human
population. Overall prevalence of infection, howewearies greatly in accordance with
socioeconomic circumstances. Worldwide prevaleridé @V among women of child
bearing age varies from 45 to 100% (Cannon et2@l10). Horizontal transmission of
the virus occurs via direct contact with bodily gions such as blood, saliva and urine,
semen and cervical secretions, and as a resultold-argan transplantation or
haematopoietic stem-cell transplantation. AdditiynaHCMV can also be vertically
transmitted from mother to fetus or new born (Garald Khanna, 2004). Primary
infection of an immunocompetent host is usuallyngsipmatic, however, may present
clinically as mononucleosis syndrome with persist@ver, myalgia, and cervical
adenopathy (Gandhi and Khanna, 2004). Importafaligwing the resolution of acute
infection life-long viral latency is established.e&tivation from latency under
conditions of immunosuppression (for example follmyv organ transplant) or
immunodeficiency (as in the case of acquired immdaéciency syndrome (AIDS)
patients) is a major contributor to HCMV-relatedeatise burden. As a result, much
research effort is directed at understanding latencluding identification of cells
serving as latent virus reservoirs, mapping latemicg molecular level, understanding
the factors (at the cellular and immune systeml)et@at maintain latency or promote
reactivation (Mocarski, 2006) (Reddehase et ab220In contrast to immunocompetent

hosts, primary infection or reactivation in immuoogromised individuals can result in



serious morbidity or death. Manifestation of HCM¥saciated disease differs and
depends on the particular clinical setting. Pneutisoand gastrointestinal disease are
the most common complications of cytomegalovirdedtion following haematopoietic
stem-cell transplantation. In solid-organ transplatipients HCMV-related morbidity
can be caused by (a) an acute, systemic, feblnlesg (sometimes referred to as CMV
syndrome), (b) effects on specific organs, oriidjrect effects including graft rejection,
accelerated coronary artery atherosclerosis (heasplant) and enhanced susceptibility
to other opportunistic infections. In the case dD& patients the most frequent clinical
manifestation of HCMV disease is retinitis. HCMV shalso been suspected of
accelerating the time to AIDS and death in patiemith Human Immunodeficiency
Virus (HIV) infection (Mocarski, 2006). Additionasubstantial and severe disease
burden is caused by congenital HCMV infection. Gamtal HCMV infection is
symptomatic in about 5% to 10% of newborns of whatiout 10% suffer from severe
and even fatal disease. Moreover, congenital CM¥ction results in damage to the
central nervous system (CNS) and organs of pexemi 50% to 90% of symptomatic
newborns. Importantly, CNS sequelae, mainly hedosg, also develops in 7% to 25%
of infants who are asymptomatic at birth (Pass,1208inally, a correlation between
HCMV and diseases such as immunosenescence awnd@#nosis has been suggested,
however more research is required to establishrobes if any, of the virus in the

pathogenesis of these conditions (Mocarski, 20B6g¢kh and Geballe, 2011).



1.2.2 Murine CMV (MCMV) as a model for HCMV

Experimental studies of HCMV pathogenesis are &ohiby the strict species specificity
of the virus. Despite considerable evolutionaryedjence within the betaherpesvirinae
family, MCMV has proven an invaluable model for tsteidy of HCMV (McGeoch et
al., 2006) (Mocarski, 2004). MCMV and HCMV shareaughly 80 homologous open
reading frames (ORFs), about half of the estimatesiber of ORFs encoded by these
viruses. Approximately 40 of these are conserverbssc the herpesvirus family
(Brocchieri et al., 2005) (Rawlinson et al., 1998)ore importantly, pathogenesis of
MCMYV infection of mice resembles that of HCMV irsihatural host (Krmpotic et al.,
2003) (Price and Olver, 1996) (Scalzo et al., 200fgrefore, this model system allows
the of study virus/host interactions in a physiadadly relevant context. However, it is
important to consider that conserved viral stragdor modulation of host response
may be mediated by different viral products of th@ viruses as well as differ in

underlying mechanisms (Mocarski, 2004).

1.2.3 HCMV and MCMV virion structure and replication

Key features of HCMV and MCMV virion structure aneplication are shared across
the herpesvirus family. The following overview feas on HCMV however the

principles described apply to MCMV.



1.2.3.1 Virion structure

As mentioned above herpesviruses all share a deastic virion structure. The
approximately 235 kbp, double-stranded DNA genofmd@MYV is packaged in a linear
form within a 125 nm icosahedral nucleocapsid (Mskia 2006). The nucleocapsid is
embedded within a protein matrix termed the tegumeélpon infection tegument
proteins are released into the cytoplasm of theciefd cell and play a role in multiple
viral processes including delivery of viral genontesthe nucleus, regulation of gene
expression and modulation of host immune respoiiKefejta, 2008). Finally, the
nucleocapsid and tegument are engulfed by a lipigydr envelope, derived from
cellular membranes, containing virus-encoded glyot®ins (Mocarski, 2006). HCMV
particles have also been shown to contain celaarviral RNA (Bresnahan and Shenk,
2000) (Terhune et al., 2004). The overall sizehef HCMV virion is 200 to 300 nm in

diameter (Figure 1.1).
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Figure 1.1: The CMV virion. A schematic representation (not to scale) of an
average CMV virion.

1.2.3.2 Replication

For the purposes of this overview the replicatigole will be divided into following
steps: a) attachment and entry, b) gene expressidnDNA replication, c¢) capsid

assembly, egress and release (Figure 1.2).
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Figure 1.2: A schematic representation of key featu  res of CMV replication.
The virus enters the cell via direct fusion of viral envelope and cellular plasma
membrane leading to the release of nucleocapsid and tegument proteins into the
cytoplasm. The capsid is then shuttled, along microtubules, to the nuclear pore
complex and viral DNA is delivered into the nucleus. Transcription of viral genes
begins immediately with immediate-early (IE) genes are transcribed first,
followed by early (E, also called delayed-early) genes and finally late (L) genes
(cytoplasmic translation is not depicted). Viral DNA is replicated and
encapsidated in the nucleus. Initially a procapsid shell is formed to which
genome-length segment of viral DNA is inserted to produce a filled
nucleocapsid. Nucleocapsids egress from the nucleus through sequential
budding and fusion with the inner and outer nucleic membranes, respectively
(not depicted). This results in non-enveloped nucleocapsids in the cytoplasm
which then re-enveloped as they bud into Golgi apparatus-derived vesicles
containing viral glycoproteins. A cellular vesicle engulfing a fully formed virion is
thus formed. Release of the virion is completed through shuttle of the virion-
containing vesicle to the cell surface followed by fusion of vesicle and plasma
membranes. This resulted in the release of a mature virion from the cell
(variation in capsid or virion sizes appearing in the figure are due to presentation
needs only).



Attachment and Entry

Herpesviruses enter the cell via direct fusion walvenvelope and cellular plasma
membrane. In the case of HCMV this process is nediby binding of viral envelope
glycoproteins to cell surface receptors. This afiotlie fusion of viral and cellular
membranes resulting in introduction of the nucl@sod and tegument proteins into the
cytoplasm. The following model has been suggesietHCMV entry into fibroblasts: 1)
An initial tethering step of the virion to the cellurface involves interaction of viral
homodimers of glycoprotein (g)B (a dimer this coaxlis referred to as gB) and
heterodimers of gM:gN with cellular heparan sulfpteteoglycans (HSPGs). 2) A more
stable binding step follows, probably mediated W tprough interaction with an
unidentified cellular receptor. 3) Fusion of vieald cellular membranes is mediated by
a gH:gL:gO complex along with gB. Cellular integhieterodimerso2p1, a6p1, aVp3)
are thought to play a role in both binding and bigffusion steps of viral entry in a
manner depending on gB and gH (Isaacson et al8)26dmologous glycoproteins of
MCMV have not been investigated with respect tdrthele in viral attachment and
entry. The exception being the positional homoldgH&MV gO, m74 of MCMV,
which has recently been shown to function similéolyts HCMV counterpart (Scrivano
et al., 2010). HCMV has also been shown to entecifip cells types, such as
endothelial and epithelial cells, via endocyto®sdaghi et al., 1999) (Ryckman et al.,

2006) (Sinzger, 2008).



Gene expression and DNA replication

Following fusion of virion and cell membranes thepsid and tegument proteins are
directly released into the cytoplasm. The capsidhen shuttled, likely assisted by
tegument proteins, along microtubules to the nugbeme complex. Viral DNA is then
delivered into the nucleus and transcription beg{Kslejta, 2008). CMVs gene
transcription occurs in a cascading manner sudhirtiraediate-early (IE o#) genes are
transcribed first, followed by early (E, also cdlldelayed-early op) genes and finally
late (L ory) genes (Mocarski, 2006). IE genes are expressatedmately upon entry,
independently of de novo synthesis of viral prateémd function in regulating further
viral gene transcription. The major IE gene regioh$iCMV and MCMV are highly
similar. A complex regulatory sequence- the magreinhancer promoter (MIEP) -
controls the transcription of major IE transcript®cated down-stream of MIEP is a
transcriptional unit which gives rise to the altively spliced iel and ie2 or iel and ie3
transcripts in HCMV and MCMV, respectively. The M&Vmajor immediate-early
region also includes an ie2 gene positioned on dpposite side of the enhancer
elements and transcribed in the opposite diredtorelation to the iel/ie3 genes (it
should not be confused with the HCMV ie2 which le tfunctional homologue of
MCMYV ie3) (Busche et al., 2008). Early gene expi@ssequires prior expression of 1IE
functional proteins. Early gene products playle i diverse processes including viral
DNA synthesis and capsid maturation as well asiafjehost cell and host animal
response to infection. L genes are expressed tastan be further subdivided intd

(or leaky L) genes, when expression begins aften@f4and is resistant to inhibition of
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DNA synthesis, ang2 genes (or true L), when expression is dependemntiral DNA
synthesis. Early and late gene products contribitecapsid maturation, DNA

encapsidation, virion maturation, and egress froencell (Mocarski, 2006).

Capsid assembly egress and release

Viral DNA is replicated and encapsidated in thelaus. Initially a procapsid shell is
formed to which genome-length segment of viral DiAnserted to produce a filled
nucleocapsid, the DNA entry portal is then covebgdportal capping protein (PCP,
encoded by UL75). Nucleocapsids egress and reliease the nucleus and cell is a
complex process. Initially nucleocapsids undergeetpment by budding through the
inner nuclear membrane. It is thought that thidolowed by fusion with the outer

nuclear membrane results in deenvelopment and seeled nucleocapsids into the
cytoplasm. Nucleocapsids are then re-envelopedhag bud into Golgi apparatus-
derived vesicles containing viral glycoproteins. callular vesicle engulfing a fully

formed virion is thus formed. Release of the virisrcompleted through shuttle of the
virion-containing vesicle to the cell surface folled by fusion of vesicle and plasma
membranes. This results in the release of a maitioe from the cell (Mettenleiter et

al., 2009).
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1.3 Pattern recognition receptors and sensing of CM  V

Innate immune recognition of pathogens is medidtgdyermline encoded receptors

which detect conserved and invariant features afranrganisms. These receptors are
known as pattern recognition receptors (PRRS). rTtaggets are often referred to as
pathogen-associated molecular patterns (PAMPs)uwith they may be equally present
on non-pathogenic microorganisms. Sensing of path®gria PRRs initiates innate

immune activation as well as stimulates and regsaldéhe adaptive immune response
(Janeway and Medzhitov, 2002) (Medzhitov, 2007)RBRhamely members of the Toll-

like receptor (TLR) family, Absent in melnoma 2 (A2) and DNA-dependent activator

of IFN-regulatory factors (DAI), shown to play alegan HCMV/MCMV detection are

discussed below.

1.3.1 Toll-like receptors- overview and role in CMV detection

1.3.1.1 Toll-like receptors- overview

TLRs are type | integral membrane glycoproteinshwain extracellular leucine-rich
repeat domain (LRR) and a cytoplasmic region, cmeskalso in interleukin-1 receptors
(IL-1Rs), known as a Toll/IL (interleukin)-1 (TIRJomain (Akira and Takeda, 2004).
To date 10 TLRs are known in humans while 13 TLRsehbeen identified in mice,
although mouse TLR10 is not functional. TLR1-9 aomserved between both species.
Collectively TLRs have been shown to detect PAMi@snf bacteria, viruses, parasites

and fungi (see summary in Table 1.2) (Kawai and#®k2010). TLRs are presents both
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on the cell surface (TLR1, TLR2, TLR4, TLR5, TLRB.R11) as well in endosomal

compartments (TLR3, TLR7-10) (Takeuchi and Akiral1@).

Table 1.2: TLRs and their Ligands (adapted from (Ta keuchi and Akira,

2010))

TLR Ligand Origin of the Ligand

TLR1 Traicyl lipoprotein Bacteria

TLR2 Lipoprotein Bacteria, viruses, parasites, self
TLR3 dsRNA Viruses

TLR4 LPS Bacteria,

TLRS Flagellin Bacteria

TLR6 Diacyl lipoprotein Bacteria, viruses

TLR7 (human SSRNA Viruses, bacteria, self

TLRS)

TLR9 CpG-DNA Viruses, bacteria, protozoa, self
TLR10 Unknown Unknown

TLR11 Profilin-like molecule | Protozoa

1.3.1.2 TLR induced responses

TLR engagement by their cognate PAMPs leads toatain of nuclear factoB (NF-
kB) and mitogen-activated protein kinases (MAPKs$uteng in the secretion of
inflammatory cytokines. In addition, secretion ybé | interferons (IFN) is stimulated in
a TLR and cell specific manner (Figure 1.3) (Kaaad Akira, 2011). TLRs signal via
their cytoplasmic TIR domain which mediates the rugment of TIR-domain-
containing adaptor proteins (i.e., myeloid diffdration primary response protein 88
(MyD88), TIR domain-containing adaptor inducing HBN(TRIF), TIR domain-
containing adapter protein (TIRAP, also known as WYJATRIF-related adaptor

molecule (TRAM)). TLR signalling is often dividedto MyD88-dependent and TRIF-
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dependent signalling cascades (O'Neill and Bow@)72 All TLRs, except TLR3,
require MyD88 for signal transduction i.e. signala MyD88-dependent way. MyD88-
mediated signalling culminates in NB and MAPKs activation and induction of
inflammatory cytokines (Kawai and Akira, 2011). $tpathway, which is investigated
in this thesis in the context of viral infectiors, described in some detail in the next
section. In addition, TLR2, TLR7 and TLR9 activdflyD88-dependent, but distinct
pathways, to induce type | IFN secretion. Inductidriype | IFN responses is cell type
restricted. To date TLR7/TLR9 and TLR2 have beemwshinduce an IFN response in
plasmacytoid dendritic cells (pDC) and inflammatonpnocytes (iMO), respectively
(Barbalat et al., 2009) (Gilliet et al., 2008). HRhediated signalling is induced by
TLR3 and TLR4 (TLR4 uniquely utilises both MyD88dmRIF-dependent signalling).
Recruitment of TRIF leads to activation of bothenfiéron regulatory factor 3 (IRF3) and
NF-xB. Thus inducing the expression of both inflammgtoytokines and type | IFN

(Kawai and Akira, 2010).

Despite great overlap in signalling pathways amahdcriptional responses induced by
different TLRs, it is thought that the generatiohao pathogen tailored response is
enabled by multiple mechanisms including: - Selectecruitment of one or more TIR-
domain-containing adaptor proteins; - Cell typecHpesignalling at least partially due
to differential expression patterns of TLR as veslisignalling modules utilised by them;
- Intracellular translocation of TLRs following &gd binding resulting in initiation of

distinct signalling pathways or differential resgerkinetics; - Crosstalk within the TLR
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family as well as with other PRRs (Ishii et al.08) (Barton, 2008) (O'Neill and Bowie,

2007).
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Figure 1.3: TLR induced responses . TLR engagement by their cognate
PAMPs leads to recruitment of TIR-domain-containing adaptor proteins: MyD88,
TRIF, TIRAP (MAL) and TRAM. All TLRs, except TLR3, signal in a MyD88-
dependent way which culminates in NF-kB and MAPKs activation and thus
induction of inflammatory cytokines. Stimulation of TLR2, TLR7 and TLR9
additionally results in secretion of type | IFN. This response is cell type
restricted- TLR7/TLR9 and TLR2 induce an IFN response in plasmacytoid
dendritic cells (pDC) and inflammatory monocytes (iMO), respectively. TLR4,
expressed at the cell surface, initially signals in a TIRAP/MyD88 to induce
inflammatory cytokines. It is then translocated into phagosomes where it recruits
signal adaptors TRAM/TRIF resulting in upregulation of both inflammatory
cytokines and type | IFN. TLR3 signals exclusively via TRIF to induce both
inflammatory cytokine and type | IFN responses (figure is based on (Kawai and
Akira, 2010) (Kawai and Akira, 2011)
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1.3.1.3 MyD88-dependent activation of NF-kB and MAPKs

Engagement of all TLRs (except TLR3) by their cagnBAMPs leads to direct or
adaptor-protein mediated binding of MyD88. MyD88v&s as a recruitment platform
for IL-1R associated kinase 4 (IRAK) followed byAR2 and IRAK1 (Kawai and
Akira, 2010). Activation of IRAK4 is necessary fdF-kB and MAPK activation, while
IRAK1 and IRAK2 are required for the initiation @ robust and sustained TLR
response (Suzuki et al.,, 2002) (Kawagoe et al..8R0(RAKs form a family of
serine/threonine kinases however the exact roteef kinase activity in the context of
TLR signalling is complex. Phosphorylation of IRAKAnd possibly IRAK2, results in
their dissociation from the receptor complex andssguent binding to TRAF6
(Flannery and Bowie, 2010). TRAF6 is a ubiquitin EEfase which, together with the
ubiquitin E2 complex Ubc13/Uev1A, synthesises K@Bypbiquitin chains (Cao et al.,
1996) (Deng et al., 2000) (Lomaga et al., 1999} (feerviews of ubiquitination see
(Liu and Chen, 2011) (Carpenter and O'Neill, 2009)his leads to binding and
activation of a preformed complex consisting of Kimease TGH3-activated kinase 1
(TAK1) and adaptor proteins TAK1-binding proteifMAB1), TAB2 or TAB3 (Wang
et al., 2001) (Liu and Chen, 2011). This is follaney TAK1 activation of thedB
kinase (IKK) complex (through phosphorylation & IKK subunit) resulting in NkB
activation (see below). Several proteins have lsk@mwn to be poly-ubiquitinated by
TRAF6 including TRAF6 itself, IRAK1, IRAK2, TAK1, AB2 and NEMO. TAB2 and
TAB3 contain an ubiquitin binding domain (UBD), whi preferentially binds K63

polyubiquitin chains. This binding promotes the agltosphorylation and therefore
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activation of TAK1 (Liu and Chen, 2011). Howevenetexact manner in which K63
polyubiquitin chains regulate TRAF6-TAK1-NEMO ingetions is not fully understood
(Liu and Chen, 2011). TAK1 also functions initiaeMAPKs activation cascade. It
phosphorylates MAPK kinases which in turn phospladeyand activate the MAPKs-
p38 and c-Jun amino (N)-terminal kinases (JNKs8 aBd JNKs then activate various
transcription factors and well as influence trangia (Cargnello and Roux, 2011)
(Kawai and Akira, 2010) (Figure 1.4).

The mammalian nuclear facteB (NF-xB) family includes five members: RelA (p65),
RelB and c-Rel, and the precursor proteinsd®i- (p105) and NRB2 (p100), which
are processed into p50 and p52, respectivelyxBIFranscription factors form homo-
and heterodimers to bingB sites in promoters or enhancers of targets genes.
Transcription of target genes is then regulatedudin the recruitment of transcriptional
co-activators and transcriptional co-repressors of8h and Hayden, 2008). The
immediate regulatory circuit of NKEB consists of #B proteins and thexB kinase
(IKK) complex. The IKK complex is composed of twatalytically active kinases,
IKKa and IKKB, and the regulatory subunit IKK(NEMO). Under resting conditions
members of thexB family, namely kBa, IkBp and kBe, bind and sequester Né&B
dimmers in the cytoplasm. Stimulation, for example TLRs or cytokines such as
IL-1B, leads to activation of the IKK complex which iarn phosphorylates thexB
proteins. This targetxB proteins for ubiquitination and proteasomal degteon thus
releasing NRe¢B dimers for nuclear translocation. I8kand IKKy dependent activation

of NF«B is also known as the canonical NB activation pathway (Oeckinghaus et al.

2011)
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Figure 1.4: MyD88-dependent activation of NF- kB and MAPKs. TLR ligation
leads to direct or adaptor-protein mediated binding of MyD88 which serves as a
recruitment platform for IRAK4, IRAK2 and IRAK1. Subsequently IRAKland
IRAK2 dissociate from the receptor complex and bind to TRAF6. Next a
preformed complex consisting of the TAK1 and adaptor proteins TABland TAB2
or TAB3 is recruited. This results in activation of the kinase function of TAK1
which phosphorylates IKKB and thus activates the IKK complex and
subsequently NF-kB. NF-kB translocates to the nucleus where it upregulates the
expression of cytokine genes. TAK1 also functions to initiate MAPKs activation
cascades leading to further transcription-factor activation.
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1.3.1.4 TLRs in CMV detection

Liver transplant patients with a TLR2 polymorphiswhich in-vitro shows impaired

recognition of viral-envelope protein gB, exhibitednificantly higher viral load and

increased susceptibility to HCMV disease (Brownakt 2009) (Kijpittayarit et al.,

2007). These findings corroborate earlier studibgivsuggested that TLR2, probably
acting as a heterodimer with TLR1, recognises HOMSUIting in NFkB activation and

cytokine secretion. TLR2 activation by the virus swattributed to recognition of
envelope proteins gH and gB (Compton et al., 20Q@8%ehme et al., 2006). Earlier
studies on the role of TLR2 in MCMV biology failéd detect a difference in viral load
in the spleen and it was reported, although the aets not provided, that TLR2
deficiency did not affect mouse resistance to imndec(Delale et al., 2005). However,
Szomolanyi-Tsuda et al found significantly increhséral load in spleen and liver of
TLR2 knock-out mice in comparison to wild type aaim Elevated viral load correlated
with reduced cytokine expression and a decreaswibers of NK cells, but normal
functionality, in the organs examined (Szomolanguda et al., 2006). Interestingly,
pro-inflammatory cytokine secretion by macrophaged DCs in response to MCMV
infection was shown to depend on TLR2 (Barbalatlgt2009) (Compton et al., 2003).
Moreover, TLR2 recognition of MCMV contributed tgpe | IFN secretion from pDCs

(Barbalat et al., 2009).

MCMV systemic infection of TLR9 knock-out (TLR9-/9nimals or mice lacking a

functional TLR9 receptor results in increased nlytaand elevated viral titres in the
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spleen in comparison to wild type animals. In TLR@&nimals an impaired cytokine
response to infection was observed (variation aiggrthe effect on specific cytokines
exists between reports, possibly due to differemcdle genetic background of animals
used). This correlated with diminished activationNK cells (key effector cells in
innate immunity to CMV (Stipan Jonijic, 2006)) iretabsence of TLR9 (Delale et al.,
2005) (Krug et al., 2004) (Tabeta et al., 2004 ypdmantly, TLR9, but not MyD88, was
found redundant for anti-viral defence in the liv&ytokine production (including
IFNa) as well as NK cells and macrophage accumulatiaghe liver were un-affected in
TLR9-/- mice. Moreover, viral replication and gealevirus-induced liver disease were
comparable to wild type animals. This was in caosttta finding in spleen suggesting a
site specific contribution of TLR9 to localised pesse to MCMV infection (Hokeness-
Antonelli et al., 2007). TLR7 was also found toyp&arole in host immunity to MCMV.
Zucchini et al found higher susceptibility to MCMReduced death, increased viral load
in the spleen and significantly lower serum levefsiIFNo in TLR9-/-TLR7-/- in
comparison to TLR9 or TLR7 only knock-out animdigleed, the phenotype of TLR9-
[-TLR7-/- animals with regards to susceptibility MCMV-induced death recapitulated
that of MyD88-/- mice. Thus, suggesting an overiagdunction for TLR7 and TLR9
detection of MCMYV in host response to infection ¢Zhini et al., 2008). It is important
to note that while a role for TLR9 and TLR7 in MCM\tection has been demonstrated
it is not clear exactly which viral determinant® aensed or what is the mechanism
responsible for delivering them into the endosoomhpartment in which these TLRs

reside (Rathinam and Fitzgerald, 2011).
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Finally, TLR3 was found to contribute to the innatenune response to MCMV. Tabeta
et al found that in comparison to wild type micéation of TLR3-/- results in a highly
significant increase in viral titres in the splesmd reduced systemic levels of cytokines
including type | IFN (Tabeta et al., 2004). Althéug study by Delale et al failed to find

arole for TLR3 in host response to MCMV (Delaleakt 2005).

1.3.2 AIM2 - overview and role in CMV detection

AIM2, a member of the pyrin and NIH domain-contamiprotein family (PYHIN
family), is a cytosolic dsDNA sensor (Schattgen &itdgerald, 2011) (Paludan et al.,
2011). Following binding of dsDNA AIM2 initiates ¢hformation of inflammasomes -
intracellular multiprotein complexes responsible dleavage of pro-IL A and pro IL-18
into active IL-33 and IL-18, respectively (Rathinam and Fitzger&d10). A role for
AIM2 in innate immune sensing of MCMV was demont&da by Rathinamet al
(Rathinam et al., 2010). This study found thatomparison to control animals MCMV-
infected AIM2-deficient mice exhibited reduced Ibsvef serum IL-18 and lower spleen

IFNy production as well as elevated viral loads in trgan (Rathinam et al., 2010).

1.3.3 DAI - overview and role in CMV detection

DAI (also known as ZBP1 or DLM-1) is a cytoplasnid®NA sensor. It activates the
interferon regulatory factor (IRF) and NdB transcription factors, leading to type-l

interferon production (Takaoka et al., 2007) (Kmisé al., 2008) (Rebsamen et al.,
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2009). Recent studies have implicated DAI in medgattype | IFN production by

HCMV-infected fibroblasts (DeFilippis et al., 20)d®eFilippis et al., 2010b).

1.4 IL-1B — overview and role in CMV biology
1.4.1 IL-1f3 overview

Interleukin-B (IL-1p) is a member of the IL-1 family (IL-1F) of immumeedulators of
which 11 members are currently known in humansuohidg IL-18, IL-1a, IL-1 receptor
antagonist (IL-1Ra), IL-18 and IL-33 (Dinarello, @@). IL-13 and IL-lo are often
referred to as IL-1 as both signal through the saeweptor complex- IL-1 type |
receptor (IL-1RI). However, these two cytokinesfatifin several ways: 1) ILfl
circulates systemically while ILel acts locally; 2) Pattern of expression- Ig-is
mainly produced by monocytes and macrophage whilkulis more widely expressed;
3) Transcription of these two genes is differeitiaégulated both during development
and in response to environmental cues; 4)dlLcén also localise to the nucleus and act
as a transcriptional activator (Sims and Smith,030The major source of ILfLis
monocytes, macrophages and dendritic cells. B Ipuoptes and NK cells can also
produce this cytokine while fibroblasts and epithletells generally do not (Dinarello,
2009). Multiple cell types including endothelialdaepithelial cells, fibroblasts, dendritic

cells and T lymphocytes are stimulated by R{Weber et al., 2010) (Dinarello, 1996).

IL-1pB is a master regulator of the inflammatory respdghsaugh synergetic action with

TNF a to activate proinflammatory responses in a widegeaof cells (such as induced
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secretion of cytokine and chemokines especialgrietikin (IL)-6, increased expression
of adhesion molecules in endothelial cells and mtion of diapedesis and the acute
phase response (Barksby et al., 2007) (Dinare0&,18). The key role played by I31

in initiation and mediation of inflammation is umdeored by the growing number of
non-infectious inflammatory diseases (also knowmaw@sinflammatory diseases) which
are now treated as standard by blocking fpLfanction (Dinarello, 2011a) (Masters et
al., 2009). In addition, IL{1 contributes to the shaping of adaptive immune aeses

through direct and indirect effects on T and B ocedponses (Dinarello, 2011b).

IL-1p is produced as an inactive precursor (pro- .33 kDa in size) which is cleaved
into the bioactive cytokine (17 kDa). The best ustteod mechanism for ILAL
processing is mediated by the protease caspasedtik inontext of multimeric protein
platforms called inflammasomes. Inflammasomes ategorised by the PRR that
initiates their formation. To date, four inflammas® complexes have been defined.
Three are assembled upon activation of NLRP1, NLRR@ IPAF- members of the
nucleotide-binding domain leucine-rich repeats (M)L.Ramily of PRRs. The forth
inflammasome is recruited to AIM2, a member of plyein and NIH domain-containing
protein family (PYHIN family), which senses dsDNA the cytoplasm (Bauernfeind et
al., 2011). The AIM2 inflammasome is described tebs AIM2 has been shown to
play a role in host response to MCMV (RathinamlgtZz®10). Similar principles apply
to the other inflammasomes. Following binding dDt\ AIM2 engages the apoptosis-
associated speck-like protein containing a CARD GA$rotein. This allows for the

recruitment of pro-caspase-1 and the productiomative caspase-1. Caspase-1 then
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cleaves pro- IL-f into active IL-B (Bauernfeind et al., 2011). Alternative, caspase-1
independent, IL-§ processing mechanisms exist including neutropdiiveéd serine
proteases or proteases released from microbiabgatis (Netea et al., 2010). Finally,

IL-1p is secreted via an unknown mechanism (Sims anthSg@10).

IL-1p signals through a receptor heterodimer composéld-bfreceptor type | (IL-1R1)
and IL-1R accessory protein (IL-1RAP). II3-Initially binds to IL-1R1 followed by
IL-1RAP recruitment. Both receptor sub-units hawvdracellular immunoglobulin
domains and a TIR domain in the cytoplasmic por{©iNeill, 2008). Formation of the
receptor heterodimer allows for recruitment MyD8®e ensuing signalling cascade
greatly overlaps MyD88-dependent TLR signal tractidn as described in section
1.3.1.3 (O'Neill, 2008). In brief MyD88 mediatecetrecruitment of IRAKs and TRAF6
leading to activation of the IKK complex followed lactivation of NF«B and MAPK

pathways.

1.4.2 IL-1p role in CMV biology

Monocytes, a major source of Il3;1have been shown in-vitro (using isolated peripher
blood monocytes) to secrete II3-in response to HCMV infection (Dudding et al.,
1989) (Yurochko and Huang, 1999). Additionally, 1B-has been shown to inhibit the
growth of HCMV in primary fibroblasts and marrowanal cell lines (Ilwata et al.,
1999) (Randolph-Habecker et al., 2002). End-passtag of viral replication in primary

fibroblasts similarly found IL-g to inhibit MCMV growth (van der Meer et al., 1989)
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In-vivo administration of IL-1R1, thus blocking IotL-1a and IL-18 signalling via the
endogenous receptor, resulted in an initial treomatds increased virus titres but
decreased titres at later time-points in both C58Bind BALB/c mice (Yerkovich et
al., 1997). In a different study, a single admmaigon of recombinant ILfi prior to
infection with MCMV, did not alter survival (van d#eer et al., 1989). Interestingly, in
an in-vivo study of serum cytokine levels followiMCMV infection of C57BL/6 mice,
no IL-13 was detected while IL¢l levels were elevated in infected animals in
comparison to controls (Ruzek et al., 1997). Adretinderstanding of the role 131

plays during MCMV infection awaits an examinationli.-18 knock-out animals.

1.5 Crosstalk between TLRs, IL-1 B and inflammasomes

TLRs and the IL-f receptor (IL-1RI) sub-units ((IL-1R1) and (IL-IRAFRare members
of the interleukin-1 receptor/Toll-like receptouperfamily (O'Neill, 2008). A
conserved Toll/IL (interleukin)-1 (TIR) domain isgsent in the cytoplasmic end of both
TLRs and IL-1RI subunits. Following ligand bindirtgese TIR domains allow for
recruitment of TIR-domain-containing cellular si¢imey adaptors (i.e. MyD88, TRIF,
TIRAP (MAL) and TRAM) and initiation of signallingrhus, IL-1RI and TLRs activate
many overlapping signal transduction events (OINe2008). Importantly, TLR
activation induces the expression of pro-[k-lwhich, following independent
inflammasome activation, is processed and secr8ecteted IL-f goes on to activate,
both locally and systemically, similar signallingtbways to those initially induced by
TLRs. This can be viewed as a system for signal liingtion (locally) and

broadcasting (systemically or otherwise activatmicells not directly exposed to
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microbial products). The requirement for inflammaso activation, for IL-§
processing, integrates signals for inflammasommiiiogy PRRs (Figure 1.5) (Barton,

2008) (Ishii et al., 2008) (Sims and Smith, 2010).
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Figure 1.5: Crosstalk between TLRs, IL-1 B and inflammasomes. TLRs and
IL-1B8 activate many of the same signal transduction events. TLR activation
induces the expression of pro-IL-1f which, following independent inflammasome
activation, is processed and secreted. Secreted IL-13 goes on to activate, both
locally and systemically, similar signalling pathways to those initially induced by
TLRs (Figure adapted from (Barton, 2008),
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1.6 Thesis rationale and central hypothesis

Viral engagement of pattern recognition receptsugh as TLRs and cytosolic nucleic
acid sensors, initiates the host immune responseugh activation of elaborate
signalling programs. The ensuing response is fursstained and amplified through
cytokines such as ILflactivating signalling pathways greatly overlappihgse utilized
by TLRs. Several TLRs detect MCMV and play an intaot role in host immunity to
this pathogen. These include TLR9, TLR7 and TLR2jc signal in a MyD88-
dependent manner resulting in MB-and MAPKSs activation. The pro-inflammatory
cytokine IL-18 also activates this MyD88 to NéB and MAPKs axis. CMVs are known
for the multiple mechanisms by which they evade ammtlulate the host immune-
response to infection (Mocarski, 2002) (Loewendand Benedict, 2010). It would
therefore be anticipated that CMVs modulate TLR/1fi activation of NF«B and
MAPK responses.

The central hypothesis of this thesis is that al\aiounter-measure by MCMV involves
specific targeting of TLR- and ILftinduced signalling along the MyD88 to NB
pathway.

The main objectives of the study are:

a) Determine whether MCMV modulates I3-ihduced NF«<B activation, more
specifically the degradation ofBa — the quintessential NEB inhibitor (Chapter 3).

b) Identify the viral product/s mediating the maatidon of IL-18 induced &Ba
degradation (Chapter 4).

¢) Extend studies to include members of the TLRilfa(€Chapter 5)
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2 Chapter 2

Materials and Methods

2.1 Cell culture

2.1.1 General methods for cell culture

All cells were maintained in humidified incubator @ 5% CO2 atmosphere, 37°C.
Tissue culture flasks and plates were obtained fidumc (Copenhagen, Denmark).
Cells were cultured according to sterile technigud routinely tested for Mycoplasma
using the MycoSensorTM PCR Assay Kit (Stratagetestihg was preformed by Alan
Ross, Division of Pathway Medicine, The UniversifyEdinburgh, UK). Reagents used
for cell culture were additionally tested for enabah using the The Endosafe -PTS™
System (Charles River) (testing was preformed bif st the Clinical Research Imaging

Centre (CRIC), The University of Edinburgh, UK).

2.1.2 Celllines

The murine embryonic fibroblast-derived immortatizeell line NIH/3T3 was obtained
from American Type Culture Collection (ATCC, USAatalogue number CRL-1658).
The NIH/3T3-Bam25 cell line (referred to as Bam5this manuscript) was derived
from NIH/3T3 cells by transfection of the pBAM25agimid (a plasmid containing the

MCMYV iel and ie3 genes) as described previouslyg(Am et al., 2000). Mouse
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embryonic fibroblasts (MEFs) P53 -/- (ATCC, catalegnumber CRL2645), were
originally derived from mouse embryos with null mtibns in the p53 gene. L929 cells
were obtained from Sigma (catalogue number 85010)1426s cell line is a subclone of
the parental strain L, which was derived from ndreudbcutaneous areolar and adipose
tissue. NIH/3T3 and Bam25 cells were grown in Datlmes modified Eagle medium
(DMEM) (Lonza) supplemented with 10% heat-inacteht(HI) calf serum (CS)
(Invitrogen), 2 mM glutamine (Lonza) and 50 U omidlin/Streptomycin (Lonza) per
ml. For MEFs P53 -/- HI CS was replaced with Hldf&ovine Serum (FBS) (Lonza).
The L929 cell line was grown in DMEM/F-12 media WwiGlutaMAX (Invitrogen)
containing 10% HI FBS and antibiotics as descriladdve. Medium (DMEM or
DMEM/F-12) supplemented with CS or FCS, glutamined &enicillin/Streptomycin is
hereafter referred to as complete growth mediunor iBolation and culture bone

marrow-derived macrophages (BMDM) see section 2.2.

2.1.3 Serum (CS or FBS) heat inactivation

Serum was thawed overnight at 4°C followed by égution to 37°C in a water bath.
Heat inactivation was achieved by incubation ofuserat 56°C for 30 min. Heat
inactivated serum was then filtered using a Stericacuum filtration unit (Millipore)

aliquoted and stored at -20°C.

2.1.4 Passaging cells lines
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Cells at 70-80% confluence were washed once witisphate buffered saline (PBS) and
then incubated with trypsin/EDTA (Lonza) at roommjeerature until detached (the
volume of trypsin/EDTA used dependent on the flgizke). They were then mixed with
fresh medium (1:1 ratio of trypsin/EDTA to mediuemd centrifuged at ~250g for 5
min at room-temperature. The supernatant was disdaaind cell pellets re-suspended in
appropriate amount of fresh medium and re-seeded aplit ratio of 1:2 to 1.8
depending on cell line and experimental needs. phigess was repeated every 2-3

days up to a maximum of 25-30 passages.

2.1.5 Cell counting and seeding plates

To count cells after trypsinization and re-suspamgjas described in section 2.1.4),
10 ul of cell suspension was placed onto a haemocytem(Btight-line Hemacytometer,
Hausser Scientific, USA) under a cover slip andMeacells counted in the central 25
marked squares. The number or cells per ml wasileadd by multiplying the number
of cells counted by f0(as specified for the haemocytometer used). Grlhts were
kept between 10-90 cells. If required, a portiorcell suspension was diluted and the
dilution factor incorporated into calculation oflagumber. This process was repeated 2-
4 times for each sample and an average count ves Geunted cells were then further
diluted as needed in medium and seeded at spefisities in different sized tissue

culture flasks, dishes or plates (Table 2.1).
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Table 2.1: Cell seeding densities

Plate type 96 well 48 well 24 well 6 well
Medium volume (ul/ well)

| 100 | 500 | 1000 | 3000
Cells/well (seeding density)
NIH/3T3 or 1.5x10 N/A 3x10' 3x10
NIH/3T3-Bam25
(MEFs) P53 -/- N/A 2x10
BMDM 4x10" N/A 5x10° 1x10
I noculum volume (ul/ well)

| 25-30 | 100 | 250 | 1000

N/A = Non-applicable

2.1.6 Cryopreservation of cells

For long term storage, cells were harvested anditeduas described above. This was
followed was centrifugation of the cells and reprrssion in freezing medium (50% CS
or FCS (as appropriate for the cell type in questid0% DMEM and 10% dimethyl
sulfoxide (DMSO)) adjusted so that each 1 ml altqeantained 2-5x10cells. Cryovials
(Corning) containing aliquots were placed in a Malkg Cryo 1°C Freezing Container at

—80°C overnight. The next day cells were transtetodiquid nitrogen storage (-170°C).

2.1.7 Thawing cells from liquid nitrogen

For resurrection of frozen cells from liquid niterg individual vials of cells were

thawed in a water bath at 37°C and added to 10fnflesh warm complete growth




medium (as defined in section 2.1.2). Cells weenthentrifuged at ~250g for 5 min.
Supernatants were discarded and cell pellets r@esded in 5 ml fresh complete growth
medium and transferred to a 25 &tissue culture flask to be propagated as described

previously.

2.1.8 Cell viability assay

Cell viability assays were performed using the Ceéter-Blue Cell Viability Assay
(Promega) according to manufacturer’s instructidrsefly, cells were grown in a 96
well plate in complete growth medium (as definedsaction 2.1.2) at a volume of
100pl/well. To assess viability 2@l/well of Cell Titer Blue Reagent pre-adjusted to
room temperature was added followed by 1-3 hr iatoh at 5% C@ atmosphere,
37°C. Finally, fluorescence measurements were takerg the POLARstar OPTIMA

microplate Reader (BMG LabTech, UK).

2.1.9 Transfection of plasmids into cells

Attractene Transfection Reagent (Qiagen) was usszbrding to manufacturer's
instructions for fast-forward transfection. Brigfll.2ug DNA, dissolved in Tris-EDTA
(TE) buffer (pH 7-8), was diluted in medium withosrum or antibiotics to a total
volume of 100ul. Attractene Transfection Reagent (4% was added and the mixture
incubated for 15 min at room temperature. During ttime NIH/3T3 cells were

trypsinised, counted and cell density adjusted.5x1I0° cells/ml. In to each well of a 6
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well plate 2 ml of cell suspension was added foldwy addition of the transfection
complexes. Cells were then incubated under normadiiions. Transfection efficiency

was evaluated at 24 hr post transfection using &lPession as a positive readout.

2.2 Bone-Marrow-Derived Macrophages (BMDM)
2.2.1 Preparation of L929 conditioned media

The L929 cell line was used to produce conditiomegldia containing macrophage
colony-stimulating factor-1 (CSF-1) required fofffeientiating bone marrow myeloid
progenitor cells into macrophages. L929 cells wgmawvn in a 175 cfflask. When
nearly confluent, cells were harvested and passagechirty 175 crf flasks with 50 ml

of fresh complete growth medium each (complete gnawedium is defined in section
2.1.2). Cells were then cultured for 14 days atclwhpoint the supernatant was removed,

filtered and aliquoted into 50 ml tubes. Aliquotsrer stored at -20°C.

2.2.2 Mouse bone marrow progenitor cell isolation and macrophage

differentiation

Bone marrow myeloid progenitor cells were extradtedn mouse femurs. All animals
were 10-12 week old male C57BL/6 mice (BRR, Thewvédrsity of Edinburgh, UK).
Mice were sacrificed via cervical dislocation penfied by BRR staff. Femurs were then
extracted under sterile conditions and any excisssid removed. Both ends of each
femur were then cut off and the marrow cavity fledhusing a needle (27G Y“inch

needle, BD Biosciences) attached to a syringedfilgth BMDM complete growth
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medium i.e. DMEM/F-12 media with GlutaMAX (Invitreg) containing 10% HI FBS,
10% L929 conditioned media and 50 U of Penicilltrétomycin (Lonza) per ml. Cells
were recovered into a 50 ml tube, centrifuged (20 5 min) and re-suspended in
fresh BMDM complete growth medium. Cells were tleuinted and seeded at 7%10
cells/15cm dish. These precursor cells were cultuineBMDM complete growth media
for a 7-day differentiation period into BMDM withedium replenished at days 3 and 5.
At day 6 adherent cells were scraped in BMDM cortgpgowth medium, centrifuged,
counted and seeded as required (seeding densiispecified in Table 2.1). Cells were
cultured in DMEM complete growth media overnightlarsed on day 7 for experiments

or for characterisation by FACS analysis (see se@i2.3).

2.2.3 Characterisation of BMDM by FACS analysis

BMDM cultures were characterised by Flow Cytometnalysis. This technique was
used to measure the expression of cell surfaceeipronarkers CD11b (expressed by
both monocytes and macrophages) and F4/80 (a mumaeophage restricted cell

surface marker).

For flow cytometric analysis, bone marrow progenitells cultured for 7 days as
described above were washed with ice cold PBS angekted by scraping. The volume
of cell suspension was adjusted to 2 ml ice col&P8Bells were then counted and
aliquoted at 1 x1%cells/1.5ml tube followed by blocking in 50 pl bkieg buffer (1%

bovine serum albumin (BSA), 1 mM sodium azide, 1@8tmal mouse serum (Serotec)
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in PBS) for 10min at room temperature. The follogviantibodies were used for cell
staining: Allophycocyanin (APC) conjugated monoebrat-anti-mouse F4/80 (IgG2a,
Caltag Laboratories) and fluorescein isothiocyan&@C) conjugated rat-anti-mouse
CD11b (lgG2b, eBiosciences) or their isotype cdatrédntibodies were diluted in
FACS buffer (PBS + 1% BSA + 1 mM Sodium Azide) toal dilution of 1:200 and 50
pl of antibody dilution was added to cells. Thirtynutes incubation in the dark was
followed by 3 washes with ice cold PBS, centrifigiatand re-suspension in 4Q0 of
cold FACS buffer. A BD FACScan™ system (Becton [nslon), located at the CALM
- Confocal and Advanced Light Microscopy FacilitQueens’ Medical Research
Institute, MRC Centre for Inflammation ResearcheTbniversity of Edinburgh, was
used to perform the flow cytometric analysis of ps. Data were analyzed using
FlowJo software (Treestar, USA). Data from a repméstive experiment is shown in
Figure 2.1. Flow cytometric analysis was perfornveth the kind assistance of Dr
Kevin Robertson, data analysis and was done wighkihd assistance of Muhamad
Fairus .B.N. Hassim, both from The Division of Re#ly Medicine, The University of

Edinburgh, UK.
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Figure 2.1: Phenotypic characterization of BMDM by flow cytometry.

Expression of F4/80 and CD11b was analysed: A) Dot blot showing gating of
cells in forward scatter (FSC) and side scatter (SSC). B) Scatter plot showing
double-staining signals for F4/80 and CD11b plotted against each other. C + D)
Histograms of percentage enrichment of CD11b (C) or F4/80 (D) positive cells

within the gated population.

38



2.3 General methods for virology

2.3.1 Viruses

MCMV wild-type
The parental murine cytomegalovirus (MCMV) strasrderived from bacterial artificial
chromosome (BAC) clone pSM3fr, containing the castgpl MCMV genome, as

described previously (Messerle et al., 1997) (Waghbal., 1999).

MCMVdie3

Construction of the MCMVdie3 has been describediptssly (Angulo et al., 2000), in
short: exon 5 of the iel/ie3 gene transcriptiornt was deleted from the MCMV BAC
clone pSM3fr (for genomic map see figure 2.2). Gexyression of this virus is limited
to immediate-early gendgl andie2, rendering the virus absolutely growth deficient
(Angulo et al., 2000) (Lacaze et al., 2011). Regtian can be rescued by growing the
virus on the complementary cell line (Bam25) exgirgg both IE1 and IE3 (Angulo et

al., 2000).

MCMV-GFP

MCMV-GFP virus is the MCMVdie3 revertant virus assdribed previously (Angulo et
al., 2000) (for genomic map see figure 2.2). Ittaors a green fluorescent protein (GFP)
reporter gene under control of the HCMV MIEP. TheRGexpression cassette is located
in front of theie2 gene spanning the transcription start site ofgkise and disrupting its

expression (Angulo et al., 2000) (Lacaze et all,120Theie2genehas been shown to be
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dispensable for viral growtim vitro and in vivo (Manning and Mocarski, 1988) (Cardin

et al., 1995).
McmV
T o ®wlo ool NL[&c]
Hind Nl Ny 236 kbp
~
— ~
##### ~
s AN
-2‘-‘“ é\(\
M -- -
MCMY
(PSM3fr)
.
§§ ®§
| -
(2) ~~0 —
MCMVdie3
{pSM3frdie3)
\\
&
3 -
123
MCMV-GFP
(pSM3fr-rav)

Figure 2.2: Schematic representation of the immedia te early gene coding
region of MCMV, MCMV-GFP and MCMVdie3 viruses. The Hindlll map of the
MCMV genome is shown at the top. The expanded map of the Hindlll K and L
fragments represents the major IE gene region of MCMV. Coding exons are
shown in black, and the first noncoding exon of the iel/ie3 transcription unit is
depicted as an open rectangle. The gray box marks the MCMV enhancer iel/ie3
promoter. The structure of the iel and ie3 transcripts is indicated below line 1 of
the expanded map. The deletion in the fifth exon of the ie3 transcript is marked
by the delta (A). The cross-hatched box in front of the GFP ORF represents the
HCMV MIEP (Adapted from (Angulo et al., 2000)).
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AM45

This virus is a kind gift from Professor W. Bruneeibniz Institute for Experimental
Virology, Hamburg, Germany) and has been previodsiycribed (Brune et al., 2003),
in short: This virus was constructed using a BA@hel of MCMV-GFP which in turn is
derived from the MCMV BAC plasmid pSM3fr and com®i a enhanced green
fluorescent protein (EGFP) reporter gene underrobof the HCMV MIEP, inserted
into the MCMV ie2 locus (Brune et al., 2003) and Wolfram Brune, &eat
communications). MCMV-GFP BAC clone hdg same genomic structure as the above
described MCMV-GFP but was constructed indepengdradm the MCMV BAC clone
pSM3fr and is not a MCMVdie3 revertant (Wolfram Baj Personal communications).
ORF M45 was deleted from the MCMV-GFP BAC and repth with a zeocin

resistance gene (Brune et al., 2003).

CM45 (in previous publications referred to as réuatr M45 (RM45))

A kind gift from Professor W. Brune (Leibniz Instie for Experimental Virology,
Hamburg, Germany), has been previously describeackMet al., 2008), in short: the
nonessential genes m02 to m06 are replaced wiM4angene tagged with an influenza
virus hemagglutinin (HA) epitope, under the contwbh murine pgk promoter (Mack et

al., 2008) (Jurak and Brune, 2006).
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2.3.2 Viral stock preparation

For each virus strain a seed stock was initiallgdpced from an existing low passage
stock and this was used for generation of bulkkstoblIH/3T3 cells were used for all
viruses except MCMVdie3 for which the Bam25 compdamary cell line was used. For
preparation of bulk stock cells were infected at IM# 0.001 in suspension (total
volume 5 ml) for 30 min at 37°C with occasional giqy. Allowing for 4.5- 5x18
cells/175crm flask cells were seeded and flasks were toppetb @D ml with DMEM
supplemented with 3% HI CS, glutamine and Penn¢iiireptomycin (as detailed in
section 2.1.2). Infected cultures were grown umaemal condition for 5-7 days until a
nearly complete cytopathic effect (CPE) was obsen&upernatant and cells were
harvested from multiple flasks and combined. Wheosspble, viral stock was
concentrated immediately, if this was not possibé&eharvested stock was aliquoted into

50 ml tubes and these were stored at -80°C.

2.3.3 Concentration of viral stocks

Preferentially the procedure for viral stock cortcation was performed immediately
upon harvest. However if frozen aliquots were ugeth these were allowed to thaw
gradually at room temperature for about 30min fe#d by incubation in a 37°C water
bath. In order to harvest intracellular as weleasacellular virus fresh or thawed stock
was centrifuged (7000g, 4°C, 20 min, Sorval SLAA%6tor). All the following steps

were performed on ice. Supernatant was collectiedfiash centrifuge tubes and kept on
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ice. Cell pellet was re-suspended in 10 ml ice-eoétlium and homogenised using a 40
ml homogeniser (Wheaton, USA). Disrupted cells weeatrifuged in a 30 ml tube
(3600g, 4°C, 20 ml, SORVAL SS34 rotor) and the sugiant pulled together with total
viral stock. This was followed by centrifugation0(800g, 4°C, 3 hr, SORVAL rotor
SLA-15000). The supernatant was discarded and fthgs-gontaining pellet was
incubated in residual fluid overnight on ice in@dcroom (4°C). The next day pellets
were re-suspended by pipetting up and down usih@0® ul micropipette and pooled.
Virus suspension was then homogenised using a 2sombgeniser (Wheaton, USA)
and gently pipetted onto a 20% sorbitol solutioorifgol solution was prepared in Tris
buffered saline (TBS), pH = 7.8; sorbitol was pastd from Sigma) in 30 ml
centrifugation tubes (at a ratio of 10 parts suerts 1 part virus suspension). These
were then centrifuged (30,000q, 4°C, 3 hr, SORVA3& rotor). The supernatant was
discarded and 500 pl 3% FCS DMEM medium was adagdybe followed by 2 hr
incubation on ice and final re-suspension usingdld0nicropipette. Total volume was
adjusted to 3 ml and further homogenised usingna 5omogeniser (Wheaton, USA).

Aliquots of 50ul, 100ul and 200ul were prepared and stored at -80°C.

2.3.4 Titration of virus by plaque assay

Plague assays were used to measure the concamwétious in a sample i.e. virus titre.
Plague assays were performed on MEFs P53 -/- foriralses except MCMVdie3 in
which case the Bam25 cell line was used. Cells weegled in 24 or 48 well plates and

incubated overnight at 5% G@tmosphere, 37°C (for seeding densities see Tah)e
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On the day of the assay, 10 fold serial dilutionsu@lly 10" to 10°% of the virus-
containing sample were prepared in duplicate. Cailtnedium supplemented with 3%
serum was used to dilute the virus. When using B plates 10Qu of virus inoculum
was transferred onto the cells, 2d0vere used for 24 well plates. This was followsd b
1h incubation at 5% CfQatmosphere 37°C at which time the monolayer washea
once with medium. To cover the cells a 0.25% agamsedium mixture was prepared
by: heating to boiling point pre-made 2.5% agaresi@tion (2.5% agarose in distilled
water) and diluting it 1:10 in 3% serum supplemdnteedium. Wash medium was then
removed from the monolayers and the agarose-mediixture added carefully. Cells
were then incubated for 3-4 days under normal ¢mmdi at which point plagues were
counted. To calculate the virus titre measuredlagye forming units to ml (PFU/ml)

the following equation was used:

PFU/ml = number of plagques counted * individualidon factor * 10 (in the case of 48

well plates) or *5 (in the case of 24 well plates)

2.3.5 Infection of cells

Once the titre of a given viral stock was knowmés possible to calculate the amount
of viral stock needed to achieve a desired mudityliof infection (MOI). The MOI
corresponds to the number of PFUs delivered pér Telinfect cells, viral inoculum
was prepared by mixing the required amount of \statk with 3% serum supplemented

media. The total volume of inoculum used for difer plate formats is specified in
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Table 2.1. Cells were incubated with the viral moen for an absorption period of 1 hr
at 5% CQ atmosphere, 37°C. Monolayers were then washed thmes with media and
replenished with normal growth media. Time zero)(©® zero hours post infection
(O hpi) corresponds to the end of the viral adsonpperiod. For mock infections the
same medium used for preparation of viral inoculuas used only with no virus added.

All wash steps and medium replenishing steps walewed as per infected wells.

2.3.6 Viral growth curves

2.3.6.1 Plaque assay based growth curves

Growth curves were used to analyse viral replicatihis allowed to compare the effect
of different treatments on viral growth or to comggrowth characteristics of wild type
versus mutant viruses. To perform growth curve yamig| cells were seeded in a 24 well
plate and incubated over night at 5% CGmosphere, 37°C. The next day infection at a
low MOI (in this study MOI of 0.2) or high MOI (ithis study MOI of 2) was used. For
infection procedure see section 2.3.5. Supernatantsiltures were sampled at 24 hr
intervals on days 1 to 5 or 6 post infection. Gulel supernatants were titrated using

plague assays.

2.3.6.2 Fluorescence based growth curves of GFP-reporter virus

Viral growth was evaluated by measuring GFP exprasby the MCMV-GFP virus

(described in section 2.3.1).To ensure that MCMWGgharacteristics of replication
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reflect that of the wild type virus, the growth &tics of MCMV and MCMV-GFP were
analysed using plaque assay based growth curvggré2.3). MCMV-GFP replication
was effectively indistinguishable from that of MCMWhis is in accordance with
previously published data (Angulo et al., 2000).s#kong correlation between GFP
signal and PFU/ml measurements has been previaestyonstrated (Dr M. Blanc,
DPM, Personal communications). Fluorescence bas®mutly curves were performed as
follows: NIH/3T3 cells were seeded in black (cleattom) 96-well plates and incubated
overnight at 5% C@atmosphere, 37°C. Phenol red-free DMEM was uskd.next day
cells were infected at a MOI = 0.2. GFP signal otiete was measured using a
POLARstar OPTIMA microplate Reader (BMG LabTech, )JUEXxcitation and emission

wave lengths were set at 485 nm 520 nm, respegtivel
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Figure 2.3: Comparison of growth kinetics of MCMV a  nd MCMV-GFP in
NIH/3T3 cells. NIH/3T3 cells were infected at an MOI = 0.05 with MCMV or
MCMV-GFP. At indicated time points post infection (days post infection)
supernatants from the infected cultures were harvested and titered on
MEFp53 - monolayers. Error bars indicate the standard deviation from three

separate wells. Dotted line represents the limit of detection (100 PFU/ml).
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2.4 Cytokines and agonists

Recombinant mouse ILBl (Thermo Scientific, catalogue number RMIL1BI) and
recombinant mouse TNHThermo Scientific, catalogue number RMTNFAI) weee

constituted in 0.5 ml d¥0 and diluted in 10% FCS supplemented DMEM to a
concentration of 1ug/ml. Recombinant mouse IBNwas purchased from Stratech

Scientific (catalogue number 12400-1). Aliquotgtidse cytokines were kept at -80°C.

TLR9 ligand ODN 1668 (InvivoGen, catalogue numiddrmiodnb) and TLR9 ligand
control (InvivoGen, catalogue number tlrl-modnbckeres re-constituted in sterile

endotoxin-free water, aliquoted and stored at -20°C

TLR7 ligand R-848 ((4-Amino-2-(ethoxymethyl)-a,axthyl-1H-imidazo[4,5-
c]quinoline-1-ethanol, S 28463, Resiquimod), Enife LSciences, catalogue number

ALX-420-038) was re-constituted in DMSO aliquotediastored at -20°C.

2.5 Protein methods

2.5.1 Buffers and solutions used for protein methods

Lysis buffer: 50 mM Tris-Cl pH 7.5, 100 mM NaCl, 1% (w/v) NP4d9@ known as
IGEPAL CA-630 (Sigma)). Shortly before use the iieegl amount of lysis buffer was

supplemented with protease inhibitors (Roche, Ceteplablets, catalogue number 04
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693 116 001) and phosphatase inhibitors (Roches®bp, catalogue number 04 906
837 001)).

Laemmli sample loading buffer: 2 x sample loading buffer was bought from Sigma
(catalogue number S3401).

Laemmli Running Buffer (Tris-Glycine): 25 mM Tris, 192mM glycine, 0.1% SDS,
pH 8.3.

Transfer buffer (Towbin buffer): 25 mM Tris, 192 mM glycine, 20% (v/v) methanol,
0.025% SDS, pH 8.3.

Tris-Buffered Saline (TBS):10 mM Tris; 100 mM NacCl, pH 7.8.

Tris-buffered saline- Tween (TBS-T): 10 mM Tris-HCI, 100 mM NaCl, 0.2%
Tween-20.

10% Ammonium Persulfate (APS) 1 gr of APS was added to 10 ml g aliquoted
and stored at -20°C.

1 M Tris-HCI pH 6.8: 120 g Tris were added to 800 ml of #/§ pH was adjusted
using HCI and total volume made up to 1 litre wdti,O.

1.5 M Tris- HCI pH 8.8: 181 g of Tris were added to 800 ml of 4 pH was adjusted
using HCI and total volume made up to 1 litre wdti,O.

10% Sodium dodecyl sulphate (SDS):10 g of electrophoresis-grade SDS were

dissolved in 80 ml of dkD. Total volume was then made up to 100 ml.
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2.5.2 Preparation of protein extracts for western blot analysis

Cells were washed twice with ice cold PBS befoeedold lysis buffer was added (100
pl/well in a 24well plate; 150 pl/well in a 6 wedlate). After which cells were scraped
off and transferred to an Eppendorf tube. Samplker®\then incubated on ice for 30 min
(if required samples were then stored at -80°Cldtar processing). Lysates were then
cleared by centrifugation at maximum speed in éettdp centrifuge for 5 min at 4°C.

Supernatants were transferred to a fresh tube aeptidt -80°C until analysed. Protein
concentration was determined using a BCA (bicinamonacid) Protein Assay Kit

(Thermo Scientific Pierce, catalogue number 23228).

2.5.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

and Western blot analysis

Following determination of protein concentration,equal amount of total protein from
each sample (typically 548g) was mixed with 2x Laemmli Sample loading buffEne
mixture was boiled for 5 min at 98°C followed byw@ef centrifugation. Samples were
then loaded onto a SDS-PAGE gel (5% stacking @ tesolving gel), together with
molecular weight markers (SeeBlue® Plus2 Pre-Sthfftandard, Invitrogen). Running
apparatus, voltage and time setting for gel runniaged and depended on gel size.
Transfer of proteins from the gels onto a membnaae achieved using a wet blotting
procedure: gels were equilibrated briefly in tramdsuffer followed by assembly of the

transfer sandwich. This was organised in the falhgworder: fiber pad, filter paper, pre-
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wetted membrane, equilibrated gel, filter papdserfipad. All were soaked in transfer
buffer prior to use. A Hybond™ ECL™ (GE Healthcaoe)immobilon-FL (Millipore)

membranes were used for ECL or immunofluoresceased membrane visualisation,
respectively. Following completion of protein tréarsthe membrane was removed and

washed briefly in dpD.

Two protein detection methods were used Enhanceamminescence (ECL) based
detection or Near-infrared (NIR) fluorescence badetection. This dictated different
procedures for blocking, antibody incubation anghal detection which are detailed

below. Antibodies usage and purchase details anaded in Tables 2.2- 2.4.

2.5.3.1 Enhanced Chemiluminescence (ECL) based detection

Membranes were incubated in blocking buffer (0.1®8SITween, 5% skim milk
powder (Sigma)), for 1 hr at room temperature agroight in at 4°C. They were then
washed 3 times, 5 min each, with TBS-Tween. Prinzemtypody diluted in TBS-Tween
was added and membranes were incubated for 2rboiat temperature or overnight at
4°C. Excess antibody was washed as above. Secoadéibody diluted in blocking
buffer was added and 2 hr incubation at room teatpez was allowed. The membrane
was then washed 3 times, 10 min each, with TBS-fwEmally, proteins were detected
using the Amersham ECL™ Western Blotting DetectiBeagents (Amersham,
catalogue number RPN2109), X-ray film RX NIF (Fupf) and the OPTIMAX X-Ray

Film Processor (GmbH & Co).
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2.5.3.2 Near-infrared (NIR) fluorescence based detection

Membranes were incubated in PBS for several mintadewed by blocking with
Odyssey blocking buffer (Li-Cor Biosceinces) didité:1 in PBS, for 1 hr at room
temperature. Primary antibodies diluted in Odyssiegking buffer + 0.1% Tween-20
were then added and a 2 hr at room temperaturezemnight at 4°C incubation was
allowed. Membranes were then washed 4 times, Seach, with 0.1% Tween PBS. All
following steps were performed while protecting #rgibody vials and membrane from
light. Fluorescently-labelled secondary antibodiesse diluted (typically 1:15,000) in
Odyssey blocking buffer + 0.1% Tween-20 followed &0 min incubation at room
temperature. The membranes were then washed 4, ttmas each, with 0.1% Tween
PBS. Finally the membranes were rinsed with PBS\asuhlised using the Odyssey®
Infrared Imaging System (Li-Cor Biosceinces). Inmgere analysed using the Odyssey
Application Software version 3.0 (Li-Cor Biosciesgeintegrated fluorescence intensity
was calculated for each protein band (defined asstim of the intensity values for all
pixels enclosed by a shape, i.e. a rectangle engssimg a single protein band,
multiplied by the area of the shape (units are t®umf)). Quantification of the
loading control proteinpt Actin or total p38) was used as a reference tonabze the
integrated fluorescence intensities of the prota@h interest (kBa or p-p38,

respectively).
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Table 2.2: Primary antibodies used for Western blot

analysis

Antibody Host species Dilution Incubation time Suplier
A kind gift from
Prof. Stipan Jonjic
Chroma 101; detects . . o .
the MCMV protein iel Mouse 1:1000 Overnight, 4°C (Rl.ejka.
University,
Croatia)
A kind gift from
Chroma 103; detects . 2 hr, room Prpf_, Stipan Jonjic
X Mouse 1:1000 (Riejka
the MCMV protein el temperature . .
University,
Croatia)
IkBalpha Rabbit 1:1000 2 hr, room Sigma (# 10505)
temperature
IxBo (L35A5) Mouse Mouse Cell Signaling
mAb (Amino-terminal 1:1000 Overnight, 4°C Technology (#
Antigen) 4814)
Cell Signaling
Anti B-actin Rabbit 1:1000 Overnight, 4°C Technology (#
4967)
. ) 2 hr, room Roche
anti-HA (clone 3F10) Rat 1:1000 temperature (# 11867423001)
Santa Cruz
) Rabbit 1:500 Overnight, 4°C Biotechnology
P38 (C-20) (# 5C-535)
Phospho-p38 MAPK Cell Signaling
(Thr180/Tyr182) Mouse 1:1000 Overnight, 4°C Technology (#
(28B10) 9216)

# Catalogue number
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Table 2.3: Secondary antibodies used for ECL based detection
Antibody Dilution Incubation time Supplier
Peroxidase conjugated Affini Pure . 2 hr, room
goat anti-mouse antibody IgG (H+L 1:3000 temperature Stratech (# 115035062)
Peroxidase conjugated Affini Pure . 2 hr, room
goat anti-rat antibody 1gG (H+L)) 1:3000 temperature Stratech (# 115035062)
Anti-rabbit 1I9G, HRP-linked 1:2000 2 hr, room Cell Signaling
Antibody ’ temperature Technology (# 7074)

# Catalogue number

Table 2.4: Secondary antibodies near-infrared fluor ~ escence based

detection

Antibody Dilution Incubation time Supplier

. . 1 hr, room Cell Signaling
Anti-mouse IgG (H+L) (DyLight 1:15,000 '
800 Conjugate) temperature Technology (# 5257)
Anti-rabbit 1IgG (H+L) (DyLight® 1:15.000 1 hr, room Cell Signaling
800 Conjugate) — temperature Technology (# 5151)
Alexa Fluor® 680 goat anti-rabbit 1 hr. room Invitrogen
IgG (H+L) *highly cross-adsorbed* 1:15,000 ' )
%2 mgmL* temperature (# A-21109)
Alexa Fluor® 680 goat anti-rat IgG 1 hr. room Invitrogen

* * . L]

(H+L) *2 mginL 1:15,000 temperature (# A-21096)
Alexa Fluor® 680 goat anti-mouse
IgG (H+L) *highly cross-adsorbed* 1:15.000 1 hr, room Invitrogen
*2 mgmL* = temperature (# A-21058)

# Catalogue number
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2.6 Enzyme-Linked Immunosorbent Assay (ELISA)

Cytokine levels in cell culture supernatant werdedained using ELISA kits in
accordance with manufacturer's instructions (R&Dst8yns Ltd, DuoSet ELISA
Development Systems: Mouse T&Fcatalogue number- DY410 and mouse IL-6
catalogue number- DY406). In brief: a 96 well pl&é well EIA/RIA Plate, Costar)
was coated with capture antibody and incubatednigiet at room temperature. On the
following day wells were washed 3 times with waslffér (0.05% Tween-20 in PBS).
Samples or cytokine standard (4@) were then applied and incubated for 2 hr at room
temperature. Plates were then washed as above edadtidn antibody added for an
additional 2 hr incubation. Wells were again wasfedidwed by addition of horseradish
peroxidase (HRP) - conjugated streptavidin. Aftemoval of non-bound HRP
conjugate, the substrate solution was added aralicelas allowed to develop for 20
min. Colour development was then stopped by addittd 2 N HSO, solution.
Absorbance was recorded using a POLARstar OPTIMArgplate Reader (BMG

LabTech, UK).

2.7 Immunofluorescence

BMDM were seeded at a density of 1Rk&lIs/well onto BD Falcon CultureSlides (8
chamber polystyrene vessel, BD Bioscience) andbaimd overnight at 5% GO
atmosphere, 37°C. The next day cells were infeatetitreated as required then washed

twice with PBS and fixed in 4% paraformaldehyde APFor 15 min. Fixative was
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removed by washing 3 times, 5 min each, with PB& sdidles stored at 4°C until used.
Preparation of cells for staining: cells were inatgdad with 50mM NHECL in PBS for
10min and washed twice, 5 min each, with PBS. Pabilization was achieved by
incubation with 0.5% Triton X-100 for 3 minutes ltaved by two washes with PBS.
Immunostaining: cells were incubated in blockindgféu(PBS; 5% normal goat serum
(Cell Signalling Technology, catalogue number 54263% Triton X-100 (Sigma)) for
1 hr. Primary antibodies diluted in antibody dituti buffer (1% BSA in PBS) were
applied and overnight incubation at 4°C allowedl®&ere then washed 3 times, 5 min
each, in PBS. This was followed by 2 hr incubatmoom temperature with secondary
antibodies also diluted in antibody dilution bufféixcess antibody was removed by
washing 3 times, 5 min each, with PBS. Finally esidvere mounted using ProLong®
Gold antifade reagent with DAPI (Invitrogen, catple number P-36931) and
coverslips. The primary antibodies used were: NFgd&d (C22B4) (Cell Signaling
Technology, catalogue number 4764) and Chroma $6& (etails in Table 2.2). The
secondary antibodies used were: Alexa Fluor® 4&®'F fragment of goat anti-rabbit
IgG (H+L) (Invitrogen, catalogue number catalogugmber A-11070) and Alexa
Fluor® 594 F(ab")2 fragment of goat anti-mouse [#3L) or Alexa Fluor® 488 Goat
Anti-Mouse 1gG (H+L) (Invitrogen, catalogue numlmatalogue number A-11001) and
Alexa Fluor® 594 Goat Anti-Rabbit IgG (H+L) (Invitgen, catalogue number catalogue
number A-11012). Slides were analysed using thea 8P5 confocal microscop with a
x63 objective, numerical aperture 1.4. Microscoes wperated and images acquired by
Shonna Johnston, Optical Imaging Manager at the MALConfocal and Advanced

Light Microscopy Facility, Queens’ Medical Researttstitute, MRC Centre for
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Inflammation Research, The University of Edinburgfnages were prepared for print
using ImageJ (Rasband, W.S., ImageJ, U. S. Natimsditutes of Health, Bethesda,

Maryland, USA, http://imagej.nih.gov/ij/, 1997-2011

2.8 DNA methods

2.8.1 Cloning

ORF M45 was derived from a previously describedhelaollection of the MCMV
orfeom (MCMV strain Smith) (Fossum et al., 2009%isTclone library makes use of the
Gateway® Technology system (Invitrogen) which issdgh on the recombination
properties of bacteriophage lambda. It includesaraay of plasmids containing different
att sites which are DNA recombination sequences resegnby proteins that mediate a
recombination reaction (Clonase™ enzyme mix). Hiiews for a rapid and efficient
transfer of genes of interest from an initial vectoto which they were cloned
(PDONR™ 207) into a variety of destination plasmsigh as expression vectors. Two
expression vectors were used: pCR3DEST and pCR3BERESBoth are derivatives of
the pCR3 plasmid (Invitrogen) which have been mesly adapted for use with the
Gateway Technology system. The pCR3DESTHA plasmitldes an influenza virus
hemagglutinin (HA) epitope tag at a N-terminal piosi. Transfer of M45 from
pDONR™ 207 into pCR3DEST and pCR3DESTHA was acldeusing an LR
recombination reaction: 1l of pDONR™ 207, 1ul of expression vector at a
concentration of 300 ngl, 1 ul H,O, 1 ul LR clonase, quick spin, 2 hr incubation at

room temperature. A schematic representation dfRameaction and resulting plasmids
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is shown in Figure 2.3. Following completion of thR reaction transformation into
chemically competent bacteria was performed. DNAmfrresulting colonies was

isolated and analysed by restriction endonuclegagstion.

attL attL attR attR attB attB attP attP
LR Clonase™ +
destination E—— expression by-product
vector clone

Figure 2.3: Schematic representation of LR reaction . An LR reaction

facilitates recombination of an attL substrate (entry clone = pDONR™ 207) with
an attR substrate (destination vector = pCR3DEST or pCR3DESTHA) to create
an attB-containing expression clone. This reaction is catalyzed by LR Clonase™
enzyme mix. For more information regarding the ccdB gene see section 2.9.2

(adapted from the Gateway® Technology manual, Invitrogen).

2.8.2 Purification of plasmid DNA

For isolation of plasmid DNA, a single colony waslested from a LB plate and
transferred to a 15 ml tube containing 3 ml of LBth with the same antibiotic
selection as the agar. The culture was incubatedt night at 37°C with ~250 rpm
shaking. The next day plasmid DNA was isolated gisie QIAprep Spin mini prep kit
(Qiagen). Alternatively, overnight culture was ddd 1:500 to inoculate 200 ml of
growth media to be cultured overnight at 37°C wi260 rpm shaking. This was used
for preparation of larger DNA quantities using tPereyield Plasmid Midiprep System

(Promega). The concentration and purity of the fijgali DNA was determined by
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measuring the UV absorbance at 260 and 280 nm MapoSpectrophotometer (ND-

1000), NanoDrop).

2.8.3 Restriction endonuclease digestion

Restriction enzymes EcoRV, Hindlll, Xbal, corresdomy buffers and BSA were
purchased from New England BioLabs and used agugprddo manufacturer’s
recommendations. Typically a digestion mixture unnlgd: 5ul of plasmid DNA isolated
by mini-prep (see section 2.8.3), 20 U of each ereysed, 1x enzyme appropriate
buffer, 5ug BSA, adjusted to a total volume of g0Dwith dH,O and incubated for 2 hr

at 37°C.

2.8.4 Agarose gel electrophoresis

Agarose gels were used to analyze DNA fragments plagmids. Gels (1%
concentration) were made and run in 1XxTAE buffepptemented with ethidium
bromide (final concentration 0.25g/ml). A 1 kb DNA ladder (Generuler, Fermentas

Ltd) was used to evaluate band size.
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2.9 Bacterial methods

2.9.1 Buffers and solutions for bacterial methods

Luria-Bertani (LB) broth and agar plates: 10 g Tryptone (BD Biosceinces), 5 g Yeast
extract (BD Biosceinces), 10 g NaCl (Sigma) and@Hiere mixed to a total volume of
1 litre, autoclaved and kept at 4°C. For plate grafoon 15 g of agar (Sigma) was added

and the mixture poured onto plastic plates (Stelithited, UK).

Antibiotics: Gentamycin (final concentration 1&/ml), Ampicillin (final concentration
100 pg/ml), Chloramphenicol (final concentration 15@/ml) and Kanamycin (final

concentration 5Qg/ml) were all purchased from Sigma.

2.9.2 Bacteria

Expression (destination) vectors used contattdB gene which allows for negative
selection of cells that have taken up unreactetirdg®n and by-product vectors (see
section 2.8.2 and Figure 2.3). This is due to #ut that the CccB protein inhibits the
growth of most Escherichia ColE(oli) strains such as DH5 Therefore, prior to
insertion of the gene of interest these plasmidevgeopagated in thg. coli strain
DB3.1 which is resistant to the CcdB effects. Rollgy LR reaction (see section 2.8.2)

plasmids were transformed inEoColi strain DHW to allow for negative selection. Both
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strains were grown in LB medium or on LB agar pa#¢ 37°C with constant shaking

(=250 rpm) in the case of liquid media.

2.9.3 Preparation of chemical competent bacteria

A single colony of DH&a.bacteria was picked and grown over night in 1®frilB. The
next day 5 ml of this starter culture was usednmoculate 1 litre of LB. Inoculated
culture was incubated at 37°C with shacking anddsed growth assessed by measuring
optical density at 600 nm QE). Once an Olyo of ~0.5 was reached the exponential
growth of the bacteria was stopped by swirling vagsly on ice for 10 min. The culture
was then divided into two and centrifuged@4 10 min at 4000 g-force) followed by re-
suspension in 30 ml of sterile, ice cold 100 mM Ga€r pellet. This was followed by
a 30 min incubation on ice and an additional c&rgetion. Each pellet was gently re-
suspended in 5 ml ice cold sterile 100 mM Gaslipplemented with 15% glycerol
(w/v). Resulting cells were aliquoted (50 ul), stfiagzen in liquid nitrogen and stored at

-80°C.

2.9.4 Transformation of chemical competent bacteria

Plasmid DNA (1ul of LR reaction (see section 2.8.2)) was mixedhvidO ul chemical
competent bacteria and sequential incubation stepe conducted: 30 min on ice, 1.5

min in 42°C water bath, 2 min on ice. Then LB me(B80 ul) was added and the
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mixture incubated for 1 hr, with shaking (950 rpom)a hot block followed by spreading

on appropriate selection plates.

2.10 Statistical analysis

Statistical analysis was performed using Microgoftel 2007 software.

62



3 Chapter 3

MCMYV inhibits IL-1 B induced | kBa degradation

3.1 Introduction

The cytokine IL-B plays a key role in initiation and modulation oflammation and
additionally contributes to the shaping of adapiivenune responses (Sims and Smith,
2010). IL-18 binding to its receptor leads to recruitment of D83 followed by IRAK1
and IRAK4, TRAF6, TAK1l and finally the IKK complexThe IKK complex
phosphorylates the N&B-inhibitor IkBa leading to its degradation and thus to
activation of NFkB (Weber et al., 2010). This MyD88 to N#B axis is also activated
by TLRs (all except TLR3) (Kawai and Akira, 201®everal TLRs, including TLR2,
TLR7 and TLR9, have been shown to detect MCMV aadtribute to host response
against this pathogen (Tabeta et al., 2004) (Kiugl.e 2004) (Zucchini et al., 2008)
(Barbalat et al., 2009). Considering that MCMV ®lvn to manipulate multiple other
aspects of host anti-viral defence (Mocarski, 20R2yas hypothesised that MCMV
specifically perturbs TLR- and ILftinduced signalling along the MyD88 to NiB
pathway. To begin addressing this question thispielaaims to examine whether
MCMYV infection modulates the degradation @Bh, the hallmark of NReB activation,

following IL-1f stimulation.
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3.2 Results

3.2.1 System characterisation

Fibroblasts are fully permissive to infection wMCMV, and constitutively express the
IL-1 receptor. Therefore, MCMV infection of the fibrabt cell line NIH/3T3 followed
by IL-1p treatment was chosen to evaluate the possible latoziu of IL-13 signalling
by this virus. Initially, basic characterisation thiis system was carried out including
preliminary examination of the effect of Il3lon MCMV growth in NIH/3T3 cells and

evaluation of kBa degradation kinetics following cytokine stimulatio these cells.

3.2.1.1 Effect of IL-18 on MCMV growth in NIH/3T3 cells

To gain insight into the interplay between IB-4&nd MCMV in the experimental system
used, the effect of this cytokine on viral replioatwas examined. To this end a GFP
expressing virus, MCMV-GFP (described in Chaptersettion 2.3.1), was used.
NIH/3T3 cells were treated with a range of concaiins of IL-B prior to infection as
well as maintained in cytokine containing mediddwing infection. IFNB treatment
was used as positive control. Viral growth was rtared by microscopy (Figure 3.1a)
as well as by measuring GFP signal (fluorescenemsity) over time (Figure 3.1b). As
shown in Figure 3.1la, at day 2 post-infection oalysmall number of cells appear
infected in non-treated cultures. This is followwda rapid spread of infection with the
majority of cells expressing GFP by day 4 postsétite. As expected, IFpltreatment

markedly reduced viral spread throughout the pemo@mined. In IL-B treated
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cultures, at all time points evaluated, the numddenfected cells appears equivalent or
slightly higher than in non-treated cultures. Fagment signal measurements (Figure 1b)
reflect these qualitative results. In comparisonntm-treated cells, measured GFP
expression is significantly lower in IfNtreated wells. In contrast, no difference is
observed following inclusion of ILfLin the culture media up to 72 hr post-infection. A
this time point a trend towards higher GFP intgngstseen in IL-f treated wells in
comparison to non-treated cultures. It is unclé#his is due to stronger GFP expression

in individual infected cells or increased viral liegtion.

65



66



b)
30000

27500

—o— Non treated

—o—IL-18 0.1ng/ml
25000 | | _—IL-1B 1ng/ml
22500 |  —a—IL-1B 10ng/ml
20000 | ——IFNB (50U/ml)
17500
15000
12500
10000 -
7500 -
5000
2500

Relative fluorescent units

0= &
0 24 48 72 96 120

Time (hours post infection)

Figure 3.1: Effect of IL-1 B on MCMV growth in NIH/3T3 cells . NIH/3T3 cells
were treated with IL-18 at 0.1, 1 or 10 ng/ml or IFNB at 50 U/ml for 8 hr followed
by infection with MCMV-GFP (MOI = 0.02). Following infection cells were
maintained in the presence of cytokines as per pre-infection treatment. (a)
Whole well views of cell treated with IL-18 (10 ng/ml) or IFNB (50 U/ml) were
acquired at 2, 3 and 4 day post-infection. A representative experiment of three
performed is shown (BF = Bright field; F = Fluorescence). (b) Viral replication
was determined as a measure of GFP fluorescence. A representative
experiment of three performed is shown. Each data point represents the

average and standard deviation from six independent wells.

* Image acquisition for section (a) of this figure was performed by Kimberly

Martin at the Division of Pathway Medicine.
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3.2.1.2 IkBa degradation kinetics following cytokine stimulation in NIH/3T3 cells

The aim of this chapter is to examine whether MCIlui¥ection modulates IL{fi-
induced kBa degradation. To establish a temporal frame worknf@asuring IL-§-
induced kBa degradation, the kinetics of this response weitalily evaluated in non-
infected cells. As TNé&induced kBa degradation is known to be inhibited by MCMV
(Le et al., 2008) (Mack et al., 2008), stimulatwith this cytokine was included as a
positive control throughout this chapter. Therefdhe kinetics of TNE-induced kBa
degradation were also evaluated. NIH/3T3 cells werated with a range of ILBlor
TNFa concentrations. Whole cell lysates were colleeted5, 30 and 45 min following
stimulation and analysed by Western blotting. Station with IL-18 resulted in almost
complete kBa degradation by 15 min post stimulation. Thereaftecreasing #Ba
amounts were observed witkBa levels at 45 min post-treatment being comparatble t
pre-stimulation levels (Figure 3.2a). TreatmentwitNFa resulted in almost identical
degradation kinetics (Figure 3.2b). These resulés ia accordance with previously
published kinetics of cytokine stimulatexBln degradation in fibroblasts (Huang et al.,
2004) (Hoffmann et al., 2002)xBa degradation kinetics were comparable between the
different concentrations used, probably due toesystaturation. Overall, at 15 min post
IL-1B/ TNFa stimulation kBa is largely degraded. The very low levels oB& at this
time point provide an ideal background against Wha measure any inhibition iRBa
degradation. It was therefore decided to use 15 afircytokine treatment as the

experimental time point in later experiments.
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Figure 3.2: | kBa degradation kinetics following cytokine stimulatio
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NIH/3T3 cells. Cells were treated with different concentrations of TNFa (a) or

IL-1B (b) for the indicated periods of time. Whole cell lysates were harvested

and analysed using SDS-PAGE and immunoblotting with primary antibodies

against either IkBa or B-Actin. No sample was loaded in lane 2 (n = 2).
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3.2.2 IkBa degradation following IL-1 stimulation is inhibited in MCMV-infected

cells

The aim of this chapter is to examine whether MCNhfection modulates the
degradation ofdBa, the hallmark of NReB activation, following IL-B stimulation. To
begin examining this hypothesis, NIH/3T3 cells weneck treated or infected with
MCMV, and at 7 hpi stimulated with ILlor TNFa. Whole cell lysates were prepared
and analysed by Western blotting (Figure 3.3a). Tihee point used for cytokine
stimulation, i.e. 7 hpi, was chosen for the follogireasons: a) MCMV, as well as
HCMV, attachment to the cell surface as well agatibn initiate extensive cellular
responses within minutes and hours (Yurochko et1#97) (Yurochko and Huang,
1999) (Le et al.,, 2008) (Browne et al., 2001).dtaf great interest to establish the
interplay between the virus and these early cellusponses to infection. Early
detection of infection is attributed at least imtga TLRs (Boehme et al., 2006). MCMV
putative inhibition of TLRs as well as ILB1signalling (the latter being the subject
matter of this chapter) forms the central hypothdsr this thesis. It was therefore of
interest to examine this hypothesis within earlye$ post infection; b) this chapter
focuses on dBa levels as a measurement for signal transductioriLbyf. It has
previously been shown that at 7 hpBb: levels in infected cells are comparable to those
in mock-infected cells (Le et al., 2008). Indeedgekperiments presented here, prior to
further stimulation, comparableBa levels were observed in mock- and MCMV-

infected cells. In accordance with published ddia et al., 2008), while TNk
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stimulation of non-infected cells caused a drasiécrease inkBa levels, MCMV
infection inhibited the degradation okBa following treatment with this cytokine.
Importantly, in infected cells treated with Il31evels of kBa remained equivalent to
those in infected but non-treated cells. To teseter this observation was due to
inhibition of IkBo degradation or a kinetic change in the breakdowthis protein,
mock and MCMYV infected cells were treated with Ig-fbr 15, 30 or 60 min (Figure
3.3b). In non-infected cells cytokine stimulati@sulted in almost complete degradation
of IkBa at 15 min, followed by a slight recovery at 30 maimd a return to steady state
levels at 60 min post treatment. In contrast, inNAGinfected cells kBa levels appear
stable through out the time course with only ahdligecrease observed at 15 min post
treatment. These results indicate thad degradation following IL-f stimulation is

inhibited in MCMV-infected cells.
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Figure 3.3: | kBa degradation following IL-1 B stimulation is inhibited in

MCMV-infected cells . a) NIH/3T3 cells were mock infected or infected with
MCMV (MOI = 5) and at 7 hpi stimulated with IL-18 (10 ng/ml) or TNFa
(20 ng/ml) for 15 min. Whole cell lysates were harvested and analysed using
SDS-PAGE and immunoblotting with primary antibodies against either IkBa or -
Actin (n = 3). b) NIH/3T3 cells were mock infected or infected with MCMV
(MOI =5) and at 7hpi stimulated with IL-18 (10 ng/ml) for 15, 30 or 60 min. Cell

lysates were analysed as described for (a) (n = 1).
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3.2.3 De-novo viral gene expression is required for MCMV modulation of IkBa

degradation following IL-1B stimulation

In the previous section (3.2) it was demonstrated in MCMV infected cells IL-f
stimulation does not result in a decreasecBullevels. To test whether this is dependent
on de-novo viral gene expression, the MCMVdie3 mutarus, which lacks the fifth
exon of theiel/ie3 transcription-unit, was used (for genomic map Ghapter 2). Gene
expression of this mutant is limited to immediatehe genesel andie2, rendering the
virus extremely growth deficient. Replication cam iescued by growing the virus on a
complementary cell line (Bam25) expressing both #t IE3 (Angulo et al., 2000)
(Lacaze et al., 2011). The most commonly used nasthm test the involvement of viral
products in processes observed in infected cadlsjaplication of Cycloheximide (CHX)
or infection with ultraviolet (UV)-inactivated vieu CHX blocks the translation of both
cellular and viral proteins and thus would not h&een the method of choice for the
work presented here, as it was preferable to isolaial protein production without
altering cellular protein synthesis. UV- inactiwatidamages viral DNA and thus renders
the virus incapable of gene expression and DNAicefbn. The use of the MCMVdie3
mutant virus in comparison to UV-inactivation oHethe advantage of a phenotype

reversal as MCMVdie3 mutant is able to grow on Baroalls.

The growth characteristics of MCMVdie3 were re-enad in comparison to MCMV

using PFU based single step (MOI = 2) growth curVésile infection of NIH/3T3 cells

with MCMV resulted in productive infection, no virgrowth for MCMVdie3 was

73



detectable in these cells (Figure 3.4a). InfecobiBam25 cells with the mutant virus
resulted in recovery of viral replication althougth somewhat attenuated levels in
comparison to the wild type virus (Figure 3.4b).islts in agreement with previously
published data and shows that MCMVdie3 is a viabias if the IE3 protein is provided
in trans. Additionally, the kinetics of iBa degradation in response to cytokine
stimulation were tested in the Bam25 cell line.lIeere treated with IL{1 or TNFa
and following stimulation for 15, 30, 45 and 60 mwhole cell lysates were collected to
be analysed by Western blotting (Figure 3.5Bd degradation kinetics did not differ
following stimulation with either cytokinexBa was quickly and drastically reduced (to
10% of pre-stimulation levels) at 15 min post tneamt. A slight recovery was recorded
at 30 min (20% of pre-stimulation levels) witkBlo. levels at 45 min post stimulation
being comparable to those in non-treated. Thesdtsemre similar to data obtained from
NIH/3T3 cells. In both cell lines drastic degradatiof IkBa was observed at 15 min
post cytokine stimulation and recovery of proteavdls observed thereafter. These
results demonstrate thatBa degradation in Bam25 cells is normal and additigna

excludes arole for IE3 as well as IE1 in I-dignal inhibition
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Figure 3.4. Growth kinetics of MCMV and MCMVdie3 on NIH/3T3 and
Bam25 cells . NIH/3T3 (a) or Bam25 (b) cells were infected at MOI = 2 with
MCMV or MCMVdie3. At indicated time points post infection (days post
infection) supernatants from the infected cultures were harvested and titered on
Bam25 monolayers. Error bars indicate the standard deviation from three

separate wells. Dotted line represents the limit of detection (100 PFU/ml) (n = 2).
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Figure 3.5: | kBa degradation kinetics following cytokine stimuli in Bam25

cells. Cells were treated with IL-18 (10 ng/ml) (a) or TNFa (10 ng/ml) (b) for the
indicated periods of time. Whole cell lysates were harvested and analysed using
SDS-PAGE and immunoblotting with primary antibodies against either IkBa or [3-
Actin. Integrated fluorescence intensity was calculated (see Chapter 2 section
2.5.3.2) for IkBa protein bands, normalised to corresponding B-Actin levels and

expressed as percentage of IkBa at min O (n = 1).

76



Next, viral modulation of IL-f§ induced kBa degradation was compared in NIH/3T3
cells infected with MCMV or MCMVdie3. To this endgells were mock, MCMV or
MCMVdie3 infected and at 7 hpi treated with eithierl§ or TNFo for 15 min. Whole
cell lysates were prepared and analysed by Webtetting. As shown in Figure 3.3 an
MOI of 5 was used for the initial experiment to @resa maximum number of infected
cells. However, in order to optimise the use ofgezds, namely viral stocks, it was
considered whether a lower MOI would produce coralplar levels of infection in this
cell culture system. NIH/3T3 fibroblasts are ayydermissive cell line commonly used
in MCMV research (Ghazal et al., 2003). For a fufifection-permissive cell line such
as NIH/3T3 fibroblasts it is possible to use a folanbased on the Poisson distribution
to calculate the fraction of the culture that i¢eated by a certain number of virus
particles and also to estimate the total numbexed$ infected for a specific MOI (S. J.
Flint, 2009). For example, it is estimated that5%®and ~ 99% of cells will be infected
when MOI of 3 and 5 are used, respectively (cataadawas done by Muhamad Fairus
.B.N. Hassim from The Division of Pathway Mediciféhe University of Edinburgh,
UK). Hence both a MOI of 3 and MOI of 5 would resih > 95% of the culture
infected. Therefore an MOI of 3 was considered icigffit for all subsequent
experiments in this thesis. MCMVdie3 infection résun iel expression, therefore,
infection with both MCMV and MCMVdie3 could be camhed by detection of IE1.
Expression of IE1 was readily detectable in celfedted with wild type or mutant virus
(indeed somewhat higher levels of IE1 were seel@MVdie3 infected cells than in
MCMYV infected cells) (Figure 3.6a + b). Stimulatiohmock-infected cells resulted in a

dramatic decrease ikBa levels to ~10% of non-treated levels. This washined to a
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large degree in MCMV-infected cells in which postmilation kBa levels were five
times higher (~50%) of those in non-treated céll®e decrease irkBa in MCMVdie3
infected cells was the same as that observed irk nmbected samples with a drop to
~10% of pre-treatmentBao levels. This was true for stimulation with 1131(Figure
3.6a) as well as with TNF(Figure 3.6b). These results indicate that immtedearly
genesgel andie2, which are expressed following infection with MCM\é@, do not play
a role in modulation ofidBa degradation following cytokine stimulation of ieted
cells. Thus, in contrast to cells infected with MEML-1 stimulation of MCMVdie3

infected cells does result irRBa degradation.

Finally, it was tested whether the MCMVdie3 virgsable to inhibit IL-B signalling in
the Bam25 cell line. To this end Bam25 cells wekktreated or infected with either
MCMV or MCMVdie3 for 7 hr followed by stimulation ih IL-1p or TNFa for 15 min.
Whole cell lysates were collected and analysed legtéfn blotting. The results obtained
from mock or MCMV infected cells were equivalent ttiose seen in NIH/3T3 cells
(Figure 3.6). MCMVdie3 infection resulted in inhiloin of lkBo degradation in a similar
or even higher degree to that observed for infactith MCMV. IE1 was detected in
both infected and non-infected cells as Bam25 tlibly express this protein (Figure
3.7).

Taken together these results indicate thatftinluced kBa degradation is inhibited in

MCMYV infected cells, in a manner dependent on desnaral protein expression.
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Figure 3.6: MCMVdie3 does not inhibit | kBa degradation in IL-1 B
stimulated NIH/3T3 cells . NIH/3T3 cells were mock infected or infected with
MCMV or MCMVdie3 (MOI =3). At 7 hpi cells were stimulated with IL-13
(10 ng/ml) (a) or TNFa (10 ng/ml) (b) for 15 min. Whole cell lysates were
harvested and analysed using SDS-PAGE and immunoblotting with primary
antibodies against IkBa, B-Actin or IEL. Integrated fluorescence intensity was
calculated (see Chapter 2 section 2.5.3.2) for IkBa protein bands, normalised to
corresponding B-Actin levels and expressed as percentage of IkBa in non-
stimulated cultures (n = 2).
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Figure 3.7: MCMVdie3 inhibits | kBa degradation in IL-1 B stimulated Bam25
cells. Bam25 cells were mock infected or infected with MCMV or MCMVdie3
(MOI =3). At 7 hpi cells were stimulated with IL-18 (10 ng/ml) (a) or TNFa
(20 ng/ml) (b) for 15 min. Whole cell lysates were harvested and analysed using
SDS-PAGE and immunoblotting with primary antibodies against IkBa, -Actin or
IEL. Integrated fluorescence intensity was calculated (see Chapter 2 section
2.5.3.2) for IkBa protein bands, normalised to corresponding B-Actin levels and
expressed as percentage of IkBa in non-stimulated cultures (n = 2).
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Discussion

CMVs have co-evolved with their hosts and accongiagquired multiple strategies for
modulation of host immunity. Various TLRs includiigR2, TLR7 and TLR9 are now
known to contribute to the initiation of host reape to CMV infection (Tabeta et al.,
2004) (Krug et al., 2004) (Zucchini et al., 2008a(balat et al., 2009). Signalling
pathways activated by these TLRs as well as byk#e pro-inflammatory cytokine
IL-1p are characterised in great detail. However, liglknown about the modulation of
these signalling events during CMV infection. Waresented in this chapter examined

whether IL-3 induced kBa degradation is modulated in MCMV-infected cells.

Initial characterisation of the interplay betweérlp and MCMV included examination
of the effect of this cytokine on viral replication 3T3/NIH fibroblasts (Figure 3.1).
IL-1B has been previously shown to inhibit the growthH&EMV in human foreskin
fibroblasts (HFF) and marrow stromal cell linesdta et al., 1999) (Randolph-Habecker
et al., 2002). Additionally, pre-treatment of mowseabryonic fibroblasts (MEFs) with
IL-18 was found to reduce MCMV virus titre at day 5 pimgéction in comparison to
control cells (van der Meer et al., 1989). Howewsta presented here do not indicate
IL-18 inhibition of MCMV replication. The disparity beeen these findings and
previously published data could be due to the dkfie cell types examined and/or
cytokine treatment regimes used or the methodsechtus measure viral replication. It

would be of interest to conduct further experimarttsing various cytokine-treatment
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regimes and cell types as well to evaluate viralrgh using plague assay based growth

curves.

Data presented in this chapter show that in fikastsl infected with MCMV the
degradation ofdBa following IL-1f stimulation is inhibited in a manner dependent on
de-novo viral gene expression (Figures 3.3, 3.6 &1d. It is noteworthy that the
inhibition of kBa degradation in infected cells was not completeai.eeduction indBa
levels following cytokine stimulation was observalthough markedly less than that
seen in non-infected cells. In this regards the M@ed and therefore the proportion of
the culture expected to be and was actually infectieould be considered. In the
experiments shown (with the exception of Figurg &3 MOI of 3 was used which, as
outlined above, is predicted to result in ~ 95%elfs being infected. Conversely, it is
expected that a proportion of cells remain nonétge (~ 5% is predicted under optimal
conditions but this percentage is presumably higherculture and remains to be
determined experimentally). In this cell populatidrlp stimulation will lead to #Ba
degradation and this may account for at least agdahe observed reduction iRBa
levels following cytokine stimulation of infectedultures. The following approaches
could be taken to further explore this possibilityDetermine the proportion of cells
infected in the cell culture system used when thfié MOls are applied (for example,
by using the MCMV-GFP virus combined with flow cgtetry analysis to establish the
percentage of infected cells); - Compare [--induced «Ba degradation between
cultures infected with various MOIs (for exampleOMof 1, 3 and 5). Importantly,

IL-1B can induce«Ba dissociation from NReB and thus NReB activation in a manner
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independent ofdBa degradation (Yao et al., 2007) (Yamazaki et &109. Therefore,
further experiments are needed to establish howereasons presented here correlate
with NF«B nuclear translocation, DNA binding and importgniinctional outcomes
such as expression of NdB inducible genes. Finally, these data do notimisish
between specific inhibition of ILflsignal transduction at a step upstream ofid8Fand

its immediate regulatory network or a general blonkNF«B activation imposed by the
virus or a combination of the two. Interestinglye & al showed that MCMV extends
the stability of kBa, under CHX treatment, beginning at approximatehpb(Le et al.,
2008). The significance of this observation, homéy correlate with the data presented
here and whether it indicates viral modulationha# function of kBa and therefore of

NF-«xB remains to be seen.

HCMV has previously been shown to suppress fiLas well as TNE& induction of
cytokine and chemokines expression (Jarvis et 2006) (Montag et al., 2006).
Interestingly, this was found to be distinctly regad. In HCMV infected cells ILf4
failed to induce #Ba phosphorylation and degradation as well asdBFnhuclear
translocation. In contrasticBo processing following TNé stimulation did take place
albeit with retarded kinetics. As ILBland TNF signal through distinct pathways
converging on the IKK complex, it was concluded tHEMV alters signal transduction
by these cytokines upstream of IKK activation ipahway specific manner. However,
the viral proteins mediating this effect or the eriging mechanism were not defined
(Jarvis et al., 2006). In the work presented héra inhibition of TNFu signalling was

used as a positive control since MCMV has been shiowmodulate this pathway prior
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to IKK activation via disruption of RIP1 functiom@ck et al., 2008). As RIP1 is not
known to function in the context of the I3 kignalling pathway it is unlikely that this
mechanism explains the observation made here. Hawehis does not exclude the
existence of additional viral mechanisms alterirgghbTNFx and IL-18 signalling.

Finally, both HCMV and MCMV have previously beenogmn to down regulate the
expression of TNFR1 (Montag et al., 2006) (Popkid &irgin, 2003). It remains to be

tested whether expression of the IR+eceptor is modulated by MCMYV infection.

Overall, a previously unknown MCMV modulation @Bo degradation following IL-f

stimulation is shown in this chapter, establishamgexperimental framework in which to

further test the hypothesis of this thesis.
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4 Chapter 4
The MCMV protein M45 inhibits | kBa degradation following

IL-1B stimulation

4.1 Introduction

The MCMV protein M45 inhibits PRR and pro-inflamroat cytokine signalling as well
as serving as a key suppressor of both intrinsgt extrinsic cell death mechanisms
(Brune et al., 2001) (Mack et al., 2008) (Uptonakt 2010). Mutation of this gene
renders MCMV effectively avirulent in SCID mice lading failure to replicate in target
organs (Lembo et al., 2004). To date, M45 functionsiodulation of cellular responses
have been attributed to its binding of receptogratting protein (RIP) family members,
namely RIP1 and RIP3 (Mack et al., 2008) (Uptonakt 2010). RIP proteins are
serine/threonine kinases activated in responsecliolar stress signals such as PRR
activation, death receptor ligation and DNA damagdivation of RIP proteins results
in stimulation of cellular transcription factorscéuas NF<B and MAPKs as well as in
induction of cell death (Festjens et al., 2007) dBeq et al., 2009) (Meylan and
Tschopp, 2005). M45 was initially described as latoepism determinant, required for
inhibition of cell death in endothelial cells (Bminet al., 2001). Further studies
demonstrated that M45 inhibits infection-inducedP8idependent necrosis and is
therefore required for viral growth in RIP3 expiagscells (Upton et al., 2010). In

addition, M45 abrogates TNFnduced programmed necrosis, also termed necligptos
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a process dependent on both RIP1 and RIP3 (Maek,e2008) (Upton et al., 2010).
Upton et al mapped the RIP1/3 interaction domain on M45 to I Romotypic
interaction motif (RHIM) domain, present in all ¢er proteins (RIP1, RIP3 and M45)
(Upton et al., 2008). A mutant virus MdBtRHIM, carrying alanine substitutions
disrupting the RHIM domain, was found incapableirgfibiting virus-induced RIP3-
dependent cell necrosis as well as necroptosisortaptly, the attenuated in-vivo
phenotype of M4BUtRHIM (as measured by lack of footpad swelling anability to
recover replicating virus from salivary-glands)réeversed in RIP3 knock-out animals,
thus demonstrating that RHIM-dependent M45 intéoast specifically target RIP3
function (Upton et al., 2010). In addition to thieoge mentioned inhibition of TNF
mediated necroptosis, M45 also disrupts ®-and p38 activation by this cytokine
(Mack et al., 2008). This M45 function was attrigdito M45 binding to RIP1, which is
necessary for TN&signal transduction (Mack et al., 2008) (Kellileeral., 1998) (Lee et
al., 2003). In contrast to the finding by Uptenal described above, Mack et al found
M45 binding with RIP1 to be independent of RHIMdrdctions (Mack et al., 2008).
Finally, M45 inhibits TLR3 and DAI induced N&B activation, presumably via
interaction with RIP1 and RIP3 (Mack et al., 20@Bebsamen et al., 2009). RIP1
participates in the TLR3 signalling pathway follogirecruitment to the TRIF, itself a
RHIM domain containing protein (Cusson-Hermancalgt2005). Two RHIM domains
are present in DAl and serve to bind both RIP1 Ri@3 (Kaiser et al., 2008). The

significance of these observationsnosivo viral pathogenesis remains to be examined.
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In the previous chapter, MCMV infection was shownntodulate the degradation of
IkBa following stimulation with IL-B. Experiments were performed at 7 hpi, a time
point at which M45 is expressed in infected cedlbéit to lower levels than at later
times post infection) (Lacaze et al., 2011) (Upsdral., 2010). M45 has been shown to
inhibit NF«B activation by TNk and other PRRs all of which utilise RIP1 as an
obligatory signalling module. While RIP proteins dot play a role in IL-f signalling
(Weber et al., 2010) (Meylan et al., 2004), theg, anterestingly, related to IRAK
family members, which perform a key role in thellgpathway (Meylan and Tschopp,
2005) (Manning et al., 2002). The aim of this cleajd to examine whether M45 plays a

role in the observed inhibition of ILBlinduced kBo degradation.
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4.2 Results

4.2.1 MA45 inhibits IL-1B induced IkBa degradation

To test whether M45 plays a role in MCMV inhibitioof IL-1B-induced kBa
degradation, NIH/3T3 cells were mock treated oedtéd with MCMV, a M45 deletion
mutant AM45) or complement virus into which M45 has beefinteoduced (CM45).
Mock treated and infected cells were stimulatedWit1p, at 7 hpi, for 15 min. Whole
cell lysates were prepared and analysed by Webtetting (Figure 4.1a). Expression of
IE1 was equivalent following infection with all ¢ viruses.dBa levels prior to IL-B
stimulation were comparable between non-infectdld emd cells infected with any of
the three viruses. This is in agreement with presly published data (Mack et al.,
2008). kBa levels decreased dramatically following 1B-freatment of mock infected
cells but remained stable in MCMV or CM45 infectadls. InAM45-infected cells, the
fall in 1xBa levels was equivalent to that in non-infectedcellhus, M45 is necessary
for inhibition of kBa degradation following IL-f stimulation of MCMV infected cells.
It was then asked whether M45 is sufficient to kldlc-1p-induced kBa degradation.
Cells were transfected with M45 or HA-M45 expressiectors followed by stimulation
with IL-1B. Whole cell lysates were prepared and analysedestern blotting (Figure
4.1b). IL-18 stimulation of cells transfected with empty or &Rsexpression vector
resulted in almost complete degradation idBd. However, in cells transfected with
vectors expressing M45 or tagged M4&Bd degradation was markedly inhibited. The

partial decrease irkBo levels observed in M45 or tagged M45 transfectelts anay
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represent non-transfected cells. Taken togethesgethesults show that M45 is necessary

and likely sufficient to block IL-g-induced kBo degradation.
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Figure 4.1: M45 inhibits IL-1 B induced | kBa degradation. a) NIH/3T3 cells
were mock treated or infected with MCMV, AM45 or CM45 (MOI = 3). At 7 hpi
cells were stimulated with IL-1p (10 ng/ml) for 15 min. Whole cell lysates were
harvested and analysed by using SDS-PAGE and immunoblotting with primary
antibodies against IkBa, B-Actin or IE1. Data shown are representative of at
least three independent experiments. Integrated fluorescence intensity was
calculated (see Chapter 2 section 2.5.3.2) for IkBa protein bands, normalised to
corresponding B-Actin levels and expressed as percentage of IkBa in non-
stimulated cultures (n= 3). b) NIH/3T3 cells were mock treated (M), or
transfected with empty vector (V), GFP, M45 or HA-M45 expression vectors. At
12 hr post transfection cells were treated with IL-1B (10 ng/ml) for 15 min. Whole
cell lysates were harvested and analysed by using SDS-PAGE and
immunoblotting with primary antibodies against IkBa, B-Actin or HA (n = 1).
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4.2.2 p38 phosphorylation in MCMYV infected cells following IL-1 stimulation

IL-1B activates MAPKs cascades as well as d¥BF{(Weber et al.,, 2010). ILfl
stimulation leads to activation of TAK1, a MAPK kise kinase, which in addition to its
interaction with the IKK- NFReB system also activates MAPK kinases. In turn, MAPK
kinases, namely MEK3/MEK6 and MEK4/MEK7, phosphatgl and thus activate p38
and JNK family members, respectively. In view oé thbservation that M45 inhibits
IL-1B-induced kBo degradation, it was asked whether M45 also moesildhe
phosphorylation of p38 to p-p38.

The kinetics of p38 phosphorylation in responsé_t@ stimulation of NIH/3T3 cells
were initially examined. Whole cell lysates werdlexed at 0, 4, 8, 12, 16 and 20 min
following IL-1pB treatment and analysed by Western blotting. Phargpdtion of p38
increased significantly within 4 min of stimulati@nd continued to rise at 8 min of

cytokine treatment. Thereafter, phosphorylatiorelewdropped (Figure 4.2).

IL-1B
min 0 4 8 12 16 20 MW (kDa)
N = a7 80
p-p38 —» — — —
~ 36
= 50
P e — o — G
~ 36
Figure 4.2: p38 phosphorylation kinetics following IL-1B stimulation in

NIH/3T3 cells. NIH/3T3 cells were treated with IL-13 (10 ng/ml) for the indicated
periods of time. Whole cell lysates were harvested and analysed using SDS-
PAGE and immunoblotting with primary antibodies against either p-38 or p-p38
(n=2).
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Next, p38 phosphorylation following ILBLstimulation was tested in MCMV infected
cells. NIH/3T3 cells were mock treated or infectéth MCMV, AM45 or CM45 and at
7 hpi treated with IL-f for O, 4, 8, 12 and 16 min. Whole cell lysateseverepared and
analysed by Western blotting (Figure 4.3a and 4.8BB phosphorylation followed a
similar pattern in mock treated cells or cells atéel with either wild-type or mutant
viruses: levels of p-p38 quickly rose in responsdlt1p, peak phosphorylation was
observed at 8 to 12 min post-stimulation with corap& fold change increase observed
for all conditions (mock infection or infection \withe different viruses), followed by a
drop in p-p38 levels. It should be noted that theetics of phosphorylation and
dephosphorylation did differ between experimentspdrtantly, however, within each
experiment the rate of p38 phosphorylation/dephogpétion was similar under all
conditions (mock infection or infection with thefférent viruses) ( with exception of
AMA45-infected cells in Figure 4.3a in which dephasptation of p-p38 appears to be
of slower kinetics than in mock-, wild-type- or CBHinfected cells). Finally, p38
phosphorylation following IL-f stimulation was compared in cells productivelynon-
productively infected with MCMV. NIH/3T3 cells wem@ock treated or infected with
MCMV or MCMVdie3 and at 7 hpi treated with IL8Xor 0, 4, 8, 12 and 16 min. Whole
cell lysates were prepared and analysed by Wediking (Figure 4.3c). IL-f
induced p-38 phosphorylation kinetics were highiynigr in mock, MCMV or
MCMVdie3 infected cells: levels of p-p38 quicklys® in response to ILBl peak
phosphorylation (~ 3 fold increase in comparisonmock non-stimulated cells) was
observed at 8 min post-stimulation, followed byrapdin p-p38 levels. Finally, results

obtained for mock and MCMV infected cells in theet independent experiments
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shown in Figure 4.3a-c were statistically analygédure 4.3d). It was found that I1LB1
induced p-38 phosphorylation kinetics does notedjfat least at the time post infection
examined, in MCMYV infected cells in comparison tnrinfected cells. Taken together,
these results indicate that MCMV, and specificaM45, do not inhibit the

phosphorylation of p38 in response to Ig-1
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Figure 4.3: p38 phosphorylation in MCMV infected ce lIs following IL-1 B
stimulation. a) and b) NIH/3T3 cells were mock infected or infected with
MCMV, AM45 or CM45 (MOI = 3). At 7 hpi cells were stimulated with 1L-13
(20 ng/ml) for indicated periods of time. Whole cell lysates were harvested and
analysed by using SDS-PAGE and immunoblotting with primary antibodies
against p38 and p-p38. Integrated fluorescence intensity was calculated (see
Chapter 2 section 2.5.3.2) for p-p38 protein bands, normalised to corresponding
p38 levels and expressed as fold change as compared with non-infected cells at
min 0. Calculated fold change in p-p38 levels is shown below gel images and
plotted in accompanying graphs (n = 2). ¢) NIH/3T3 cells were mock infected or
infected with MCMV or MCMVdie3 (MOI = 3). At 7hpi cells were stimulated with
IL-1B (10 ng/ml) for indicated periods of time. Whole cell lysates were harvested
and analysed as described above (n = 1). d) Graph showing average fold
change in p-p38 levels calculated for IL-1B- treated mock and MCMV infected
cells in the three independent experiments shown in a— ¢ (error bars indicate
standard error).
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4.3 Discussion

In the previous chapter ILBlinduced kBa degradation was found to be modulated in
MCMYV infected cells. Data presented in the curremapter demonstrates that MCMV

protein M45 mediates this effect.

M45 is shown here to inhibit ILAtinduced kBo degradation (Figure 4.1). M45 has
previously been shown to inhibit both innate-immueeeptor signalling (namely TN
TLR3, DAI) as well as cell death induced by infeati These M45 functions were
attributed to its ability to bind and modulate thenction of cellular-stress signal
transducers RIP1 and RIP3 (Mack et al., 2008) (betoal., 2010). RIP proteins are not
known to take part in the ILBLpathway (Weber et al., 2010) (Meylan et al., 2004)
Therefore, M45 inhibition of signalling events delsed here likely represents a novel
function of this protein. Further experiments agquired to substantiate this conclusion

by establishing the underlying protein-protein ratgions and mechanism.

M45 does not appear to inhibit p38 phosphorylatiomesponse to IL{1 (Figure 4.3).
IL-1B binding to its receptor induces, via IRAKs and THGA the activation of TAK1.
At this point the signalling pathway bifurcates B&AK1 activates the IKK complex
followed by NF«B, as well as phosphorylates MAPK kinases resuiting38 and JNKs
phosphorylation/activation. It was therefore ofemast to establish whether M45
perturbs only one or both arms of the pathway. réstengly, IL-13-induced p38

phosphorylation was not found to differ between-irdacted and MCMV-infected cells
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regardless of viral gene expression including MBigre 4.3). It should be noted that
p38 phosphorylation kinetics differed somewhat leetw the experiments conducted.
Importantly,  however, within each experiment the tera of p38
phosphorylation/dephosphorylation was similar uraleconditions (mock infection or
infection with the different viruses). Differencelserved could be resolved with further
repetition of experiments shown as well as by usimage sensitive techniques such as
ELISA. In this regards the MOIs used and thereftire proportion of the culture
expected to be infected should also be considénetthe experiments presented here a
MOI of 3 was used which is predicted to result ve grand majority of cells being
infected. Conversely, it is expected that a smpprtion of cells remain non-infected
(this question of the ratio between these populatiaf infected and non-infected cells is
discussed in more detail in Chapter 3). In the mbeected cell population IL{1
stimulation will lead to p38 phosphorylation andighcontribute to the proportion of
p-p38 observed following cytokine stimulation offéoted cultures. It would be of
interest to compare the levels of IB-linduced p38 phosphorylation between cultures
infected with various MOlIs (for example, MOI of 3,and 5). This said, NIH/3T3 is a
fully infection-permissive cell line and a MOI of B expected to result in the
predominant portion of cells being infected. Theref it is safe to conclude that the
IL-1B- induced increase in p-p38 observed in infectédi@s does indeed represent p38

phosphorylation occurring in infected cells.

p38 activation, following IL-B stimulation, is considered entirely dependent &KT

(Sato et al., 2005) (Weber et al., 2010). Thus,fthéing that p38 is phosphorylated
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suggests, that in the experimental settings us@&1Tis activated. This in turn may
indicate that the observed inhibition @Blo degradation is a result of M45 interference
with a signalling step between TAK1 activation drBa degradation. Possible points
of viral interference include: inhibition of TAK1hpsphorylation of the IKK complex,
modulation of the IKK complex itself (for exampleet abundance of IK& IKKB or
IKKvy) or its activity (for example blockage of kinasen€tions) or interference with
IkBa processing for degradation (at or after its uliigation). In other words, these
results may indicate that M45 modulates the fumctibthe immediate regulatory circuit

of NF«B.

It is also possible that the activation of NB-and p38 is differentially modulated kiye
virus. Activated p38, through phosphorylation of liple and diverse substrates,
regulates various cellular processes including gamotdegradation and localization,
MRNA stability, endocytosis, apoptosis and cytoskai dynamics (Cargnello and
Roux, 2011) (Cuadrado and Nebreda, 2010). The bvertcome of p38 driven
processes or that of a subset of them might cangilbo a formation of a favourable
cellular environment for viral replication. This farn may have selected for either virus
non-interference with or even potentiation of p88vation. An interesting example is
that of vaccinia virus protein A52R. In transfeatiexperiments this protein inhibits
NF-kB activation by multiple TLRs via interaction witRAK2, presumably disrupting
the ability of IRAK2 to engage its cellular intetmn partners (Keating et al., 2007)
(Harte et al., 2003) (Bowie et al., 2000). At tlaene time, by binding to TRAF6, A52R

potentiates the activation of p38 and JNK upon Tk&mnulation. It has been
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hypothesised that by A52R can selectively inducerddream signalling by TRAF6
(that is, A52R may induce p38 phosphorylation withaffecting NF«B activation)
(Maloney et al., 2005). This differential effecfleeted in A52R modulation of LPS-
induced gene expression such that d~dependent expression of IL-8 was inhibited
while p-38 dependent expression of IL-10 was enbar{®aloney et al., 2005). In the
case of MCMV and M45, it is noteworthy that M45 daehibit TNFa-induced p38
phosphorylation (Mack et al., 2008). M45 modulatadnTNFo signalling is thought to
be due to M45 binding to RIP1 (Mack et al., 200B)P1 is a regulator of several
cellular stress responses including those origigafrom activation of PRRs and by
death receptor ligation and DNA damage (Meylan @sdhopp, 2005). Hence M45
modulation of RIP1 function can be considered asalvinterference with a hub of
cellular signalling. Inhibition of TNé&-induced RIP1-dependent p38 activation can
therefore be viewed as an inevitable consequendé4éf targeting RIP1 rather than a

result of M45 primarily targeting p38.

The inter-relationship between HCMV/MCMV and MB-has been previously studied
in some detail. Infection with either HCMV or MCMhduces NF<B activation.
HCMV infection results in rapid translocation of MB to the nucleus, stimulation of
NF-xB DNA binding activity and transcription initiatiorfKowalik et al., 1993)
(Yurochko et al., 1997) (Yurochko and Huang, 199®%)deed, viral envelope
glycoproteins gH and gB alone have been shown itat ¢he activation of NFR<B,
potentially through detection by TLR2 (Yurochkoadt, 1997) (Yurochko and Huang,

1999) (Boehme et al., 2006). Similarly, MCMV infiext induces #Bo degradation, NF-
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kB DNA-binding activity and associated transcripaibiregulation (Gribaudo et al.,
1996) (Le et al., 2008). NkB activation following infection is attributed, dtast
partially, to stimulation by PRRs including TLR unckd NF«B activation (Tabeta et

al., 2004) (Zucchini et al., 2008) (Krug et al.020.

It has been previously suggested that one way CM& have adapted to the activation
of NF«B is by harnessing its transcriptional activityawgment viralgene expression
and replication (Sambucetti et al., 1989). In bEtBMV and MCMV the enhancer of
the major immediate-early enhancer promoter (MIER)ich regulates immediate-early
gene expression, contains binding sites for cellufanscription factors including
NF-«xB, AP1 and CREB/ATF (Stinski and Isomura, 2008).dAdnally, NF«B
complexes have been shown to bind to HCMV enhadeeved sequences and up-
regulate the expression of reporter genes (Santbetet., 1989) (Prosch et al., 1995).
It was therefore hypothesised that NB-activation is required for the initiation of vira
immediate-early gene transcription and thereforal vieplication. However, disruption
of the NF«B binding sites with the HCMV enhancer does notralE1 expression or
viral growth kinetics in cultured cells (Gustemsagt 2006). These data are supported
by in vivo investigations. An intact HCMV enhancer or an erdest in which the NkeB
binding sites were silenced were used to replaeditEMV enhancer, resulting viruses
were named hMCMV-ES and hMCMV-ES.N@B, respectively (an enhancer swap
approach was used due to prohibitive to manipulgbi@perties of the MCMV enhancer
on one hand and the need for in-vivo investigabonthe other hand). In an in-vivo

model of neonatal infection no difference was foumetween the growth of the
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hMCMV-ES and hMCMV-ES.NRkeB viruses (Isern et al., 2011). Importantly, in the
same model system an enhancer swap virus in whatth WF«<B and AP1 enhancer
binding sites were mutated showed significant atiéed growth (Isern et al., 2011). In
addition, serum response factor (SRF) and estdiee-1 (Elk-1) binding sites have
been shown to compensate for NB-mediated activation of MIEP (Caposio et al.,
2010). This suggests that enhancer usage of vaceludar transcription factors allows
for robustness such that elimination of input b dranscription factor is compensated
by others (Caposio et al., 2010) (Isern et al.,120This is turn implies that the role of
NF-xB in activation of immediate-early viral gene trangtion can only be understood
in the context of a complex fine-tuned “conversatidbetween the CMV-MIEP
enhancer and the transcriptional response to infediStinski and Isomura, 2008).
Finally, impairment of the canonical NdB pathway, using arkBo dominant negative
mutant, a IKK3 dominant negative mutant or p65 knock-out celld, bt affect HCMV
or MCMV replication in-vitro (Benedict et al., 20p4Caposio et al., 2007). Indeed, at
low MOI (0.02) replication of MCMV on p65-deficientibroblasts was enhanced
(Benedict et al., 2004). Interestingly, expressibran IKKB dominant negative mutant
did block HCMV replication in quiescent cells (Capm et al., 2007). Overall, in
cultured cells NReB activation appears to have a neutral, if nothitbry, role in CMV
replication although additional work is requiredassess its contribution to the viral life
cycle in quiescent cells and-vivo relevant cell types such as endothelial and pgmar

monocyte/macrophage cells.
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HCMYV, in addition to the above discussed activat@inNF«B, has been shown to
disrupt NF«B activation and function. Tayloat al have demonstrated that IE86, the
HCMV immediate-early 2 gene product, blocks NB-binding to DNA (although it
does not affectdBo degradation or NikB nuclear translocation). This results in
inhibition of infection-induced expression of IBNas well as inflammatory genes
(TRAIL, IL-6). TNFu-induced NF«B DNA binding and upregulation of inflammatory
genes IL-8 and RANTES) expression is also inhibited by IE86. Interedim¢E86 was
not found to bind to NkeB subunits p50 or p65. It was hypothesised by thbkas that
modulation of NF<B function by IE86 is achieved by binding to a NB-interaction
partner or by modulation of pathways controlling ghost-transcriptional modification
of p65 (Taylor and Bresnahan, 2006). In additionF-&B activation following
stimulation with IL-33 or TNFa is inhibited in HCMV infected cells (Montag et ,al.
2006) (Jarvis et al., 2006). This inhibition occupstream of IL-f and TNFe signalling
pathways convergence on MB-and appears to be pathway specific rather thasat

of viral modulation of NR¢B function (Montag et al., 2006) (Jarvis et al.0gD

MCMV has also been shown modulate NB-activation. As discussed above, MCMV
protein M45 inhibits several signalling pathwayading to NF«B activation by binding
to cellular proteins RIP1 and RIP3 (Mack et alQ0(Upton et al., 2008). Examination
of NF«B activation kinetics following MCMYV infection shad that kBo degradation
and NF«B DNA-binding activity were induced following inféon, however, both were
dampened by 6 hpi (i.e. by this time point bothopyéismic kBa and nuclear NkB-

DNA complexes returned to pre-infection levels) (ke al., 2008). Additionally,
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stimulation of infected cells with TNFat 7 hpi did not result inkBo degradation.
Interestingly, under cycloheximide treatmenkBd intrinsic half-life increased
significantly in infected cells versus controls (eeal., 2008). The authors concluded
that these finding indicate that NdB activation is controlled by MCMV. However, the
underlying mechanism or viral product/s mediatinig effect were not elucidated (Le et
al., 2008). Considering that M45 is expressedlgigLacaze et al., 2011) (Upton et al.,
2010) and the above suggested hypothesis that Madulates NFReB activation, it
would be of interest to examine infection-induced=-®B activation (nuclear
translocation, DNAbinding and transcriptional activation of targehgg) over time in

cells infected with wild type versus UV-inactivateidus and the M45 deletion mutant.

Overall, data presented here identifies M45 as M@VV protein mediating viral
inhibition of IL-1p induced kBa degradation. Additionally, preliminary observason
suggest that M45 directly modulates the immedidtexR regulatory circuit. Although
the interaction between HCMV/MCMYV infection and NB- activation has been
researched in some detail there is much to leadedd, much of the research described
in the literature (as briefly reviewed above) exptb the overall effect of NkB
activation or lack thereof on CMV replication. Altatively, NF«xB activation was used
as marker in investigations into viral modulatiohsggnalling by cytokines or PRRs.
However, little is known about direct CMV targetind NF«B as a major cellular
signalling hub synthesising signals from multipbthways (this is with the exception of
the study by Tayloet al). In the case of MCMV, previous studies alludedh® fact that

NF-kB activation might be controlled by the virus. Hawee the underlying mechanism
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or viral product/s mediating this effect were nbicedated (Le et al., 2008). Thus the
findings presented here, which identify M45 as &epbal direct modulator of NkB
function, can form the basis for detailed invedims into MCMV- NF«B interplay.
Thus, allowing research in this field to progressnf observational to mechanistic
studies which put this key signalling factor, nayndF-«B, at the heart of the research
effort. This may include more detailed mappingerhporal regulation during infection
and the resulting differential effects on gene esgpion, detailed understating of M45
interaction with the NReB network and identification of additional viral quucts

affecting the function of NkeB.
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5 Chapter 5
MCMV modulates NF- kB activation following TLR7 or TLR9

stimulation in bone marrow-derived macrophages

5.1 Introduction

TLR7 and TLR9 are intracellular TLRs capable ofedéinhg nucleic acids (Blasius and
Beutler, 2010). TLR9 is often quoted as recognisiggo/unmethylated CpG-rich DNA
that is more frequently present in the genomes iofabes than in mammalian DNA
(Blasius and Beutler, 2010). However, several stutiave now demonstrated that DNA
recognition by TLR9 is dependent on the 2’-deoxysiphosphate backbone.
Furthermore, these studies suggest that chemicdifications and specific sequences
present in synthetic CpG-oligodeoxynucleotides (8PMNgands used in TLR9 research
actually serve to improve delivery into intracefiucompartments of TLR9 expression
rather than facilitating the ligand-TLR9 interactidself (Haas et al., 2008) (Yasuda et
al., 2005) (Yasuda et al., 2006). TLR7 detects $5Rid well as the low molecular
weight synthetic compounds called imidazoquinoljries example resiquimod (R-848),
and guanine analogs (Hemmi et al., 2002) (Diebbhl.e2004) (Heil et al., 2004) (Lund
et al.,, 2004). Both TLR7 and TLR9 localize to ardesomal compartment and are
activated only in acidified endolysosomal comparitegBlasius and Beutler, 2010). It

is thought that this particular localization/actiea profile is important in

105



discrimination between self and non-self nucleidaa@s host DNA is usually excluded

from these intracellular bodies (Barton and Ka@@@9) (Blasius and Beutler, 2010).

TLR7 and TLR9 induced responses are cell-type dig@n In conventional dendritic
cells (cDCs) and macrophages stimulation of thelsBsTleads to MyD88-dependent
activation of NF«B and MAPK pathways resulting in secretion of inflaatory
cytokines. This occurs via the IRAKs-TRAF6-TAK1 sajling cascade. NkB
activation is enabled via TAK1 activation of the KKcomplex followed by
phosphorylation and degradation of NB-inhibitor IkBa (reviewed in Chapter 1). In
plasmacytoid dendritic cells (pDCs) activation dfRI7 and TLR9 leads, in addition to

NF-xB and MAPKSs activation, to secretion of type | IfBlasius and Beutler, 2010).

As reviewed in Chapter 1, both TLR9 and TLR7 hagerbshown to play a role in host
response to MCMV. MCMV infection of TLR9 knock-o(lfLR9-/-) mice or mice with
a non-functional TLR9 receptor results in increasedtality and elevated viral titres in
the spleen in comparison to wild type animals. Tdusrelates with impaired cytokine
responses and diminished activation of NK cellsld[2eet al., 2005) (Krug et al., 2004)
(Tabeta et al., 2004). A study by Zucchini et ajgested an overlapping function for
TLR7 and TLR9 in the detection of MCMV. Higher saptbility to MCMV-induced
death, increased viral load in the spleen and feignitly lower serum levels of RN
were found in TLR9-/-TLR7-/- double knock-out micecomparison to TLR9 or TLR7

single knock-out animals. Indeed, the phenotypeTbR9-/-TLR7-/- animals with
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regards to susceptibility to MCMV-induced deathamtulated that of MyD88-/- mice

(Zucchini et al., 2008).

HCMV and MCMYV infect monocytes and macrophages bothivo and in-vitro, with
permissiveness to infection depending on cellulfferé@ntiation state (such that non-
productive versus productive replication is supgarin monocytes and macrophages,
respectively) (Mocarski, 2006) (L.K.Hanson, 2006). Infection of
monocytes/macrophages by CMVs is considered to m@aykey role in viral
dissemination during acute infection, potentiallyough tissue infiltration of non-
actively infected monocytes followed by differetisd into macrophage thus
stimulating productive infection and viral spredbllins et al., 1994) (Stoddart et al.,
1994) (Hanson et al., 1999) (Smith et al.,, 2004)o¢ktski, 2006). Macrophages,
monocytes and their progenitor cells have also heglicated as a site of latency

(Reddehase et al., 2002).

In previous chapters MCMV, and more specifically M€ protein M45, were shown to
modulate IL-B-induced kBa degradation. Following binding of their cognatgalds

TLR9, TLR7 and the IL-f receptor induce a largely overlapping MyD88-deamd
pathway leading tokBoa degradation and NEB activation. It would therefore be
expected that M45 inhibits TLR9- and TLR7- indudéeB-xB activation. As outlined
above, TLR9 and TLR7 have previously been showpldg a role in MCMV detection

and initiation of anti-viral immune responses. TLRAd TLR9 are not expressed by
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fibroblasts in which experiments shown in the poesi chapters were performed.
However, Bone marrow-derived macrophages (BMDM)ehpreviously been found to

constitutively express TLR7. In addition, TLR9 wiasnd to be expressed at low levels
in resting BMDM and to be upregulated upon MCMVeiction (P.Lacaze, Division of

Pathway Medicine, Personal communication). Impdiyanas discussed above,
macrophages are considered to play a key role itV @sthogenesis. Considering the
roles of TLR7, TLR9 and macrophages in CMV biolagys of interest to examine

whether, as suggested above, M45 indeed inhibiR9fland TLR7- induced NkB

activation in the context of BMDM. This is the aohthe following chapter.
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5.2 Results

5.2.1 TLR7 and TLR9-induced IkBa degradation is inhibited in MCMYV infected
BMDM

In previous chapters MCMV was shown to modulatelftinduced kBa degradation.
As TLR7/9 utilise a signalling pathway largely olagping that of IL-B leading to
IxBa degradation, it was asked whether MCMV also maddsld LR7/9-mediateckBa
degradation in BMDM. Initial experiments testedavimodulation of TLR7-induced
IkBa. degradation since, as mentioned above, TLR7 hesiqusly been found to be
constitutively expressed in the BMDM model usedeh&MDM were mock-treated or
infected with MCMV, AM45 or CM45. At 8 hpi mock-treated and infectediselere
stimulated with the TLR7 ligand R-848. Whole cetadtes were collected at 0, 10, 30
and 60 min post stimulation and analysed by Wedtstiing (Figure 5.1a). In mock-
infected cells treated with R-848kHo levels decreased rapidly and were nearly
abolished (to ~ 5% ofBa levels in non-stimulated cells) by 30 min posatmeent. At
60 min post-stimulationkBa levels were restored to ~ 77% of levels in nomuatated
cells. In contrast, in MCMV infected cells treatedh R-848 only a very small decrease
in IkBa levels, to ~ 88% of those in non-treated cellssvgaen at 30 min post
stimulation. This was followed by recovery to ptersilation levels by 60 min post
treatment. ThexBa degradation profile following TLR7 stimulation 645 infected
cells paralleled that seen in non-infected cell84R stimulation of CM45 infected cells
resulted in a marked decreasewBd levels (~ 28% ofiBa amount measured in non-

stimulated cells at 30 min post treatment), folldwey an increase inkBa levels at
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60 min post treatment (~ 72% ofBa amount measured in non-stimulated cells). Thus
the CM45 virus exhibited an intermediate phenotipgéween wild-type and\M45
viruses (for example, at 30 min post R-848 treatrheB levels in CM45 infected cells
were lower than those in wild-type virus infecteell€ but higher in comparison to

AMA45 infected cells).
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Figure 5.1: MCMV modulates | kBa degradation following TLR7 stimulation.

a) BMDM were mock infected or infected with MCMV, AM45 or CM45 (MOI =3).
At 8 hpi cells were stimulated with R-848 (0.1 uM) for the indicated periods of
time. Whole cell lysates were harvested and analysed by using SDS-PAGE and
immunoblotting with primary antibodies against IkBa, IE1 or B-Actin. Integrated
fluorescence intensity was calculated (see Chapter 2 section 2.5.3.2) for IkBa
protein bands, normalised to corresponding B-Actin levels and expressed as
percentage of IkBa at min 0 (n = 3).b) BMDM were mock infected or infected
with MCMV, AM45 or CM45 (MOI = 3). At 8 hpi cell viability was determined
using the Cell Titer-Blue assay and is expressed as percentage of fluorescent
signal in comparison to mock infected cells. Data is representative of at least
two experiments (each experiment included 6 replicates, mean values and
standard error (SE) bars shown) (n = 2).
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Infection equivalency, examined by measuring IEpregsion, showed IE1 levels in
AM45 and CM45 infected cells to be ~ 55% and ~ 75&& of wild type-virus infected
cells, respectively. One possible reason for the 61 expression measured AM45-
infected cultures is that M45 deletion mutants haveviously been found to grow
poorly on a macrophage cell line, presumably duitare to inhibit virus-induced cell
death (Brune et al., 2001). Hence cell viabilityidaring infection with the wild type,
AMA45 or CM45 viruses was evaluated (Figure 5.1b)l @ability of infected BMDM
was found comparable between the three virusesntiteworthy that,dBa levels, at 30
min post-stimulation, adjusted to IE1 expressioa ar88, 17 and 37% in wild-type,
AM45 and CMA45 infected cultures, respectively. Henddferences in infection
equivalency alone, as indicated by IE1 expressaoa,unlikely to explain the different
competencies of the wild-typ&aM45 and CM45 viruses to inhibit TLR7-inducedBl
degradation. Overall, these data show a strongbitidm of TLR7-induced #Ba

degradation by MCMV in BMDM.

Next it was tested whether MCMV infection modulatdd R9-induced #Ba
degradation. BMDM were mock treated or infectechvitCMV and at 8 hpi stimulated
with TLR9 the ligand ODN 1668. Whole cell lysatesr& collected at 0, 10, 30 and 60
min post stimulation and analysed by Western bigt{Figure 5.2). Stimulation of mock
infected cells resulted inkBa levels falling to ~ 38% and ~ 34% of pre-treatedels
within 30 and 60 min, respectively. StimulationMCMYV infected cells resulted in a

markedly smaller decrease kBl levels to ~ 70% and 60% of pre-treated levelsGat 3
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and 60 min post-treatment, respectively. These iddiaate that MCMV inhibits TLR9,

as well as TLR7-inducedBa degradation in BMDM, albeit to a lesser extent.
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Figure 5.2: MCMV modulates | kBa degradation following TLR9 stimulation.
BMDM were mock infected or infected with MCMV (MOI = 3). At 8 hpi cells were
stimulated with TLR9 ligand ODN 1668 (1 uM) for the indicated periods of time.
Whole cell lysates were analysed by using SDS-PAGE and immunoblotting with
primary antibodies against IkBa or B-Actin. Integrated fluorescence intensity was
calculated (see Chapter 2 section 2.5.3.2) for IkBa protein bands, normalised to
corresponding B-Actin levels and expressed as percentage of IkBa at min 0
(n=2).
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5.2.2 TLR7 and TLR9 induced NF-kB nuclear translocation is inhibited in
MCMYV infected BMDM

Results presented in the previous section show Th&7- and TLR9-inducedxBa
degradation is inhibited in MCMV infected cellskBlo sequesters NkB in the
cytoplasm, and stimulation induced degradationk&ol leads to NFR<B translocation
into the nucleus. It was therefore asked whetheiMMdnfection of BMDM inhibits
TLR7/9-induced NFReB nuclear translocation. Initially, TLR7 induced B nuclear
translocation in MCMV infected cells was examin&\VDM were mock-infected or
infected with MCMV, and stimulated with TLR7-ligan®-848 before subcellular
localization of NFkB was analyzed by immunofluorescence (Figure 5.Bapr to
stimulation of mock-infected or infected cells MB- localized to the cytoplasm. As
expected, R-848 stimulation of mock infected cedlsulted in NR<B translocation to
the nucleus. In contrast, NB was retained in the cytoplasm of infected ceall®fving
stimulation. Next, the subcellular localization ofF-«B was examined in cells
stimulated with either a TLR7 agonist (Figure 5.3) TLR9 agonist (Figure 5.3c)
following mock infection or infection with wild tyg AM45 or CM45 viruses (note that
in figure sections 5.3b and 5.3c NB-and IE1 staining differs from that presented in
section 5.3a). Mock-infected\M45- or CM45-infected cells stimulated with TLR7
agonist all exhibited nuclear localization of MB: As described above, TLR7
stimulation did not result in NkB nuclear translocation in wild-type virus infected
cells. As with TLR7, mock-infected cells respondexd TLR9 stimulation by re-

localizing NF«B to the nucleus, while infection with in wild-typdCMV restricted
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NF-kB to the cytoplasm. In contrast, in cells infecteith AM45 or CM45 followed by
TLR9 stimulation, NF<B localized to the nucleus. Overall, these ressiiggest that
TLR7 and TLR9 induced NKkB nuclear translocation is inhibited in MCMV infect

cells.

Figure 5.3: TLR7 and TLR9 induced NF- kB nuclear translocation is

inhibited in MCMV infected BMDM. a) BMDM were mock infected or infected
with MCMV (MOI = 1). At 8 hpi cells were mock treated or stimulated with R-848
(0.1 M) for 30 min. Cell were then fixed and subcellular localization of NF-kB
p65 subunit was analyzed by confocal immunofluorescence. b + ¢c) BMDM were
mock infected or infected with MCMV, AM45 or CM45 (MOI = 1). At 8 hpi cells
were stimulated with R-848 (0.1 yM) (b) or ODN 1668 (1 uM) (c) for 30 min.
Cells were then fixed and subcellular localization of NF-kB p65 subunit was

analyzed by immunofluorescence.
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5.2.3 TLR7-induced cytokine secretion in inhibited in MCMV-infected BMDM

Results presented in the previous sections showttfa7-induced «Ba degradation as
well as NF«B nuclear translocation are inhibited in MCMV infed cells. It was
therefore tested whether these observations cteraldth inhibition of NF«xB
upregulation of cytokine expression. BMDM were mockected or infected with
MCMV, AM45 or CM45. Cells were then stimulated with TLR@and R-848,
supernatants were harvested and the concentradfois6 and TNF. determined by
ELISA (Figure 5.4). Wild-type virus or CM45 infectecells stimulated with R-848
secreted less IL-6 and TNRhan mock infected cells stimulated in the samamaa
Cells infected withAM45 and treated with R-848 secreted more IL-6 ahdrdl than
wild-type virus or CM45 infected cells stimulatadthe same manner. Overall, a trend
towards reduced cytokine secretion was observedGMYV infected cells treated with

R-848 in comparison to mock infected cells.
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Figure 5.4: TLR7-induced cytokine secretion in inhi  bited in MCMV-infected
BMDM. BMDM were mock-infected or infected with MCMV, AM45 or CM45
(MOI = 3). At 8 hpi cells were stimulated with the TLR7 ligand R-848 (0.1 uM).
After 16 h of stimulation supernatants were harvested and the concentrations of
IL-6 and TNFa determined by ELISA (Data from two experiments performed is
shown; each experiment included 3 replicates, mean values and standard error
(SE) bars shown).
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5.3 Discussion

Results presented in this chapter show that TLR@-TLR9-induced #Ba degradation
and NF«B nuclear translocation as well as TLR7 mediatecegglation of IL-6 and

TNFa secretion are modulated in MCMV infected BMDM.

Firstly, TLR7- and TLR9-inducedBa degradation was shown to be curbed in MCMV
infected cells (Figures 5.1 and 5.2). This inhibjiteffect was stronger in the case of
TLR7 (with peak kBa degradation of 5% versus 88% in non-infected afetted cells,
respectively (Figure 5.1)) in comparison to TLRAtlmpeak kBo degradation of 34%
versus 64% in non-infected and infected cells, @eBpely (Figure 5.2)). The reason for
this is unclear, however one possible explanat®that it results from inherent, i.e.
independent of infection, variations in TLR7 and RAL induced #Ba degradation
kinetics. In non-infected cells, TLR7 stimulatiogsatls to a rapid and almost complete
IkBa degradation, whereas TLR9 stimulation results islightly delayed and less
exhaustive #Ba degradation (Figures 5.1 and 5.2). These obsensatre compatible
with published data orxBa degradation following TLR7/9 stimulation in BMDM\an

et al., 2011). It is noteworthy that the agonistedi(R-848 and ODN 1668 for TLR7 and
TLR9, respectively) are commonly used and adequateracterised specific ligands of
TLR7 and TLR9. Moreover, these ligands have preslipbeen shown to induce N
activation and cytokine secretion in macrophagesn{hii et al., 2000) (Hemmi et al.,
2002) (Heil et al., 2004). Indeed, a central questn NF«B research is to understand

the mechanisms controlling the subtle variatioMNF«B activation profiles induced by
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various receptors including different TLRs (Sen &mdale, 2010) (Bode et al., 2009). In

turn, it would be of interest to explore viral-hasteractions in this context.

Secondly, TLR7 and TLR9 induced NdB nuclear translocation was shown to be
inhibited in MCMV infected cells (Figures 5.3a abd3c). These results are in full

agreement with the observed inhibition ©Bb& degradation.

Thirdly, MCMV infected cells treated with a TLR7 @gst were found to secrete less
IL-6 and TNFx than non-infected cells equally stimulated (Figird). Cytokine
secretion in the absence of TLR7 stimulation wasmeasured. However, it has been
previously shown that resting BMDM secrete no detele amounts of IL-6 and TNF
and that secretion of these cytokines is upreguilag®n infection (Dr P.Lacaze, DPM,
Personal communications). In results presented Iretee presence of TLR7 simulation
MCMV-infected cells secreted less of these cytakiime comparison to mock-infected
cells, indicating that TLR7-induced secretion ofdland TNfe is curbed in MCMV
infected BMDM. Taken together, these results suggfest TLR7/9-induced NkB

activation is inhibited during MCMYV infection of BDM.

It is noteworthy that BMDM are semi-permissive tdeiction (L.K.Hanson, 2006). At
the MOI used in the experiments presented, namé&No& = 3, ~ 50 -70% of BMDM
will be productively infected (assessed by flow argetry measurements of GFP-
positive cells in a population of MCMV-GFP infectB#IDM, M.F.B.N. Hassim, DPM,

Personal communications). That is, a significaipprtion of cells in infected cultures
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are non-productively infected. It would therefore df interest to utilise methods which
allow for assays of interest to be performed ontytbe infected portion of the cell
population, these include: - immunofluorescencelyasig (as shown above); - flow
cytometry combined with infection with GFP expregsviruses or staining for a viral
protein thus allowing gating of infected cells andasurement (by a second staining) of,
for example, a protein of interest within this stéel population; - similarly
Fluorescence-Activated Cell Sorting (FACS) combinetth infection with GFP
expressing viruses or staining for a viral protequld be used to isolate productively

infected cells to be assayed in a chosen downstaggfication.

The role of the MCMV protein M45 in mediating théoae shown inhibition of
TLR7/9-induced NFRe¢B activation in infected cells was also examinedRT-induced
IxBa degradation, NkeB nuclear translocation and cytokine secretionltd5 infected
cells was found comparable to that observed in mofdcted cells (Figures 5.1-5.4).

However interpretation of these results is confashhly the following factors:

1) In experiments examining the modulation «Bd degradation, IE1 expression, used
as an indicator of infection, was considerably lovie AM45-infected cultures in
comparison to wild-type virus-infected cells. Ittieerefore possible that the seemingly
different ability of the two viruses (wild type amd45) to inhibit TLR7 induceddBa
degradation, is at least partially due to varyinfgction levels. M45 deletion mutants
have previously been shown to grow poorly on a o@tage cell line, presumably due

to failure to inhibit virus-induced cell death, letst in a proportion of the cells, in the

123



absence of M45 (Brune et al., 2001). This mighttigbute to the low IE1 expression
observed imMM45 infected cultures. Preliminary examination efl wiability following
infection with wild-type virus andAM45 was conducted with no difference in cell
viability between cells infected with the two viessobserved (Figure 5.1). However,
this should be further examined using additionalhoés for assessment of cell viability
and cell death. Furthermore, additional testingnééction equivalency is required as
well as examination of the relationship between angh variation and the differing
IxBa degradation profiles measured. Alternatively, teghes which allow examination
of IxkBa levels, or NF<B function for that matter, at a single cell ley@s opposed to the
cell population view given by Western blotting) shb be used in future work. One
example for this is immunofluorescence analysisNB&fkB subcellular localisation as
presented in Figure 5.3. Interestingly, AMM45 infected cells treated with TLR7/9
agonists, NReB was localised in the nucleus, in contrast toayi®plasmic localisation
seen in wild-type virus infected cells. This resantticates a role for M45 in inhibition of

NF-xB nuclear translocation.

2) The phenotype exhibited by the CM45 virus did fody replicate the phenotype of
the wild-type virus. In cells infected with CM45¢Ba degradation following TLR7
stimulation was only partially inhibited, while aimost complete inhibition of this
response was observed in wild type virus infectelts Figure 5.1). This differs from
observations made in fibroblast cells (Chapter #eme inhibition of IL-B-induced

IxBa degradation was comparable in wild type virus @M45 infected cells. In this

regards it should be noted that th&5 gene is expressed in the CM45 virus from a
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different locus than in the wild-type virus (Jutakd Brune, 2006) (Mack et al., 2008). It
is possible that resulting subtle variations, fearaple, in expression levels of M45 lead
to functional differences between wild type and @Gyiavhich are more apparent in
some cell types (macrophages) than in others @ibsts). It would be of interest to
construct aAM45 revertant virus in which deleted sequencesraigroduced in the
correct genomic context, and examine its functionexperiments such as the ones
presented here. Additionally, regardless of the gammson to the wild type virus, the
function of the CM45 virus in the experiments coctéd was somewhat complex. The
CM45 virus seemed not to or only partially inhibltR7 induced ¢Ba degradation and
NF-xB nuclear translocation. However, cytokine secretimm CM45 infected cells
stimulated with a TLR7 ligand was comparable ta thiaserved in wild type infected
cells (Figures 5.1-5.3). The reason for this digarey is not clear. One possibility is
that the partial inhibition ofdBa degradation, measured in Western blot analysis, wa
not clearly appreciable (i.e. visible) in the immflnorescence analysis of NB
subcellular localisation (that is, NdB nuclear translocation in CM45 infected cells
stimulated with TLR7/9 agonists seems completeoalgh a small but potentially
significant proportion of NRB remained cytoplasmic). In turn it is conceivabiat
even a partial inhibition of NkB activation results in markedly dampened upregutat
of cytokine secretion. To conclude, some indicatierist to suggest a role for M45 in
modulation of TLR7/9 activation of NkB in BMDM, however further investigations

are required to validate such a conclusion.

125



Overall, data presented in this chapter show th&779-induced NFeB activation is
inhibited in MCMV infected BMDM. Experiments presed here used exogenous
stimulation of TLR7/9 i.e. addition of TLR7/9 ligds to infected cells. Future research
should examine the significance of this observatiothe context of infection induced

activation of TLR7/9.
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6 Chapter 6

Concluding discussion

CMVs, like all viruses, are obligate parasites hi@ave evolved to harness host cellular
processes to drive viral replication. However, ¢éodble to replicate, disseminate and, in
the case of CMVs, establish latent infection theseses must contend with host
defence mechanisms. These include intrinsic celld&fences as well as innate and
adaptive immune responses. Co-evolution of CMV# whieir hosts has allowed these
viruses to develop an extensive range of stratégiesyade, subvert and manipulate the
host immune response (Mocarski, 2002) (Loewendonid aBenedict, 2010).
Understanding viral mechanisms of immune modulaisocrucial to our understanding
of pathogenesis, may enhance future therapeutitegies and can teach us valuable

lessons about the host response itself.

The key role played by pattern recognition recep(®RRS) in initiating and shaping the
host response to infection in general and CMVsairtigular is now recognised. Multiple
PRRs have been implicated in sensing CMVs includib&-family members TLR2,
TLR7 and TLR9. NR<B and MAPK activation pathways utilised by theseegors
largely overlap signalling cascades induced bykthepro-inflammatory cytokine IL{i
While activation of NF«B and MAPKs by TLRs and IL{lis well characterised, little
is known about the modulation of these signallingrees during CMV infection. The

central hypothesis posed for this thesis was thatral counter-measure by MCMV
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involves specific targeting of TLR- and I34nduced signalling along the MyD88 to

NF-xB pathway.

To begin addressing this hypothesis, it was asKeetlver MCMV infection modulates
IL-1B-induced signalling along the MyD88 to N#B pathway, more specifically,
experiments were conducted to evaluate ftiriduced degradation ofkBa, the
hallmark of NF«B activation, in MCMV infected cells. It was foutidat IL-13-induced
IxBa degradation is, indeed, inhibited in MCMYV infecteells in a manner dependent
on de-novo viral protein expression (Chapter 3)esEhobservations are in agreement
with the central hypothesis in that Ii3-Induced NF«B activation (as least as far as
indicated by #Ba degradation) is inhibited following MCMV infectioMoreover, the
requirement for de-novo viral gene expression sgfiforsuggests that the observed
inhibition is, as hypothesised, a result of a vitaiction and not part of the cellular

response to infection.

Importantly the above discussed results do not emdditwo key elements in the
hypothesis. a) It was hypothesised that the fLté NF«B signalling pathway is
modulated during infection as a result of speaifial function. To confirm this element
of the hypothesis evidence needed to be providedisly that the observed inhibition
of IkBa degradation is a result of a viral mechanism fodaiating cellular signalling,
and not part of the cell’s own response to infettibhe requirement for de-novo viral
gene expression did imply viral targeting of cellutesponses. However, it could not
have been excluded thatHBo degradation is inhibited in productively infecteells and

not in non-productively infected cells due to cldluresponses initiated by productive
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but not abortive infection. b) It was hypothesisieat MCMV specifically targets IL{3-
induced signalling. However, it has not been elatgd whether the observed inhibition
of IxkBa degradation is a result of a specific block inlsignalling or rather a general
inhibition of IkBo degradation regardless of the initiating signab. dddress these
guestions several lines of investigation were fidssincluding: 1) Identification of the
viral product/s mediating the observed effect, tlaakiressing article (a) above; 2)
Identification of the cellular signalling event gated by the virus leading to inhibition

of IkBo degradation, thus addressing article (b) above.

In accordance with this, investigations next focusa determining which viral product
mediated the observed inhibition of MB- activation. This led to the identification of
viral protein M45 as the viral protein modulatingetdegradation ofkBa following
IL-1B stimulation (Chapter 4). Importantly, this repmsea potential novel function of
this protein. Moreover, this finding proves thag tbserved inhibition of IL{}-induced
IxBa degradation in MCMV-infected cells is, as hypotked, a result of a viral

function.

Research then turned to begin elucidating whichaimg event/s in the IL{1 pathway
is targeted by M45. This was done by examining twbetp38 as well as NikB
activation is modulated by M45. ILB1binding to its receptor induces, via IRAKs and
TRAF6, the activation of TAK1. At this point thegsialling pathway bifurcates as
TAK1 activates the IKK complex followed by NéB, as well as phosphorylates MAPK
kinases resulting in p38 phosphorylation/activatidherefore M45 modulation of a

signalling event upstream or at TAK1 activation wble expected to result in
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inhibition of activation of both NkB and MAPK kinases, whereas M45 modulation of
a signalling event downstream of TAK1 activation ulkb be expected to result in
inhibition of NF«B but not MAPK kinases. Thus through examining wkeetM45
perturbs only one or both arms of the pathway & wassible to begin dissecting which
part of the IL-B pathway is modulated by M45, as a first step towedentification of
specific IL-18-induced signalling events modulated by this protéterestingly, it was
found that IL-B-induced p38 phosphorylation is not modulated bysha4 by MCMV
infection for that matter (Chapter 4). As outlirgabve, this suggests that M45 interferes
with a signalling event downstream of TAK1 actieatii.e. the function of NikB and

its immediate regulatory circuit. Possible points/ival interference include: inhibition
of TAK1 phosphorylation of the IKK complex, modutat of the IKK complex itself
(for example, the abundance of IKKIKKf, IKKy) or its activity (for example,
blockage of kinase functions) or interference WitBo processing for degradation. As
multiple signalling pathways converge at this lew&lNF«B activation, this result
implies that M45 functions to employ a general klen NF«B activation. That is to
say, that in contrast to the original hypothesigbMoes not specifically target the 1B-1

pathway (as discussed further below).

Finally, research efforts were extended to inclddd&Rk signalling, more specifically,
TLR7/9 signalling in the context of MCMV infectioof BMDM. It was shown that, in
agreement with data presented for It,-TLR7/9-induced NReB activation is curbed in
MCMYV infected cells (Chapter 5). Furthermore, vigaotein M45 was indicated to

mediate this effect.

130



Overall, data presented in this thesis indicate ravipusly unrecognised MCMV
inhibition of NF«B activation mediated by MCMV protein M45. This easch began
with the hypothesis that MCMV specifically targ@tsR- and IL-13-induced signalling
along the MyD88 to NkeB pathway. MCMV, more specifically MCMV protein M45
was indeed shown to modulate TLR- and R-#iduced NF«B activation. Initial
studies suggest that this is due to a viral bldckB-«B activation independently of the
nature of the stimulus provided. This is in corttrs the original hypothesis, which
predicted viral modulation of signalling events que to the TLR- and IL{} NF«B
activation pathway. Further research is require ithe arising hypothesis that -
MCMV, more specifically MCMV protein M45, inhibitslF-xB activation by targeting
its immediate regulatory circuit i.e. the functiohthe IKK complex and«dB proteins.
Experiments to test this hypothesis could begimwhe following: - Examining NkB
activation in MCMYV infected cells, or cells expragps M45, in response a range of
stimuli which utilise various signalling pathwaysgs to conversion on the TAK1-IKK-
kB regulatory subunit (although care should be takdren choosing stimulating
compounds and with interpretation of such experisi@s M45 has previously been
shown to inhibit signalling, including NkB activation, by RIP family members and
thus pathways utilising RIP proteins). — Examinatiof the abundance and
phosphorylation state of IKK complex subunits arB proteins in non-treated versus
M45 expressing cells (whether through infection taansfection), in presences or

absence of stimulation. - Examination of whetherSM#rectly binds to IKK complex
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subunits anddB proteins. The results of such experiments widntldetermine further

research aimed at proving/disproving the above thgsis.

If the above hypothesis is proven correct, thadl4b is unequivocally shown to inhibit
NF-xB, the greater question presenting itself would-b&hat is the role of M45
inhibition of NF«B activation in the life cycle of MCMV in vitroFurthermore, what is
the role of this M45 function in vivo i.e. its coitiution to pathogenesis? As discussed
in Chapter 4, M45 is known to inhibit the functiohRIP3 and as a result prevents the
infected cell from executing RIP3-dependent celitde Moreover, there is evidence to
suggest that M45 interaction with RIP3 is key tovivo viral replication, dissemination
and pathogenesis. Importantly, a RHIM domain hamnbeund to mediate the M45-
RIP3 interaction (Upton et al., 2010). Crucial tduire research into M45 will be the
identification of the precise protein domain/s uiglag its inhibition of NF«B activity.

If the M45 domain required for inhibition of M45tagty is different for that required
for interaction with RIP3, it would be possiblegeparate the two functions by creating
mutant viruses with deletions targeting a specimain and therefore function of M45.
This will make it possible to study the in vivo @abf NF«B inhibition by M45 without

it being confounded with the in vivo role playedMy5 interaction with RIP3. It should
be noted that this experiments would have to begded and interpreted with care as it

possible that M45 has additional functions yeteéaliscovered.

Moreover, it would be of interest to examine thadtion of M45 throughout the life
cycle of MCMV. Research work presented here comated on a single time point

(7-8 hpi), however M45 expression in infected cegjins at about 6 hpi and increases
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thereafter throughout infection. The following ques thus arises: are known M45
functions (inhibition of NF<B activation, as suggested here, and the previasiywn
modulation of the function of RIP proteins) main&d throughout infection? Does M45
gain, lose or has its functions modified as theiremment in the infected cell changes
(for example, as the expression of yet to be ifiedticellular and viral protein

interaction partners of M45 is up or down regulg®ed

It should also be considered that the central hgxis for this thesis, namely that
MCMV specifically targets TLR- and ILgkinduced NF«B activation, requires further
examination at times of infection not studied ie thork presented here. At the time
point examined in this thesis viral inhibition df-1p-induced NF«B activation was
shown to be M45 dependent. However, it is posditde the TLR- and IL-f-induced
NF-xB activation is targeted at earlier or later tinpest infection by a viral product not
expressed in the time frame examined in presentpdrienents. It would be of interest
to further study TLR- and IL{¥induced NF«B throughout MCMV infection using a

M45 deletion mutant.

During work on this thesis it became apparent fivailar work was being undertaken
by Patricia M. Fliss under the supervision of Préfolfram Brune (Heinrich Pette
Institute, Hamburg, Germany). Their research agwadsthe findings of this thesis i.e.
that M45 inhibits IL-B- and TLR-induced NkeB activation. Furthermore, it confirms
that, as hypothesised above, this is achieved by digkruption of the NkeB-regulatory

module. More specifically, M45 was found to bindthe IKKy (NEMO) subunit of the
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IKK complex, leading to the re-direction of IKKto autophagosomes for subsequent

degradation in lysosomes (Fliss et al., 2012).

Considering the key role played by NB-in mediating intra-cellular- and immune-
responses to infection surprisingly little is knovaiout how NFRe¢B function is
modulated by MCMV, or by HCMV for that matter. Thggudy and crucially the
identification of the specific viral protein, narge¥145, modulating the function of this
key transcription factor significantly improves aexjpands current knowledge regarding
CMV- NF-kB interplay. That said the key importance of thésding is that they can
serve to assist the dissecting of the role of WBFcontrolled host responses in
controlling infection. Moreover, this work togetheith previous studies identifies M45
as crucial mediator of viral pathogenesis. Thus M#farked as a specific target for
drug design. Indeed, the ultimate challenge isdndate the insights provided by such
research into understanding of viral induced pathegis and devising ways to prevent

it.

134



7 Bibliography

Akira, S., and Takeda, K. (2004). Toll-like recapsggnalling. Nat Rev Immunel, 499-
511.

Angulo, A., Ghazal, P., and Messerle, M. (2000)e Tijor immediate-early gene ie3 of

mouse cytomegalovirus is essential for viral growtNirol 74, 11129-11136.

Barbalat, R., Lau, L., Locksley, R.M., and Bart@M. (2009). Toll-like receptor 2 on
inflammatory monocytes induces type | interferorrésponse to viral but not bacterial
ligands. Nat ImmunalO, 1200-1207.

Barksby, H.E., Lea, S.R., Preshaw, P.M., and Taydr (2007). The expanding family
of interleukin-1 cytokines and their role in destive inflammatory disorders. Clin Exp
Immunol 149, 217-225.

Barton, G.M. (2008). A calculated response: contblinflammation by the innate

immune system. J Clin Inve$18, 413-420.

Barton, G.M., and Kagan, J.C. (2009). A cell biatad view of Toll-like receptor

function: regulation through compartmentalizatibiat Rev ImmunoB, 535-542.

Bauernfeind, F., Ablasser, A., Bartok, E., Kim, Schmid-Burgk, J., Cavlar, T., and
Hornung, V. (2011). Inflammasomes: current undediteg and open questions. Cell
Mol Life Sci 68, 765-783.

Benedict, C.A., Angulo, A., Patterson, G., Ha,ang, H., Messerle, M., Ware, C.F.,
and Ghazal, P. (2004). Neutrality of the canonNBlkappaB-dependent pathway for
human and murine cytomegalovirus transcription eelication in vitro. J Virol78,
741-750.

135



Blasius, A.L., and Beutler, B. (2010). Intraceliutall-like receptors. Immunitg2, 305-
315.

Bodaghi, B., Slobbe-van Drunen, M.E., Topilko, Rerret, E., Vossen, R.C., van Dam-
Mieras, M.C., Zipeto, D., Virelizier, J.L., LeHoand’., Bruggeman, C.A., and

Michelson, S. (1999). Entry of human cytomegalowimto retinal pigment epithelial

and endothelial cells by endocytosis. Invest OdhtbhVis Sci40, 2598-2607.

Bode, K.A., Schmitz, F., Vargas, L., Heeg, K., dddipke, A.H. (2009). Kinetic of
RelA activation controls magnitude of TLR-mediatkd12p40 induction. J Immunol
182, 2176-2184.

Boeckh, M., and Geballe, A.P. (2011). Cytomegalwvirpathogen, paradigm, and
puzzle. J Clin Invest2?1, 1673-1680.

Boehme, K.W., Guerrero, M., and Compton, T. (200@uman cytomegalovirus
envelope glycoproteins B and H are necessary fétZractivation in permissive cells. J
Immunol177, 7094-7102.

Bowie, A., Kiss-Toth, E., Symons, J.A., Smith, G.Dower, S.K., and O'Neill, L.A.
(2000). A46R and A52R from vaccinia virus are aotagts of host IL-1 and toll-like
receptor signaling. Proc Natl Acad Sci U @A 10162-10167.

Bresnahan, W.A., and Shenk, T. (2000). A subsetiral transcripts packaged within
human cytomegalovirus particles. Scie88, 2373-2376.

Brocchieri, L., Kledal, T.N., Karlin, S., and Mos&i, E.S. (2005). Predicting coding
potential from genome sequence: application to Hegpesviruses infecting rats and
mice. J Virol79, 7570-7596.

Brown, R.A., Gralewski, J.H., and Razonable, RE0Q). The R753Q polymorphism
abrogates toll-like receptor 2 signaling in resgoms human cytomegalovirus. Clin
Infect Dis49, e96-99.

136



Browne, E.P., Wing, B., Coleman, D., and Shenk(ZD01). Altered cellular mRNA
levels in human cytomegalovirus-infected fibroldastiral block to the accumulation of
antiviral mRNAs. J Virol75, 12319-12330.

Brune, W., Menard, C., Heesemann, J., and KoszikipWssH. (2001). A ribonucleotide
reductase homolog of cytomegalovirus and endothedith tropism. Scienc@91, 303-
305.

Brune, W., Nevels, M., and Shenk, T. (2003). Muritigomegalovirus m41l open
reading frame encodes a Golgi-localized antiapappobtein. J Virol77, 11633-11643.

Busche, A., Angulo, A., Kay-Jackson, P., Ghazal, &d Messerle, M. (2008).
Phenotypes of major immediate-early gene mutantmafise cytomegalovirus. Med
Microbiol Immunol197, 233-240.

Cannon, M.J., Schmid, D.S., and Hyde, T.B. (201R&view of cytomegalovirus
seroprevalence and demographic characteristicsciagsd with infection. Rev Med
Virol 20, 202-213.

Cao, Z., Xiong, J., Takeuchi, M., Kurama, T., ande@del, D.V. (1996). TRAF6 is a
signal transducer for interleukin-1. Nat\3&83, 443-446.

Caposio, P., Luganini, A., Bronzini, M., Landolf§,, and Gribaudo, G. (2010). The
Elk-1 and serum response factor binding sites énntiajor immediate-early promoter of
human cytomegalovirus are required for efficiemblreplication in quiescent cells and
compensate for inactivation of the NF-kappaB siteproliferating cells. J VirolB4,
4481-4493.

Caposio, P., Luganini, A., Hahn, G., Landolfo, &g Gribaudo, G. (2007). Activation
of the virus-induced IKK/NF-kappaB signalling axss critical for the replication of

human cytomegalovirus in quiescent cells. Cell bliol 9, 2040-2054.

137



Cardin, R.D., Abenes, G.B., Stoddart, C.A., and Mseki, E.S. (1995). Murine
cytomegalovirus IE2, an activator of gene exprassis dispensable for growth and
latency in mice. Virology09, 236-241.

Cargnello, M., and Roux, P.P. (2011). Activatiord danction of the MAPKs and their
substrates, the MAPK-activated protein kinasesrdfiol Mol Biol Rev75, 50-83.

Carpenter, S., and O'Neill, L.A. (2009). Recenights into the structure of Toll-like
receptors and post-translational modifications ladirt associated signalling proteins.
Biochem J422, 1-10.

Collins, T.M., Quirk, M.R., and Jordan, M.C. (1998)phasic viremia and viral gene
expression in leukocytes during acute cytomegalsvinfection of mice. J ViroB8,
6305-6311.

Compton, T., Kurt-Jones, E.A., Boehme, K.W., Belkg Latz, E., Golenbock, D.T., and
Finberg, R.W. (2003). Human cytomegalovirus ac#satinflammatory cytokine
responses via CD14 and Toll-like receptor 2. J Miit) 4588-4596.

Cuadrado, A., and Nebreda, A.R. (2010). Mechaniand functions of p38 MAPK
signalling. Biochem 429, 403-417.

Cusson-Hermance, N., Khurana, S., Lee, T.H., Fitdde K.A., and Kelliher, M.A.
(2005). Ripl mediates the Trif-dependent toll-likeceptor 3- and 4-induced NF-
{kappa}B activation but does not contribute to nfiéeon regulatory factor 3 activation.
J Biol Chenm280, 36560-36566.

Declercq, W., Vanden Berghe, T., and Vandenabd®lg2009). RIP kinases at the

crossroads of cell death and survival. @8B, 229-232.

DeFilippis, V.R., Alvarado, D., Sali, T., RothenbuiS., and Fruh, K. (2010a). Human
cytomegalovirus induces the interferon responseéhgaDNA sensor ZBP1. J Vir@4,
585-598.

138



DeFilippis, V.R., Sali, T., Alvarado, D., White, ,LBresnahan, W., and Fruh, K.J.
(2010b). Activation of the interferon response hyman cytomegalovirus occurs via
cytoplasmic double-stranded DNA but not glycopnotgi J Virol84, 8913-8925.

Delale, T., Paquin, A., Asselin-Paturel, C., Dalbtl, Brizard, G., Bates, E.E., Kastner,
P., Chan, S., Akira, S., Vicari, Aet al. (2005). MyD88-dependent and -independent
murine cytomegalovirus sensing for IFN-alpha redeand initiation of immune

responses in vivo. J Immundf5, 6723-6732.

Deng, L., Wang, C., Spencer, E., Yang, L., Braun,Yau, J., Slaughter, C., Pickart, C.,
and Chen, Z.J. (2000). Activation of the lkappaBase complex by TRAF6 requires a
dimeric ubiquitin-conjugating enzyme complex andraque polyubiquitin chain. Cell
103, 351-361.

Diebold, S.S., Kaisho, T., Hemmi, H., Akira, S.daReis e Sousa, C. (2004). Innate
antiviral responses by means of TLR7-mediated neitiog of single-stranded RNA.
Science303, 1529-1531.

Dinarello, C.A. (1996). Biologic basis for interkdn-1 in disease. Bloofl7, 2095-2147.

Dinarello, C.A. (2009). Immunological and inflamrmaat functions of the interleukin-1
family. Annu Rev Immunol7, 519-550.

Dinarello, C.A. (2011a). A clinical perspective tf-l1beta as the gatekeeper of
inflammation. Eur J Immunell, 1203-1217.

Dinarello, C.A. (2011b). Interleukin-1 in the pafjemesis and treatment of
inflammatory diseases. Blodd 7, 3720-3732.

Dudding, L., Haskill, S., Clark, B.D., Auron, P.ESporn, S., and Huang, E.S. (1989).
Cytomegalovirus infection stimulates expression mbnocyte-associated mediator
genes. J Immundi43, 3343-3352.

139



Festjens, N., Vanden Berghe, T., Cornelis, S., Yaddenabeele, P. (2007). RIP1, a

kinase on the crossroads of a cell's decisiorvéodr die. Cell Death Diffet4, 400-410.

Flannery, S., and Bowie, A.G. (2010). The interletk receptor-associated kinases:

critical regulators of innate immune signallingoBnem Pharmac@o0, 1981-1991.

Fliss, P.M., Jowers, T.P., Brinkmann, M.M., Holst@nn, B., Mack, C., Dickinson, P.,

Hohenberg, H., Ghazal, P., and Brune, W. (2012)alVimediated redirection of

NEMO/IKKgamma to autophagosomes curtails the inffatory cascade. PLoS Pathog
8, €1002517.

Fossum, E., Friedel, C.C., Rajagopala, S.V., BtzBaiker, A., Schmidt, T., Kraus, T.,
Stellberger, T., Rutenberg, C., Suthram, &.al. (2009). Evolutionarily conserved
herpesviral protein interaction networks. PLoS Bg#) e1000570.

Gandhi, M.K., and Khanna, R. (2004). Human cytonmgaus: clinical aspects,
immune regulation, and emerging treatments. Laimett Dis4, 725-738.

Ghosh, S., and Hayden, M.S. (2008). New regulasdbrilF-kappaB in inflammation.
Nat Rev ImmunoB, 837-848.

Gilliet, M., Cao, W., and Liu, Y.J. (2008). Plasmgtaid dendritic cells: sensing nucleic
acids in viral infection and autoimmune diseases. Rev Immuno8, 594-606.

Gribaudo, G., Ravaglia, S., Guandalini, L., CavaRo, Gariglio, M., and Landolfo, S.
(1996). The murine cytomegalovirus immediate-edrigrotein stimulates NF-kappa B
activity by transactivating the NF-kappa B p105/psOmoter. Virus Red5, 15-27.

Gustems, M., Borst, E., Benedict, C.A., PerezM&sserle, M., Ghazal, P., and Angulo,
A. (2006). Regulation of the transcription and regdion cycle of human
cytomegalovirus is insensitive to genetic elimioatdf the cognate NF-kappaB binding
sites in the enhancer. J Vii@d, 9899-9904.

140



Haas, T., Metzger, J., Schmitz, F., Heit, A., Myllg., Latz, E., and Wagner, H. (2008).
The DNA sugar backbone 2' deoxyribose determinéidike receptor 9 activation.
Immunity 28, 315-323.

Hanson, L.K., Slater, J.S., Karabekian, Z., VirgthW.t., Biron, C.A., Ruzek, M.C.,

van Rooijen, N., Ciavarra, R.P., Stenberg, R.Md @ampbell, A.E. (1999). Replication
of murine cytomegalovirus in differentiated macragbs as a determinant of viral
pathogenesis. J Vira13, 5970-5980.

Harte, M.T., Haga, I.R., Maloney, G., Gray, P., #leg, P.C., Bartlett, N.W., Smith,
G.L., Bowie, A., and O'Neill, L.A. (2003). The paxws protein A52R targets Toll-like
receptor signaling complexes to suppress host defenExp Med97, 343-351.

Heil, F., Hemmi, H., Hochrein, H., Ampenberger, Krschning, C., Akira, S., Lipford,
G., Wagner, H., and Bauer, S. (2004). Species-Bpeaeicognition of single-stranded
RNA via toll-like receptor 7 and 8. Scien8@3, 1526-1529.

Hemmi, H., Kaisho, T., Takeuchi, O., Sato, S., 8ah]., Hoshino, K., Horiuchi, T.,
Tomizawa, H., Takeda, K., and Akira, S. (2002). $raati-viral compounds activate
immune cells via the TLR7 MyD88-dependent signajiaghway. Nat Immunads, 196-
200.

Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., ®@a%., Sanjo, H., Matsumoto, M.,
Hoshino, K., Wagner, H., Takeda, K., and Akira, (3000). A Toll-like receptor
recognizes bacterial DNA. Natud@8, 740-745.

Hoffmann, A., Levchenko, A., Scott, M.L., and Baltire, D. (2002). The lkappaB-NF-
kappaB signaling module: temporal control and d®sle@ene activation. Scien@98,
1241-1245.

Hokeness-Antonelli, K.L., Crane, M.J., Dragoi, A,MChu, W.M., and Salazar-Mather,

T.P. (2007). IFN-alphabeta-mediated inflammatorgpomses and antiviral defense in

141



liver is TLR9-independent but MyD88-dependent dgrimurine cytomegalovirus
infection. J ImmunolL79, 6176-6183.

Huang, Q., Yang, J., Lin, Y., Walker, C., Cheng, Llu, Z.G., and Su, B. (2004).
Differential regulation of interleukin 1 receptonda Toll-like receptor signaling by
MEKKS3. Nat Immunol5, 98-103.

Isaacson, M.K., Juckem, L.K., and Compton, T. (300&us entry and innate immune

activation. Curr Top Microbiol Immund25, 85-100.

Isern, E., Gustems, M., Messerle, M., Borst, E.agah P., and Angulo, A. (2011). The
activator protein 1 binding motifs within the humeytomegalovirus major immediate-
early enhancer are functionally redundant andraet cooperative manner with the NF-
{kappa}B sites during acute infection. J Vi@s, 1732-1746.

Ishii, K.J., Koyama, S., Nakagawa, A., Coban, @d &kira, S. (2008). Host innate
immune receptors and beyond: making sense of marotfections. Cell Host Microbe
3, 352-363.

Iwata, M., Vieira, J., Byrne, M., Horton, H., anardok-Storb, B. (1999). Interleukin-1
(IL-1) inhibits growth of cytomegalovirus in humamarrow stromal cells: inhibition is
reversed upon removal of IL-1. Blo®d, 572-578.

James H. Strauss, E.G.S. (2008). DNA-containingiseis In Viruses and Human

Disease (Academic Press).

Janeway, C.A., Jr., and Medzhitov, R. (2002). lanatmune recognition. Annu Rev
Immunol20, 197-216.

Jarvis, M.A., Borton, J.A., Keech, A.M., Wong, Brjtt, W.J., Magun, B.E., and Nelson,
J.A. (2006). Human cytomegalovirus attenuates lgu&mn-1beta and tumor necrosis
factor alpha proinflammatory signaling by inhibiti@f NF-kappaB activation. J Virol

80, 5588-5598.

142



Jurak, 1., and Brune, W. (2006). Induction of apsg limits cytomegalovirus cross-
species infection. EMBO 26, 2634-2642.

Kaiser, W.J., Upton, J.W., and Mocarski, E.S. (900Beceptor-interacting protein
homotypic interaction motif-dependent control of-kippa B activation via the DNA-
dependent activator of IFN regulatory factors. dnimol 181, 6427-6434.

Kalejta, R.F. (2008). Tegument proteins of humatomyegalovirus. Microbiol Mol Biol
Rev72, 249-265, table of contents.

Kawagoe, T., Sato, S., Matsushita, K., Kato, H.tda K., Kumagai, Y., Saitoh, T.,
Kawai, T., Takeuchi, O., and Akira, S. (2008). Sagfial control of Toll-like receptor-
dependent responses by IRAK1 and IRAK2. Nat Imm@®n6B4-691.

Kawai, T., and Akira, S. (2010). The role of patteecognition receptors in innate
immunity: update on Toll-like receptors. Nat Immuda, 373-384.

Kawai, T., and Akira, S. (2011). Toll-like recepaand their crosstalk with other innate

receptors in infection and immunity. Immungy, 637-650.

Keating, S.E., Maloney, G.M., Moran, E.M., and BewiA.G. (2007). IRAK-2
participates in multiple toll-like receptor signmadi pathways to NFkappaB via activation
of TRAF6 ubiquitination. J Biol Cher282, 33435-33443.

Kelliher, M.A., Grimm, S., Ishida, Y., Kuo, F., $tger, B.Z., and Leder, P. (1998). The
death domain kinase RIP mediates the TNF-induceckdppaB signal. Immunitys,
297-303.

Kijpittayarit, S., Eid, A.J., Brown, R.A., Paya, \C, and Razonable, R.R. (2007).
Relationship between Toll-like receptor 2 polymagph and cytomegalovirus disease
after liver transplantation. Clin Infect Ddgl, 1315-1320.

Kowalik, T.F., Wing, B., Haskill, J.S., Azizkhan,Cl, Baldwin, A.S., Jr., and Huang,
E.S. (1993). Multiple mechanisms are implicatedthe regulation of NF-kappa B

143



activity during human cytomegalovirus infectionoPNatl Acad Sci U S A0, 1107-
1111.

Krmpotic, A., Bubic, 1., Polic, B., Lucin, P., angbnjic, S. (2003). Pathogenesis of

murine cytomegalovirus infection. Microbes Inféctl263-1277.

Krug, A., French, A.R., Barchet, W., Fischer, J.Bzionek, A., Pingel, J.T., Orihuela,

M.M., Akira, S., Yokoyama, W.M., and Colonna, M.0@). TLR9-dependent

recognition of MCMV by IPC and DC generates cooatia cytokine responses that
activate antiviral NK cell function. Immuni®34, 107-119.

L.K.Hanson, A.E.C. (2006). Determinants of Macragda Tropism. In
Cytomegaloviruses Molecular Biology and Immunoldgy J.Reddehase, ed. (Caister
Academic Press), pp. 419-443.

Lacaze, P., Forster, T., Ross, A., Kerr, L.E., 8abhirnside, E., Lisnic, V.J., Lopez-
Campos, G.H., Garcia-Ramirez, J.J., Messerle, Mgowvcich, J. et al. (2011).
Temporal profiing of the coding and noncoding meri cytomegalovirus
transcriptomes. J Vir@5, 6065-6076.

Le, V.T., Trilling, M., Zimmermann, A., and Hengél, (2008). Mouse cytomegalovirus
inhibits beta interferon (IFN-beta) gene expressiod controls activation pathways of
the IFN-beta enhanceosome. J Gen \@&I1131-1141.

Lee, T.H., Huang, Q., Oikemus, S., Shank, J., fentd.J., Cusson, N., Vaillancourt,
R.R., Su, B., Davis, R.J., and Kelliher, M.A. (200Bhe death domain kinase RIP1 is
essential for tumor necrosis factor alpha signaloagp38 mitogen-activated protein
kinase. Mol Cell BioRk3, 8377-8385.

Lembo, D., Donalisio, M., Hofer, A., Cornaglia, MBrune, W., Koszinowski, U.,

Thelander, L., and Landolfo, S. (2004). The ribdeatide reductase R1 homolog of
murine cytomegalovirus is not a functional enzyméunit but is required for

pathogenesis. J Virdi3, 4278-4288.

144



Liu, S., and Chen, Z.J. (2011). Expanding rolelmfjuitination in NF-kappaB signaling.
Cell Res21, 6-21.

Loewendorf, A., and Benedict, C.A. (2010). Modwatiof host innate and adaptive
immune defenses by cytomegalovirus: timing is eteng. J Intern Me@67, 483-501.

Lomaga, M.A., Yeh, W.C., Sarosi, I., Duncan, GFurlonger, C., Ho, A., Morony, S.,
Capparelli, C., Van, G., Kaufman,,St al. (1999). TRAF6 deficiency results in
osteopetrosis and defective interleukin-1, CD40] &S signaling. Genes DelB,
1015-1024.

Lund, J.M., Alexopoulou, L., Sato, A., Karow, M.dams, N.C., Gale, N.W., lwasaki,
A., and Flavell, R.A. (2004). Recognition of singieanded RNA viruses by Toll-like
receptor 7. Proc Natl Acad Sci U S181, 5598-5603.

Mack, C., Sickmann, A., Lembo, D., and Brune, W.00@). Inhibition of
proinflammatory and innate immune signaling pathsvay a cytomegalovirus RIP1-
interacting protein. Proc Natl Acad Sci U S185, 3094-3099.

Maloney, G., Schroder, M., and Bowie, A.G. (2008paccinia virus protein A52R
activates p38 mitogen-activated protein kinase aotentiates lipopolysaccharide-
induced interleukin-10. J Biol Che280, 30838-30844.

Manning, G., Whyte, D.B., Martinez, R., Hunter, &nd Sudarsanam, S. (2002). The
protein kinase complement of the human genomen8&e98, 1912-1934.

Manning, W.C., and Mocarski, E.S. (1988). Inseiomutagenesis of the murine
cytomegalovirus genome: one prominent alpha gee®) (s dispensable for growth.
Virology 167, 477-484.

Masters, S.L., Simon, A., Aksentijevich, I., and sikeer, D.L. (2009). Horror
autoinflammaticus: the molecular pathophysiology aftoinflammatory disease (*).
Annu Rev ImmunoR7, 621-668.

145



McGeoch, D.J., Rixon, F.J., and Davison, A.J. (300®pics in herpesvirus genomics
and evolution. Virus Ret17, 90-104.

Medzhitov, R. (2007). Recognition of microorganisarsd activation of the immune
response. Natu49, 819-826.

Messerle, M., Crnkovic, |., Hammerschmidt, W., 2exgH., and Koszinowski, U.H.
(1997). Cloning and mutagenesis of a herpesviruwme as an infectious bacterial
artificial chromosome. Proc Natl Acad Sci U 34, 14759-14763.

Mettenleiter, T.C., Klupp, B.G., and Granzow, H0OQ@9). Herpesvirus assembly: an
update. Virus Re#$43, 222-234.

Meylan, E., Burns, K., Hofmann, K., Blancheteau, Martinon, F., Kelliher, M., and
Tschopp, J. (2004). RIP1 is an essential medidtdroti-like receptor 3-induced NF-
kappa B activation. Nat Immunb) 503-507.

Meylan, E., and Tschopp, J. (2005). The RIP kinasascial integrators of cellular
stress. Trends Biochem $3f), 151-159.

Mocarski, E.S., Jr. (2002). Immunomodulation by ooyegaloviruses: manipulative

strategies beyond evasion. Trends Microti®|332-339.

Mocarski, E.S., Jr. (2004). Immune escape and égfiltn strategies of
cytomegaloviruses: impact on and imitation of thegon histocompatibility system. Cell
Microbiol 6, 707-717.

Mocarski, E.S., Jr., Thomas Shenk, Robert F. P2386). Cytomegaloviruses. In Fields
Virology, P.M.H.M. David M. Knipe PhD, ed. (Lippiott Williams & Wilkins), pp.
2702-2758.

Montag, C., Wagner, J., Gruska, I., and Hagem€ie(2006). Human cytomegalovirus
blocks tumor necrosis factor alpha- and interledltieta-mediated NF-kappaB
signaling. J Virol80, 11686-11698.

146



Netea, M.G., Simon, A., van de Veerdonk, F., KuifheB.J., Van der Meer, J.W., and
Joosten, L.A. (2010). IL-1beta processing in hafedse: beyond the inflammasomes.
PLoS Patho®, e1000661.

O'Neill, L.A. (2008). The interleukin-1 receptoritke receptor superfamily: 10 years
of progress. Immunol Re226, 10-18.

O'Neill, L.A., and Bowie, A.G. (2007). The familyf dive: TIR-domain-containing
adaptors in Toll-like receptor signalling. Nat Revmunol 7, 353-364.

Oeckinghaus, A., Hayden, M.S., and Ghosh, S. (20Ckpsstalk in NF-kappaB
signaling pathways. Nat Immuna®, 695-708.

Paludan, S.R., Bowie, A.G., Horan, K.A., and Fitalg K.A. (2011). Recognition of
herpesviruses by the innate immune system. NatiRenwunol11, 143-154.

Pass, F.R. (2001). Cytomegaloviruses. In Fieldsl¥ggy
P.M.H.M. David M. Knipe PhD, ed. (Lippincott Willas & Wilkins), pp. 2675-2705.

Philip E. Pellett, B.R. (2006). The Family Herpeglae: A Brief Introduction. In Fields
Virology, P.M.H.M. David M. Knipe PhD, ed. (Lippiott Williams & Wilkins), pp.
2479-2497.

Popkin, D.L., and Virgin, H.W.t. (2003). Murine oyhegalovirus infection inhibits
tumor necrosis factor alpha responses in primargrophages. J Virol7, 10125-10130.

Price, P., and Olver, S.D. (1996). Syndromes indumecytomegalovirus infection. Clin
Immunol ImmunopathadB0, 215-224.

Prosch, S., Staak, K., Stein, J., Liebenthal, @m#&inger, T., Volk, H.D., and Kruger,
D.H. (1995). Stimulation of the human cytomegalositE enhancer/promoter in HL-60
cells by TNFalpha is mediated via induction of Nd&pgaB. Virology208, 197-206.

147



Randolph-Habecker, J., lwata, M., Geballe, A.Prralsan, S., and Torok-Storb, B.
(2002). Interleukin-1-mediated inhibition of cytogaovirus replication is due to
increased IFN-beta production. J Interferon Cytekres22, 765-772.

Rathinam, V.A., and Fitzgerald, K.A. (2010). Inflalasomes and anti-viral immunity. J
Clin Immunol 30, 632-637.

Rathinam, V.A., and Fitzgerald, K.A. (2011). Innatemune sensing of DNA viruses.
Virology 411, 153-162.

Rathinam, V.A., Jiang, Z., Waggoner, S.N., Shar®a, Cole, L.E., Waggoner, L.,
Vanaja, S.K., Monks, B.G., Ganesan, S., Latz, &. al. (2010). The AIM2
inflammasome is essential for host defense agaytesolic bacteria and DNA viruses.
Nat Immunolll, 395-402.

Rawlinson, W.D., Farrell, H.E., and Barrell, B.@&906). Analysis of the complete DNA
sequence of murine cytomegalovirus. J Vifd] 8833-8849.

Rebsamen, M., Heinz, L.X., Meylan, E., Michallet,®4 Schroder, K., Hofmann, K.,
Vazquez, J., Benedict, C.A., and Tschopp, J. (20D8)/ZBP1 recruits RIP1 and RIP3
through RIP homotypic interaction motifs to actevéF-kappaB. EMBO Refh0, 916-
922.

Reddehase, M.J., Podlech, J., and Grzimek, N.K.02R0 Mouse models of
cytomegalovirus latency: overview. J Clin Vi28 Suppl 2, S23-36.

Ruzek, M.C., Miller, A.H., Opal, S.M., Pearce, B.Dand Biron, C.A. (1997).
Characterization of early cytokine responses andirderleukin (IL)-6-dependent
pathway of endogenous glucocorticoid induction migirimurine cytomegalovirus
infection. J Exp Med85, 1185-1192.

148



Ryckman, B.J., Jarvis, M.A., Drummond, D.D., Nelsd\., and Johnson, D.C. (2006).
Human cytomegalovirus entry into epithelial and @hdlial cells depends on genes
UL128 to UL150 and occurs by endocytosis and lowfpsion. J Virol80, 710-722.

S. J. Flint, LW.E., V. R. Racaniello, A. M. Skalka009). The infectious cycle. In
Principles of virology (USA: ASM press), p. 38.

Sambucetti, L.C., Cherrington, J.M., Wilkinson, G,\&nd Mocarski, E.S. (1989). NF-
kappa B activation of the cytomegalovirus enhamncenediated by a viral transactivator
and by T cell stimulation. EMBO§] 4251-4258.

Sato, S., Sanjo, H., Takeda, K., Ninomiya-Tsuji, Yamamoto, M., Kawai, T.,
Matsumoto, K., Takeuchi, O., and Akira, S. (20063sential function for the kinase

TAK1 in innate and adaptive immune responses. Matunol6, 1087-1095.

Scalzo, A.A., Corbett, AJ., Rawlinson, W.D., Scd&.M., and Degli-Esposti, M.A.
(2007). The interplay between host and viral fectan shaping the outcome of

cytomegalovirus infection. Immunol Cell Bi&b, 46-54.

Schattgen, S.A., and Fitzgerald, K.A. (2011). Ti&HN protein family as mediators of
host defenses. Immunol R243, 109-118.

Scrivano, L., Esterlechner, J., Muhlbach, H., Ehter, N., Hagen, C., Grunewald, K.,
Mohr, C.A., Ruzsics, Z., Koszinowski, U., and AdIBr (2010). The m74 gene product
of murine cytomegalovirus (MCMV) is a functionalholog of human CMV gO and
determines the entry pathway of MCMV. J ViB4, 4469-4480.

Sen, R., and Smale, S.T. (2010). Selectivity ofNire{kappa}B response. Cold Spring
Harb Perspect Bid, a000257.

Sims, J.E., and Smith, D.E. (2010). The IL-1 familggulators of immunity. Nat Rev
Immunol 10, 89-102.

149



Sinzger, C. (2008). Entry route of HCMV into endsdltal cells. J Clin Virol4l, 174-
179.

Smith, M.S., Bentz, G.L., Alexander, J.S., and ‘amm®m, A.D. (2004). Human
cytomegalovirus induces monocyte differentiatiord amigration as a strategy for
dissemination and persistence. J Vifg] 4444-4453.

Stinski, M.F., and Isomura, H. (2008). Role of thgomegalovirus major immediate
early enhancer in acute infection and reactivaftiom latency. Med Microbiol Immunol
197, 223-231.

Stipan Jonjic, 1.B., Astrid Krmpotic (2006). Innammunity to Cytomegaloviruses. In
Cytomegaloviruses Molecular Biology and Immunoldgy J.Reddehase, ed. (Caister
Academic Press), pp. 285-319.

Stoddart, C.A., Cardin, R.D., Boname, J.M., Manniy.C., Abenes, G.B., and
Mocarski, E.S. (1994). Peripheral blood mononucpreagocytes mediate dissemination
of murine cytomegalovirus. J ViréB, 6243-6253.

Suzuki, N., Suzuki, S., Duncan, G.S., Millar, D.®@/ada, T., Mirtsos, C., Takada, H.,
Wakeham, A., Itie, A, Li, Set al. (2002). Severe impairment of interleukin-1 andl-Tol
like receptor signalling in mice lacking IRAK-4. Nae 416, 750-756.

Szomolanyi-Tsuda, E., Liang, X., Welsh, R.M., Kdadnes, E.A., and Finberg, R.W.
(2006). Role for TLR2 in NK cell-mediated contrdlraurine cytomegalovirus in vivo. J
Virol 80, 4286-4291.

Tabeta, K., Georgel, P., Janssen, E., Du, X., Ho€heCrozat, K., Mudd, S., Shamel,
L., Sovath, S., Goode, ,Jet al. (2004). Toll-like receptors 9 and 3 as essential
components of innate immune defense against mogtsenegalovirus infection. Proc
Natl Acad Sci U S Al01, 3516-3521.

150



Takaoka, A., Wang, Z., Choi, M.K., Yanai, H., NégjH., Ban, T., Lu, Y., Miyagishi,
M., Kodama, T., Honda, Ket al. (2007). DAI (DLM-1/ZBP1) is a cytosolic DNA

sensor and an activator of innate immune respdteteire448, 501-505.

Takeuchi, O., and Akira, S. (2010). Pattern recgmireceptors and inflammation. Cell
140, 805-820.

Taylor, R.T., and Bresnahan, W.A. (2006). Humarnomgalovirus IE86 attenuates
virus- and tumor necrosis factor alpha-induced Npled-dependent gene expression. J
Virol 80, 10763-10771.

Terhune, S.S., Schroer, J., and Shenk, T. (200B)AsRare packaged into human
cytomegalovirus virions in proportion to their iatellular concentration. J Virdi8,
10390-10398.

Upton, J.W., Kaiser, W.J., and Mocarski, E.S. (20@/tomegalovirus M45 cell death
suppression requires receptor-interacting prot&P) homotypic interaction motif
(RHIM)-dependent interaction with RIP1. J Biol Ch283, 16966-16970.

Upton, J.W., Kaiser, W.J., and Mocarski, E.S. (2010irus inhibition of RIP3-
dependent necrosis. Cell Host Microhe302-313.

van der Meer, J.W., Rubin, R.H., Pasternack, M.dééeis, D.N., Lynch, P., and
Dinarello, C.A. (1989). The in vivo and in vitrofefts of interleukin-1 and tumor

necrosis factor on murine cytomegalovirus infectiBiotherapyl, 227-231.

Wagner, M., Jonjic, S., Koszinowski, U.H., and Mass M. (1999). Systematic
excision of vector sequences from the BAC-clonerpé&virus genome during virus
reconstitution. J Viro¥3, 7056-7060.

Wan, Y., Kim, T.W., Yu, M., Zhou, H., Yamashita, MKang, Z., Yin, W., Wang, J.A,,
Thomas, J., Sen, G.Cet al. (2011). The dual functions of IL-1 receptor-asatedyl

151



kinase 2 in TLR9-mediated IFN and proinflammatoyyokine production. J Immunol
186, 3006-3014.

Wang, C., Deng, L., Hong, M., Akkaraju, G.R., Inpde and Chen, Z.J. (2001). TAK1
is a ubiquitin-dependent kinase of MKK and IKK. Nia412, 346-351.

Weber, A., Wasiliew, P., and Kracht, M. (2010).el¢ukin-1 (IL-1) pathway. Sci
Signal3, cm1.

Yamazaki, K., Gohda, J., Kanayama, A., Miyamoto, Sakurai, H., Yamamoto, M.,
Akira, S., Hayashi, H., Su, B., and Inoue, J. (200%0 mechanistically and temporally
distinct NF-kappaB activation pathways in IL-1 sajng. Sci Signa®, ra66.

Yao, J., Kim, T.W., Qin, J., Jiang, Z., Qian, Yia¥, H., Lu, Y., Qian, W., Gulen, M.F.,
Sizemore, N. et al. (2007). Interleukin-1 (IL-1)-induced TAK1-dependeWersus
MEKK3-dependent NFkappaB activation pathways b#itecat IL-1 receptor-associated
kinase modification. J Biol Che82, 6075-6089.

Yasuda, K., Rutz, M., Schlatter, B., Metzger, lippa, P.B., Schmitz, F., Haas, T., Heit,
A., Bauer, S., and Wagner, H. (2006). CpG motifejpeihdent activation of TLR9 upon

endosomal translocation of "natural” phosphodieBt¢A. Eur J ImmunoB6, 431-436.

Yasuda, K., Yu, P., Kirschning, C.J., Schlatter, 8chmitz, F., Heit, A., Bauer, S.,
Hochrein, H., and Wagner, H. (2005). Endosomal dlczation of vertebrate DNA

activates dendritic cells via TLR9-dependent amdlependent pathways. J Immunol
174, 6129-6136.

Yerkovich, S.T., Olver, S.D., Lenzo, J.C., Peac&lD., and Price, P. (1997). The roles
of tumour necrosis factor-alpha, interleukin-1 andterleukin-12 in murine

cytomegalovirus infection. Immunolo@®l, 45-52.

Yurochko, A.D., and Huang, E.S. (1999). Human cygaitovirus binding to human
monocytes induces immunoregulatory gene expres3ibnmunoll62, 4806-4816.

152



Yurochko, A.D., Hwang, E.S., Rasmussen, L., Keay,Pereira, L., and Huang, E.S.
(1997). The human cytomegalovirus UL55 (gB) and BI(@H) glycoprotein ligands
initiate the rapid activation of Spl and NF-kapp@Bing infection. J Virol71, 5051-
50509.

Zucchini, N., Bessou, G., Traub, S., Robbins, SU¢matsu, S., Akira, S., Alexopoulou,
L., and Dalod, M. (2008). Cutting edge: Overlappfagctions of TLR7 and TLR9 for

innate defense against a herpesvirus infectiomndunol180, 5799-5803.

153



	PhD coversheet April 2012.pdf
	Tali_Pechenick_Jowers_PhD_Thesis

