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Abstract

Human noroviruses (HuNoV) cause the majority of non-bacterial gastroenteritis cases
worldwide and generate an economic burden of 60 billion USD every year. Noroviruses are
highly infectious and predominantly cause issues in closed environments such as cruise
ships, hospitals and nursing homes. Due to the lack of a tissue culture or small animal model,
HuNoV research has been impaired and so far no drug treatment or vaccine is available.
Despite recent advances in the field and the successful replication of HuNoV in B cells and
human intestinal organoids, models of HuNoV replication in vitro still remain to be
established. Fortunately, murine norovirus (MNV) was discovered in 2003 and has since

been used as a model system to investigate NoV infections.

In this study we show that MNV infection reduces the surface expression of MHC
class | proteins. The reduction in MHC class | levels on the cell surface is based on reduced
intracellular levels of the protein. We reveal that MHC class | transcription is not reduced
during MNV infection, implying that either MHC class | translation is affected or MHC class |
proteins are degraded during MNV infections. We were able to partially rescue the surface
expression of MHC class | proteins on MNV infected cells with MG132, a proteasome
inhibitor. These findings indicate that MNV interferes with the MHC class | pathway in either
directly degrading the protein or targeting it for the degradation pathway within the cell.
Furthermore, we identified MNV NS3 as the viral protein which is essential and sufficient

for the MHC class | surface reduction when separately expressed in cells.

Additionally, we investigated the effect of MNV on cytokine secretion. The secretion

of the cytokines IFNP and TNFa is significantly reduced in MNV infected cells, which is not



due to a down regulation of cytokine mRNA transcription. Analysis of the intracellular
expression of cytokines and host cell translation in general, revealed a continuous decrease
in global host cell translation in MNV infected cells. The translational shutdown seems to
be induced by the dsRNA-sensitive regulator PKR. PKR becomes phosphorylated and
phosphorylates the translation initiation factor elF20, impeding host cell translation. Whilst
the translation of host proteins is stalled, viral proteins are still able to be translated due to

a cap-independent mechanism.

Furthermore, we interrogated the interaction of MNV with the microtubules and
the microtubule-associated protein GEF-H1. We discovered an interaction of GEF-H1 with
the viral protein MNV NS3, which leads to changes in the expression levels and location of
GEF-H1 within the cell and prevents the formation of GEF-H1 induced microtubule fibres.
This indicates a potential interference of MNV NS3 with GEF-H1, which has been proposed
to play a major role in the immune detection of viral replication. Despite various approaches
to identify a similar role of GEF-H1 during MNV infection, we have so far not been able to
support the proposed function of the protein. Considering the multiple roles of GEFs like
GEF-H1, it is possible that MNV and specifically NS3 acts on a different GEF-H1-regulated

pathway during MNV infection.
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Chapter 1

Introduction




1.1 Norovirus

1.1.1 Structure and classification

Noroviruses (NoVs) are members of the Caliciviridae family, which also includes the genera
Vesivirus, Lagovirus, Sapovirus and Nebovirus. Vesiviruses, Nebovirus and Lagoviruses mainly
include animal viruses like Vesicular exanthema of swine virus (VESV), Feline calicivirus (FCV)
(both Vesiviruses), Rabbit haemorrhagic disease virus (RHDV) (Lagovirus) and Newbury-1 virus
(Nebovirus) (Thiel and Kénig 1999, Oliver, Asobayire et al. 2006). NoVs and Sapoviruses contain
human infectious viruses. All members of the Caliciviridae family share the characteristics of a
positive sense single-stranded polyadenylated RNA (ssRNA) genome and an icosahedral capsid
with a T=3 symmetry (Prasad, Matson et al. 1994). The virus capsid is made of 180 capsid proteins
which interact and form 90 dimers. The NoV capsid is made of two viral proteins, the major and
the minor capsid proteins, VP1 and VP2 respectively. The major capsid protein VP1 provides the
structure and stability to the capsid, whereas VP2 is suggested to associate with the S domain of
VP1 inside the capsid and play a role in RNA genome binding and protection (Bertolotti-Ciarlet,
Crawford et al. 2003, Vongpunsawad, Venkataram Prasad et al. 2013). VP1 can be structurally
divided into two domains, the shell (S) domain and protruding (P) domain. The S domain is the
most conserved region of VP1 and is essential for the formation of the icosahedral capsid. The P
domain is important for the formation of dimers and can be further separated into the fairly
conserved P1 and the highly variable P2 domain (Prasad, Hardy et al. 1999). The P2 domain is the
most exposed domain to the surrounding environment including host factors and receptors

making it the most likely antigen within the host.

Because of its conserved S and variable P domains, VP1 has been the most important

protein used for strain specific analysis, identification and classification of NoVs (Zheng, Ando et



al. 2006). Based on the VP1 sequence, NoVs can be classified into 5 groups, termed genogroups
(GI-GV) (Figure 1) and several subclusters, termed genotypes (Vinjé, Green et al. 2000). Gl and Gl|
viruses are responsible for the majority of human NoV (HuNoV) outbreaks including Norwalk
strain (Gl), Snow Mountain strain (Gll) and Sydney strain (Gll) (Lochridge and Hardy 2003, Koo,
Ajami et al. 2010, Matthews, Dickey et al. 2012, Control and Prevention 2013). They are also the
most diverse genogroups with 8 and 17 genotypes, respectively (Zheng, Ando et al. 2006). GllI
includes bovine NoVs, GIV contains human and canine NoVs and GV forms the group of murine

NoVs.

Gl (husnan and swene)

GV {rmrurne]

Gl fhuman)

GV (human snd canine)

Gl {bovine)

Figure 1 Overview of the current NoV genogroups (Hall, Vinjé et al. 2011). NoV's can be divided into 5 genogroups (GI-GV), with
Gl, Gll and GIV including HuNoVs. Genogroups can further be subdivided into genotypes, based on their sequence homology.



1.1.2 History, epidemiology and prevalence

NoV symptoms were first described as ‘winter vomiting disease’ in 1929 (Zahorsky 1929) and
were not immediately associated with a viral infection. In 1968, on outbreak of HuNoV at a
primary school in Norwalk (Ohio) caused disease in the majority of staff and children and was
used as a model to study ‘Norwalk-like’ symptoms. A bacterial infection was ruled out as the cause
of illness, but it was not until a few years later, that Kapikian et a/l demonstrated via electron
microscopy that the observed disease was caused by a virus (Kapikian, Wyatt et al. 1972). Insights
into HuNoV infection were largely inhibited by the lack of an animal or tissue culture model and

were mainly investigated with human volunteer studies.

HuNoVs are to date difficult to cultivate, but recent studies show that HuNoV might be
able to infect and replicate in B cells (Jones, Watanabe et al. 2014) as well as in human enteroid
cultures (Ettayebi, Crawford et al. 2016). B cells have been shown to be permissive to HuNoV
infection in the presence of Enterobacter cloacae bacteria which are able to produce the H-type
Histo-blood group antigen (HBGA) (Jones, Watanabe et al. 2014). This successful co-infection is
likely due to the ability of E. cloacae to produce H-type HBGA, because HuNoV infection of B cells
could also be achieved in the absence of E. cloacae and the addition of purified H-type HBGA.
HBGAs play an important role in the resistance to HuNoVs and will be discussed later. Human
intestinal enteroid cultures have been successfully infected with different strains of HuNoV,
although some strains needed the addition of bile to be able to infect the organoids (Ettayebi,
Crawford et al. 2016). Monolayers of these organoids contain several different cell types and
enterocytes were found to be the major target for HuNoVs. However, these cell culture systems

were only recently implemented, lack practicality in the laboratory setting and remain to be



established. Fortunately, MNV was discovered in 2003 and has led to a vast increase in the

understanding of NoV replication and interaction with its host (Karst, Wobus et al. 2003).

HuNoVs cause the majority of nonbacterial gastroenteritis cases, affecting around
685 million people worldwide every year (Control and Prevention 2013). In the U.S. it causes
approximately 23 million infections per year (Mead, Slutsker et al. 1999) and in Australia the
number of cases is estimated at 1.8 million per year (Angulo, Kirk et al. 2008). The symptoms
firstly described in 1929 as well as during the 1968 Norwalk outbreak have not changed over time.
The onset of disease is usually quick and occurs in the first 24h after exposure to the virus and
lasts for 2-3 days (Graham, Jiang et al. 1994). Symptoms include diarrhoea, vomiting, abdominal
pain, abdominal cramps, nausea and fever (Rockx, de Wit et al. 2002). To date there is no antiviral
treatment or vaccine available and infections are in most cases treated with electrolytes and
rehydrating substances. Although the infection is usually non-lethal, children and the elderly, in
particular, can develop severe infections that lead to hospitalisation and death, mainly due to
dehydration. In the developing countries at least 220,000 deaths per year are associated with

HuNoV infection (Mead, Slutsker et al. 1999, Patel, Widdowson et al. 2008).

Most HuNoV infections occur in either restaurants and catered meal settings or closed
environments such as nursing homes, hospitals, schools and cruise ships (Fankhauser, Monroe et
al. 2002). The source of primary infections is mostly contaminated food or water, whereas
secondary infections are caused by person to person contact, lack of hygiene and contaminated
surfaces (Fankhauser, Monroe et al. 2002, Matthews, Dickey et al. 2012). High risk foods are fresh
fruit and vegetables that either have been exposed to contaminated water or sewage or have

been handled by infected individuals neglecting preventative actions (DeWaal and Bhuiya 2007).



Another source of HuNoV infection is shell fish from contaminated waters which accumulate the
virus through filtering of the water (Morse, Guzewich et al. 1986). HuNoV infections occur in all
age groups and throughout the year with higher case numbers in winter (Mounts, Ando et al.
2000). They can cause sporadic infections as well as major outbreaks and epidemics (Eden, Bull
et al. 2010). Three characteristics of HuNoVs allow for the rapid spread of the virus to a large
group of people, especially in closed environments, as it is rapidly resolved in healthy individuals.
Firstly, less than 10 viral particles are needed to cause an infection in healthy individuals (Teunis,
Moe et al. 2008) posing a great danger of transmission to people in close contact with infected
individuals. Secondly, those infected with HuNoV can shed virus for up to three weeks after the
onset of symptoms even though symptoms tend to last for no more than 2-3 days (Rockx, de Wit
et al. 2002). This is not only valid for symptomatic, but also for asymptomatic individuals who
might not even be aware of the infection, but are potential spreaders of disease (Graham, Jiang
et al. 1994). Lastly, NoVs are resistant to a variety of decontamination substances and can persist
in the environment for a long time (Barker, Vipond et al. 2004). Viral particles stay stable and
infectious for at least 61 days in ground water and can be detected in water for up to 3 years after

contamination with HuNoV (Seitz, Leon et al. 2011).

1.1.3 Innate and adaptive protection

Studies have shown that HuNoV infection causes an adaptive immune response with the
production of antibodies against HuNoV 5 days after infection (Graham, Jiang et al. 1994, Hutson,
Atmar et al. 2004). Individuals who have been exposed and mounted an antibody response to the
virus are potentially protected from a secondary infection, but this is not valid for every case

(Parrino , Schreiber et al. 1977, Graham, Jiang et al. 1994). This could be due to the huge strain



variability and change in circulating strains (Lindesmith, Donaldson et al. 2011) as well as the fact
that adaptive immunity protection seems to be rather short lived (Parrino, Schreiber et al. 1977).
Volunteers who were reinfected with the same HuNoV strain 2-3 years after their first exposure
still became infected (Parrino, Schreiber et al. 1977). The strain variety as well as the lack of long

term memory to HuNoV infection pose great challenges for the development of a vaccine.

Human volunteer studies revealed that some people are inherently resistant to a HuNoV
infection, even after exposure to high doses (Lindesmith, Moe et al. 2003). It has been shown that
this resistance is mainly based on HBGAs. HuNoVs have been shown to strongly bind to H type |
and Le® HBGAs and that the P domain of VP1 is responsible for binding to HBGAs (Hutson, Atmar
et al. 2003, Tan, Hegde et al. 2004). There are three different types of HBGAs, H, A and Lewis
(Shanker, Hu et al. 2017). All HBGAs are carbohydrates which are synthetically related and either
tri-or tetrasaccharide functional groups. They are located at the distal end of carbohydrate chains
on glycolipids or glycoproteins on the cell surface (Hutson, Atmar et al. 2004). The synthesis of
HBGAs is dependent on the expression of the fucosyltransferases (FUT) 1-3 which mediate the
transfer of fucose to the HBGA. FUT2 expression allows the synthesis of the H type | HBGA and
individuals expressing FUT2 and H type | are characterised as Se* (Hutson, Atmar et al. 2004).
Norwalk virus virus-like particles (VLPs) have been shown to bind to saliva from Se* individuals,
but not to saliva from Se” volunteers (Lindesmith, Moe et al. 2003). Similar observations were
made when Se” volunteers were infected with HuNoV as none of the tested Se” volunteers became
infected (Lindesmith, Moe et al. 2003). This indicates that the lack of FUT2 expression In Se
individuals might protect from HuNoV infection, whereas the expression of FUT2 might lead to

higher susceptibility.



1.1.4 Vaccine development and antivirals

As previously mentioned, there are currently no antiviral treatments or vaccines available against
HuNoV. Even though a HuNoV infection in healthy adults is a rather self-limiting disease, it can
cause serious complications in infants, the elderly and immunocompromised people (Bok and
Green 2012, Krones and Hogenauer 2012). Considering that a majority of HuNoV outbreaks occur
in schools, nursing homes and hospitals (Fankhauser, Monroe et al. 2002), prevention of
outbreaks in these setting through a vaccine would reduce the exposure of HuNoV to individuals
prone to high risk infections. Vaccination of healthcare staff as well as food handlers would also

decrease the risk of a HuNoV outbreak and spread.

So far, the development of a HuNoV vaccine has been hindered by the lack of a tissue
culture model for HuNoV replication. It not only impairs the knowledge about HuNoV and its
interaction with the host, it can also be challenging in assessing the efficiency of potential
vaccines. Usually, sera from vaccinated volunteers would be tested in a neutralisation assay, but
this is not feasible with HuNoV. As a substitute, a VLP HBGA blockade assay has been utilised so
far, which analyses the ability of VLPs to bind to HBGAs and seems to correlate with human
protection (Johnson, Mathewson et al. 1990, Reeck, Kavanagh et al. 2010). Apart from technical
issues, there is also the problem of the great strain diversity of HuNoVs. Two genogroups, Gl and
Gll, cause the majority of outbreaks with 73% and 26%, respectively (Fankhauser, Monroe et al.
2002). Taken together both genogroups contain 25 genotypes, highlighting the diversity of
HuNoVs. Based on cross-protection studies on Gl and GIl HuNoVs, it seems unlikely that a Gl
vaccine may infer cross protection against Gll strains (Wyatt, Dolin et al. 1974). However, a recent
study showed that antibodies raised against HuNoV VLPs can be cross reactive to other genotypes

(Lindesmith, Ferris et al. 2015). Another aspect to consider is the so far poorly understood long



term protection after exposure to HuNoV. Even though 50% of all children will have been exposed
to a HuNoV within the first 5 years of their lives reaching almost 100% in adults (Hinkula, Ball et
al. 1995), protection from a secondary infection seems to be limited. Rechallenge studies with
volunteers have shown that an adaptive immune response naturally lasts for 2-3 years (Parrino ,
Schreiber et al. 1977), raising questions about how long a HuNoV vaccine might provide
protection. Pre-exposure to a HuNoV might also influence the protectiveness of a vaccine (Atmar

and Estes 2012).

Most potential HuNoV vaccines that have been developed in the last decade are based on
the fact that antibodies against HuNoV are successful in preventing an infection by blocking the
interaction of HuNoV and HBGAs (Reeck, Kavanagh et al. 2010, Atmar, Bernstein et al. 2011). The
majority of vaccines consists of HuNoV VLPs, but there have been other developments like 24-
mer P-particles (P-domain of VP1 only) as well (Fang, Tan et al. 2013). Many current vaccine
candidates contain VLPs from Gl and Gll to increase the protectiveness of the vaccine to both
genogroups (El-Kamary, Pasetti et al. 2010, Atmar, Bernstein et al. 2011, Sundararajan, Sangster
et al. 2015). They all consist of two doses administered 1-3 weeks apart and are either given
intranasal or intramuscular. The intranasal route has been utilised to create a tissue specific
immune response in mucosal tissues, the target for HuNoVs (El-Kamary, Pasetti et al. 2010). The
protectiveness of the vaccine candidates varied and so far only one vaccine has advanced to

Phase llb trials (Bargatze, Mendelman et al. 2016, Limited 2016).

There has been less emphasis on identifying a potential antiviral against HuNoV, but a few
candidates are being tested. T-705 is an antiviral that is hypothesised to act against the RNA-

dependent RNA polymerase (RdRp) of target viruses and is currently being tested for influenza A



treatment (Sidwell, Barnard et al. 2007). It has also been shown to act against MNV in moderate
doses and is a potential antiviral treatment for HuNoV (Rocha-Pereira, Jochmans et al. 2012). A
different set of compounds acting against the RdRp has been identified for HuNoV. They were
shown to vary in their ability to specifically inhibit a certain strain or genogroup or to broadly act
against different genogroup strains (Eltahla, Lim et al. 2014). Other potential antivirals include 3C
and 3C-like protease inhibitors (Kim, Lovell et al. 2012), human IFNa and ribavirin (Chang and
George 2007) an antiviral previously been shown to be active against Hepatitis C (Rocha-Pereira,
Jochmans et al. 2013).

1.1.5 Viral Replication

The open reading frames (ORFs) 1-3 in HuNoV and ORFs 1-4 in MNV are encoded within the viral
single stranded, positive sense genomic RNA. On its 5’ end, the genomic RNA is covalently linked
to the viral non-structural protein NS5 or Viral Protein genome-linked (VPg), whereas the 3’ end
is poly-adenylated (Figure 2). In addition to the coding regions of the ORFs, NoVs share the
characteristics of conserved untranslated regions (UTRs) which possess distinct secondary
structures (Gutiérrez-Escolano, Brito et al. 2000, Simmonds, Karakasiliotis et al. 2008). These
structures have been shown to extend into the coding regions (Simmonds, Karakasiliotis et al.
2008) and play a role in replication, translation and pathogenesis during NoV infection
(Simmonds, Karakasiliotis et al. 2008, Bailey, Karakasiliotis et al. 2010, McFadden, Bailey et al.

2011).

For successful viral genome replication, the viral proteins, especially the RNA-dependent
RNA polymerase (RdRp), have to be translated with the aid of the host cell translation complex.

The genomic RNA serves as a template for the initial translation of the non-structural proteins,
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whereas the structural proteins VP1 and VP2 or VF1, respectively, are translated from the
subgenomic RNA. Studies depleting or inhibiting Vpg/NS5 revealed its major role in the
recruitment of the translation complex as well as the initiation of translation (Chaudhry, Nayak et
al. 2006, Guix, Asanaka et al. 2007). Leen et al showed that VPg forms a helical core with flexible
N-/C-terminal regions, important for the diverse function of the protein (Leen, Kwok et al. 2013).
HuNoV VPg as well as MNV NS5 have been confirmed to interact with components of the
translation complex, namely elF4F (Goodfellow, Chaudhry et al. 2005, Chaudhry, Nayak et al.
2006), elF3 and cap-binding protein (Daughenbaugh, Fraser et al. 2003) and elF4A (Goodfellow,
Chaudhry et al. 2005), highlighting its purpose in initiating translation. Chung et al recently
showed that an interaction between the C-terminus of VPg and elF4G is required for efficient
translation and a direct association between VPg and the core components of the elF4F complex
as well as the Poly(A)-binding protein (PABP) can be observed (Chung, Bailey et al. 2014).
Furthermore, the UTRs, flanking the coding regions of the ORFs, seem to be essential for the
genomic RNA translation by interacting with host proteins that are associated with the regulation
of translation such as La, PTB and DDX3 (Simmonds, Karakasiliotis et al. 2008, Vashist, Urena et
al. 2012). RNA interference studies with the interacting host cell proteins as well as studies using
viral RNA depleted of UTRs observed a reduction in viral replication when the interaction of the
UTRs with the host cell proteins was inhibited (Vashist, Urena et al. 2012). This interaction is
thought to support viral replication by promoting viral RNA circularisation which in turn induces
the binding of complementary sequences on the 5 and 3’ end UTRs (Sandoval-Jaime and

Gutiérrez-Escolano 2009, Lépez-Manriquez, Vashist et al. 2013).
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Figure 2 Schematic overview of NoV replication (de Graaf, van Beek et al. 2016). NoV's are (+) sense, single stranded RNA viruses
which rely on the generation of a (-) sense RNA template for genome replication. VPg/NS5 is bound to the (+) sense RNA to mediate
viral translation by the host cell translation machinery.



Once the host cell translation complex has been recruited, the non-structural proteins of HuNoV,
as well as MNV, are translated as a polyprotein, which is cleaved into the single viral proteins by
the viral protease NS6/Pro (Sosnovtsev, Belliot et al. 2006). The protease cleaves the precursor at
the following sites: 34'E/G3#2 (NS1/2-3), 7%°Q/N’% (NS3-4), 87°E/G®"! (NS4-5), °9*E/A%9> (NS5-6) and
1177Q/G1178 (NS6-7) (Sosnovtsev, Belliot et al. 2006) (Figure 3). The proteases of HuNoV and MNV
share a sequence identity of about 60 % (Leen, Kwok et al. 2013) and the conserved residues H30
and C139, which have been proven to be essential for the protease activity. These residues
together with E54 (HuNoV) and D54 (MNV) form the catalytic triad of the enzyme (Zeitler, Estes
et al. 2006, Someya, Takeda et al. 2008). May et al discovered that the efficiency of NS6/Pro
differs for different cleavage sites, leading to the cleavage of NS2-3 and NS3-4 at a higher rate
than NS4-5, NS5-6 and NS6-7 (May, Korba et al. 2013, May, Viswanathan et al. 2014). They
recently identified the residues P4-P2’ upstream of the cleavage site to be an important cleavage
signal for Pro and responsible for controlling the enzyme efficiency, leading to a biased cleavage

(May, Viswanathan et al. 2014).
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Figure 3 Genomic structure of HuNoV and MNV (Sarvestani, Cotton et al. 2016). HuNoV and MNV are similar in the structural
organisation of their genomes. ORF1 encodes the NS proteins, whereas ORF2 and ORF3 encode the structural proteins VP1 and
VP2. The major difference between both genomes is the additional ORF in MNV (ORF4), which encodes the virulence factor VF1.

After the successful translation and processing of the non-structural proteins including the
viral RdRp, the viral replication complex (RC) is formed in the cytoplasm of the host cell, containing
all NS proteins as well as VP1 and VP2 (Hyde and Mackenzie 2010, Thorne, Bailey et al. 2012). The
complex can be observed as punctate foci via immunofluorescence analysis, localising close to
the microtubule organising centre (MTOC) (Hyde, Gillespie et al. 2012). The major structural
protein VP1 has been shown to co-localise to acetylated tubulin indicating a potential role of the

cytoskeleton in positioning of the RC within the cell (Hyde, Gillespie et al. 2012). The RC is



associated with host cell membrane complexes (Wobus, Karst et al. 2004, Belov and van
Kuppeveld 2012) and virus-induced membranous vesicles, which are formed during infection and
are redistributed to the RC (Hyde, Sosnovtsev et al. 2009). Theses membranes are derived from
the ER, Golgi and endosomes of host cells through a mechanism that is so far unknown (Hyde,
Sosnovtsev et al. 2009). The NS proteins NS1-2 and NS4 of HuNoV and MNV have been shown to
affect the Golgi apparatus and protein secretion and co-localise to the ER, Golgi and endosomes
when over-expressed in cells (Hyde and Mackenzie 2010), indicating a potential role in the

redistribution of host membranes.

Like all (+)ssRNA viruses, NoV genome replication is dependent on generating a negative
sense intermediate, which serves as a template for the positive sense genomic RNA. The positive
as well as the negative strand of the genomic and subgenomic RNA are synthesised by the viral
RdRp (NS7/Pol), which is initiated de novo or VPg-dependent (Rohayem, Robel et al. 2006, Subba-
Reddy, Goodfellow et al. 2011). De novo replication occurs during the generation of the negative
sense template and is supported by the interaction of the RdRp with the S-domain of VP1 (Subba-
Reddy, Yunus et al. 2012). The connection between VP1 levels and replication initiation led to the
hypothesis that capsid assembly in later stages of infection and a reduction in VP1 abundance
would lead to a reduction in RNA replication (Subba-Reddy, Yunus et al. 2012). The positive sense
genomic RNA replication is initiated via VPg, which serves as a protein primer at the 3’ end of the
negative sense template (Rohayem, Robel et al. 2006). The RdRp covalently binds VPg to the initial
nucleotide of the genomic and subgenomic RNA via a tyrosine residue that is conserved in HuNoV
and MNV (Y27 and Y26, respectively) (Subba-Reddy, Goodfellow et al. 2011). In addition to the

genomic RNA, a subgenomic RNA containing the ORFs 2 and 3 is generated by the RdRp from the
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negative sense template (Herbert, Brierley et al. 1997). The subgenomic RNA is identical with the
last 2.4 kb of the genomic RNA and is also linked to VPg and poly-adenylated. Two mechanisms
by which the subgenomic RNA replication is initiated have been proposed: premature termination
and internal initiation (Thorne and Goodfellow 2014). The latter has been supported by findings
of conserved secondary structures upstream of VP1 (Simmonds, Karakasiliotis et al. 2008). These
structures were recently identified as the promotor for the subgenomic RNA. It consists of a highly
conserved stem loop structure and is located 6 nucleotides upstream of VP1 in the coding region
of NS7 (Yunus, Lin et al. 2015). Lin et al discovered that this promotor as well as a short template
sequence are preferentially recognized by the RdRp of HuNoV and MNV and ensure stable binding
of the RdRp (Lin, Thorne et al. 2015). It is assumed that the separate generation of the subgenomic
RNA leads to the production of higher levels of the structural proteins, which are needed to form
the viral capsid consisting of 180 copies of VP1 (Prasad, Rothnagel et al. 1994).

1.1.6 Murine Norovirus

In 2003 an unknown NoV was discovered in mice and was allocated to genogroup V (GV) (Karst,
Wobus et al. 2003). This murine norovirus (MNV) shares characteristics with the HuNoV strains,
and is cultivable in mice. Mice infected with MNV have detectable levels of viral RNA in the liver,
spleen and proximal intestine 1 day after infection, but they clear the infection by day 3 post
infection (Karst, Wobus et al. 2003). MNV specifically infects macrophages and dendritic cells in
the previously mentioned tissues and can be cultivated in cell lines such as the murine
macrophage cell line RAW264.7 (Wobus, Karst et al. 2004). Only recently, the receptors for MNV
infection have been identified as CD300ld and CD300If and expression of these receptors is
sufficient to make most cell types susceptible to MNV infection (Haga, Fujimoto et al. 2016,

Orchard, Wilen et al. 2016). Studies on knockout mice revealed a strong correlation between the
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innate immune response and MNV infection. STAT17- as well as IFNayR”- mice succumb to MNV
infection, whereas RAG”" mice do not (Karst, Wobus et al. 2003). Because of its similarity to the
human strains, MNV is used as a model to further our knowledge of NoVs (Wobus, Thackray et
al. 2006). It is still unclear to what extent findings in MNV research are transferable to HuNoVs,
but the viruses do share molecular characteristics. They exhibit the same size (28-35 nm), shape
(icosahedral) and buoyant density (1.36 + 0.04 g/m3), as well as the organization of their genomes
(Wobus, Thackray et al. 2006). For MNV, the positive sense ssRNA genome consists of four known
ORFs, which encode the non-structural proteins (ORF 1), the major (VP1) and the minor (VP2)
capsid protein (ORF 2, ORF 3, resp.) and the newly discovered ORF 4 overlapping with ORF 2 and
encoding the protein VF1 (McFadden, Bailey et al. 2011) (Figure 3). VF1 has been shown to
antagonize the innate immune response by blocking type | IFN production. It is suspected to have
a role in controlling apoptosis, because RAW264.7 cells infected with a virus strain lacking ORF4
showed higher levels of apoptosis (McFadden, Bailey et al. 2011). It might also impact viral
persistence, because STAT-/- mice infected with a virus strain not expressing ORF4 displayed a
delayed onset of symptoms (McFadden, Bailey et al. 2011). The functions of all NS proteins are
not fully understood yet, but some of the interactions and cellular localisations are known and

described below.

1.1.6.1 MNV NS proteins

NS1-2 (Nterm, 38 kDa) contains several predicted protein motifs. A histidine region (H-box)
common in histidine protein kinases, a motif containing asparagines and cysteine (NC-motif) as
well as transmembrane (TM) a helices, known to act as membrane anchors can be found at the

sequence level (Fernandez-Vega, Sosnovtsev et al. 2004, Sigrist, de Castro et al. 2013).
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Localisation studies in Vero C1008 cells show that NS1-2 exhibits a reticular localisation and
surrounds the nuclear envelope (Hyde and Mackenzie 2010). In addition, dense punctate foci are
also observed throughout the cell. These foci co-localise with endoplasmic reticulum (ER)
markers, but in contrast to the human NS1-2, they do not co-localise with the Golgi apparatus
(Fernandez-Vega, Sosnovtsev et al. 2004, Hyde and Mackenzie 2010). NS3 is a nucleoside
triphosphatase (NTPase) and possesses a molecular weight of 39 kDa. In NS3 transfected cells
both distinct vesicle-like structures and disperse cytoplasmic staining can be observed for the viral
protein, but it does not co-localise with any known organelle markers (Hyde and Mackenzie 2010).
A recent study discovered an association of MNV NS3 and HuNoV NS3 with the microtubule
network, specifically B-tubulin. They also showed that movement of NS3 within the cell was
dependent on a functional microtubule network (Cotton, Hyde et al. 2016). NS4 (p20) with a
molecular weight of 18 kDa, forms dense cytoplasmic foci in the cell, and co-localises with the
Golgi as well as with endosomes. Expression of NS4 is connected with a partial dispersion of the
Golgi apparatus, which has also been observed in poliovirus infections. During poliovirus infection
the dispersion of the Golgiis caused by the 3A protein, which is comparable to MNV NS4 (formerly
named 3A-like protein) (Hyde and Mackenzie 2010). NS5 or VPg is covalently linked to the 5’ end
of the viral RNA. NoVs, like all members of the Caliciviridae family, lack a cap at the 5’ end of their
RNA. As the cap is usually associated with the initiation of translation, VPg has been suggested to
replace the function of the cap. Findings, including binding of VPg to elongation initiation factors
(elFs) and loss of infectivity after removal of VPg from the viral RNA, indicate an association of
VPg with the initiation of translation (Daughenbaugh, Fraser et al. 2003, Daughenbaugh, Wobus
et al. 2006). NS5 shows a dispersed cytoplasmic distribution, when expressed on its own. NS6 (19

kDa) is a protease with a chymotrypsin-like fold, that co-localises with mitochondria and cleaves
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the precursor polyprotein. NS7 (57 kDa) is the RNA-dependent RNA polymerase, which ensures
replication of the viral genome and presents a diffuse staining within the cell, including both the
cytoplasm and the nucleus during transfection (Fernandez-Vega, Sosnovtsev et al. 2004, Hyde

and Mackenzie 2010).

1.2 Innate Immunity

1.2.1 Innate immune response to viruses

Although the cellular responses to viral infections are as diverse as the viruses themselves, some
general mechanisms are known. The most common reactions following virus infection is the
induction of cytokine secretion, especially interferon type | (IFN-1) and apoptosis to combat viral
replication, alert surrounding cells and to reduce the number of infected cells and viral spread.
These reactions are often induced by the recognition of dsRNA, a replicative intermediate typical
of viral replication (Vilcek 1996). dsRNA is a pathogen-associated molecular pattern (PAMP),
which is a shared characteristic of replication for many viruses. This PAMP can be recognised by
pattern recognition receptors (PRRs), which can be cytosolic like melanoma differentiation-
associated protein 5 (MDAS) and retinoic acid-inducible gene 1 (RIG-I) or attached to a cellular

membrane like the endosome-associated Toll-like receptor 3 (TLR3) (Figure 4).
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Figure 4 IFN induction through dsRNA recognition in virus infected cells (Yajima and Knowlton 2009). During NoV replication
dsRNA is formed, which can be recognised as a PAMP by MDAS5. Via signalling through MAVS and TBK1, IRF-3/IRF-7 get
translocated into the nucleus and mediate the transcription of type I IFN.

When dsRNA is recognised by the cell, several antiviral signals, including the production of
cytokines, like IFNa/B, can be triggered. The cytokine response can differ depending on the
pathway that has been activated by dsRNA. Activation of MDAS5 as well as TLR3 leads to the
phosphorylation, dimerization and translocation of IRF-3 into the nucleus (Sato, Tanaka et al.

1998). The phosphorylation is mediated through the IkB kinase (IKK) related kinases IKKe and




TANK binding kinase 1 (TBK-1) and allows the translocation of IRF-3 into the nucleus where it
associates with the coactivators CREB binding protein (CBP) and p300 (Hiscott, Pitha et al. 1999,
Kumar, McBride et al. 2000, Fitzgerald, McWhirter et al. 2003). IRF-3 is not only an important
transcription factor for type | IFNs, but also regulates the expression of the chemokine RANTES
and specific ISGs (ISG54, ISG56, ISG60) (Génin, Algarté et al. 2000, Grandvaux, Servant et al. 2002).
It has been shown to bind to the IFN-stimulated response element (ISRE) which can be found in

the promotor region of many IFN associated genes (Au, Moore et al. 1995).

Another important regulator of cytokine transcription and specifically type | IFN activation
is NF-kB, which is mainly activated through the TLR3 pathway during viral infections (Alexopoulou,
Holt et al. 2001). Through the adaptor protein MyD88, the activation signal of TLR3 is conferred
to the kinase IRAK which has been suggested to interact with TNFR-associated factor 6 (TRAF6)
and leads to the downstream translocation of NF-kB into the nucleus via degradation of the
inhibitory complex IkB in the cytosol (Muzio, Ni et al. 1997, Kopp and Medzhitov 1999). Once NF-
kB is present in the nucleus it can act as a transcription factor for a wide variety of cytokines, like
IL-6, TNFa and IFNB (Lenardo, Fan et al. 1989, Collart, Baeuerle et al. 1990, Libermann and

Baltimore 1990, Pahl 1999).

1.2.2 The role of cytokines during viral infections

Levels of cytokines such as type | IFN are low in uninfected cells and an up-regulation of cytokine
expression is considered to be a vital part of the host immune response to viral infections. The
induction of type | IFN in MNV infected cells is critical for controlling the acute infection, as it has
been shown that the lack of IFNa/B leads to lethal MNV infections in IFNaBy” mice (Wobus, Karst

et al. 2004). Type | IFN expression is mainly activated through IRF-3 and IRF-7, but can also be
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activated by other transcription factors like NF-kB (Lenardo, Fan et al. 1989, Karst, Wobus et al.
2003, Changotra, Jia et al. 2009, Thackray, Duan et al. 2012). To inhibit virus replication, IFNa/B
produced from infected cells can induce the expression of antiviral effectors such as RNAse L and
Protein kinase R (PKR), in an autocrine and paracrine manner (Thomson and Lotze 2003). For
example PKR, the double-stranded RNA-activated protein kinase, disturbs replication by inhibiting
viral as well as host protein synthesis (Kalvakolanu and Borden 1996, Samuel 1998). Translation
of proteins is inhibited through the phosphorylation of elF20, a major part of the translation
initiation complex. elF2a is phosphorylated by PKR and can no longer bind to the complex and
global protein translation is stalled. Additionally, PKR has recently been shown to enhance the
induction of IFNP via the MDA5/MAVS pathway of dsRNA detection (Pham, Santa Maria et al.
2016). In contrast to that, 2’5’ oligoadenylate synthetase-induced RNAse L degrades viral RNA and
thus limits replication (Silverman 1994, Dong and Silverman 1999, Terenzi, Ying et al. 1999). In
addition to promoting the immediate cellular response, IFNs can also modulate the adaptive and
innate immune response. They have the ability to inhibit cell division, recruit macrophages,
natural killer (NK) cells and cytotoxic T-cells (CTLs), and upregulate the expression of major
histocompatibility complex (MHC) class | and Il proteins. They also enhance the processing and
transport of viral peptides to be presented by MHC proteins at the cell surface (Thomson and

Lotze 2003).

Another important cytokine which is induced during many viral infections is the pro-
inflammatory cytokine TNFa. TNFa expression is mainly induced through the TLR3/NF-kB pathway
and can have several effects on the infected and surrounding cells (Goldfeld, Doyle et al. 1990,

Idriss and Naismith 2000). There are two forms of TNFa which can be synthesised, a soluble and
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a membrane bound form (Kriegler, Perez et al. 1988, Luettig, Decker et al. 1989). Membrane
bound TNFa is 26 kDa in size, bigger than soluble TNF, and exhibits cytotoxic activity (Kriegler,
Perez et al. 1988). It can induce apoptosis through binding of TNF receptor (TNF-R) 1 and TNF-R2,
but has so far not been shown to regulate inflammatory processes (Ruuls, Hoek et al. 2001). The
membrane bound form is expressed on macrophages and acts in a cytotoxic way on TNFa
sensitive cells via direct contact with the target cell (Decker, Lohmann-Matthes et al. 1987). In the
context of viral infections it has been demonstrated to play a role in the IL-10 dependent

expression of HIV in latently infected cells (Barcellini, Rizzardi et al. 1996).

Soluble TNFa can bind to TNFa receptors such as TNF-R1 and activate the transcription of
TNFa regulated genes (Figure 5), the production of reactive oxygen species (ROS) and caspase
activation (Chen and Goeddel 2002, Wang, Du et al. 2008, Kim, Lee et al. 2010). Once TNFa binds
to TNF-R1, the silencer of death domains (SODD) gets released from the intracellular domain of
TNF-R1 and the adaptor protein TNF receptor-associated death domain (TRADD) can bind instead.
The binding of TRADD allows the recruitment of further adaptor proteins such as receptor
interacting protein (RIP), TNF-R-associated factor 2 (TRAF2) and Fas-associated death domain
(FADD) (McWhirter, Pullen et al. 1999, Chen and Goeddel 2002). FADD has the ability to recruit
and activate caspase-8, which leads to the induction of apoptosis. TRAF and RIP interact with IKKa
and IKKB which are important kinases for the activation of the transcription factor NF-kB. In
addition to NF-kB another crucial transcription factor c-Jun can be activated by TRAF2 interaction
with the JNK signalling pathway (Chen and Goeddel 2002). The activation of NF-kB leads to the
inhibition of the apoptotic pathways induced by TNFa, which is caused by the induction of

apoptosis inhibitors such as c-IAPs, caspase-8-c-FLIP and Al via NF-kB (Karin and Lin 2002).
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Furthermore, TNFa dependent NF-kB activation leads to the induction of inflammation associated
proteins (GRO-1, IL-6, MCP-1 COX-2 and PGES), apoptosis or decreased cell growth factors (JunB
and TIEG) and survival or cell growth factors (A20, syndecan-4, SOD-2 and COX-2) (Zhou, Scoggin
et al. 2003). Only the expression of the regulatory proteins Mitogen-activated protein kinase
phosphatase-1 (MKP-1) and Early growth response protein 1 (Egr-1) have been shown to be

inducible by TNFa, but independent of NF-kB (Zhou, Scoggin et al. 2003).

In summary, IFN3 and TNFa can have different effects on the infected cell, because IFNf3
mainly acts to induce an antiviral state, promoting cell survival whereas TNFa can induce
apoptosis and inflammation and therefore their interaction during infections plays a crucial part

in the infection outcome.

24



cytoplasm

Caspase-8

Apoptosis

NF-kB activation
e

nucleus

Figure 5 Overview of the TNFa signalling pathway (Chen and Goeddel 2002).

1.2.3 MHC proteins
MHC proteins are a class of polymorphic proteins which mediate the recognition of self-antigens
and foreign antigens. They are important components of both the innate and adaptive immune

response and act by presenting antigens on the cell surface of infected cells to CD8+ (MHC class |)




and CD4+ (MHC class Il) T cells. The interaction between the MHC surface proteins and the T-cells
is mediated by T-cell receptors (TCR) specific for MHC class | and Il proteins (Corr, Slanetz et al.
1994, Sakihama, Smolyar et al. 1995). When a TCR binds to a foreign antigen-MHC complex,
different signalling cascades are activated including the proximal signalling through CD3
phosphorylation, calcium-mediated signalling through Ca?* influx and GTPase Ras-MAPK
signalling (Cahalan and Chandy 2009, Smith-Garvin, Koretzky et al. 2009, Morris and Allen 2012).
This results in the activation of the T cell and the immune response to the infection. Apart from
having the same function of presenting antigens, MHC class | and Il proteins share other
characteristics like genetic location and a vast polymorphism (Neefjes, Jongsma et al. 2011). In
humans, MHC class | and Il proteins are encoded by the HLA gene complex HLA A, B, C, E, Fand G

and HLA DP, DM, DOA, DQ and DR, respectively (Strachan 1987, Trowsdale 1987).

1.2.3.1 MHCclass |

MHC class | proteins mainly present peptides of endogenous origin, but also have the ability to
present exogenous peptides that have been endocytosed by the cell (cross-presentation) (Kurts,
Robinson et al. 2010). MHC class | proteins are widely expressed in many cell types and can be
upregulated during infection, e.g. via IFNP stimulation (Israél, Le Bail et al. 1989). Peptides
presented by MHC class | proteins on the cell surface are derived from proteins that have been
degraded by the either cytosolic or nuclear proteasomes (Figure 6). Degraded proteins, which
have been truncated into peptides are transported into the ER lumen by the ATP-binding cassette
(ABC) transporter TAP (transporter associated with antigen-processing) (Vyas, Van der Veen et al.
2008). Within the ER a number of MHC class | heterodimer molecules are present, consisting of

the polymorphic heavy (a) and light (B2-microglobulin) chain. The otherwise unstable MHC class |
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molecules are stabilized by chaperone proteins like calreticulin, ERp57, protein disulphide
isomerase (PDI) and tapasin. The interaction between MHC class | proteins and antigens is
supported by the peptide loading complex (PLC) comprising TAP, tapasin, MHC class |, ERp57 and
calreticulin, leading to the incorporation of the antigen peptide into the binding groove of MHC
class | (Park, Lee et al. 2006, Wearsch and Cresswell 2008, Wearsch, Peaper et al. 2011). Once the
MHC class | and peptide complex is formed, the chaperone proteins detach from MHC class |
proteins and induce the further translocation to the plasma membrane via the Golgi apparatus.
Complexes of antigen peptides and MHC class | proteins at the cell surface are relatively stable,
but are eventually degraded through an interaction with ubiquitin ligases of the Membrane-

Associated Ring-CH (MARCH) family and the endosomal pathway (Bartee, Mansouri et al. 2004).
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Figure 6 Schematic overview of the MHC class | synthesis pathway and the formation of MHC class | and peptide complexes
(Neefjes, Jongsma et al. 2011)

1.2.3.2 MHCclass Il
In contrast to MHC class | proteins, MHC class Il proteins are not ubiquitously expressed, but are
mainly restricted to professional antigen-presenting cells (APCs). Their expression is controlled by

IFN-y, which induces the co-activator class Il major histocompatibility complex transactivator



(CIITA) (Steimle, Siegrist et al. 1994). CIITA in turn aids to activate the transcription factor RFX5,
which leads to the transcription of MHC class Il genes (Scholl, Mahanta et al. 1997). MHC class Il
proteins consist of two transmembrane chains (o and ) forming a heterodimer that assembles
within the ER. There, the protein binds to the invariant chain (li) preventing the association with
peptides in the ER (Figure 7). The li ensures MHC class Il translocation to the MHC class Il
compartment (MIIC) via a sorting motif for late endosomal compartments (Bertolino and
Rabourdin-Combe 1995, Landsverk, Bakke et al. 2009). After successful translocation, the li is
partially digested leaving the Class ll-associated invariant chain peptide (CLIP) that is in turn
replaced by the antigen peptide. This process is mediated by the HLA-DM protein in humans or
H2-DM protein in mice (Kropshofer, Vogt et al. 1996). Peptides which are loaded onto MHC class Il
proteins originate from the endosomal pathway and have been degraded by proteases associated
with the endosomes (Neefjes, Jongsma et al. 2011). When the antigen peptide is successfully
bound to MHC class Il, the complex is transported via association with the cytoskeleton (myosin
(microfilaments) and kinesin (microtubules)) to the plasma membrane for interaction with CD4+
T cells (Rocha, Kuijl et al. 2009). Activated CD4+ T cells recruit proteins to regulate inflammation
and interact with B cells to induce B cell memory to an antigen (Mitchison 2004, Yuseff, Lankar et
al. 2009). Similar to MHC class I, MHC class Il gets ubiquitylated by a ubiquitin ligase, MARCH1,
leading to the degradation of MHC class Il proteins (Shin, Ebersold et al. 2006, De Gassart,

Camosseto et al. 2008).
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Figure 7 Schematic overview of the MHC class Il and peptide formation and the presentation of the complex (Neefjes, Jongsma
etal. 2011)

1.2.3.3 Viral immune evasion through MHC class | targeting

When cells get infected by viruses, they do not only contain the viral genome but also
considerable amounts of viral proteins. These viral proteins, as any other proteins in the cell, are
susceptible to degradation and further presentation by MHC class | proteins. To prevent the
presentation of viral antigen peptides several viruses have developed evasion strategies

interfering with different stages of MHC class | antigen presentation. Some viruses such as
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Epstein-Barr virus (EBV) inhibit the degradation of viral proteins via the proteasome, preventing
the translocation of these peptides into the ER and the formation of viral antigen and MHC class
| complexes (Levitskaya, Sharipo et al. 1997, Sharipo, Imreh et al. 1998). Once viral proteins have
been degraded, they are translocated into the ER via TAP. At this stage, viruses such as herpes
simplex virus-1 (HSV-1) and human cytomegalovirus (HCMV) interfere with antigen presentation
by inhibiting peptide binding to TAP (HSV-1) (Hill, Jugovic et al. 1995, Ahn, Meyer et al. 1996) or
preventing ATP-binding and hydrolysis which is needed for the transport via TAP (HCMV) (Ahn,
Gruhler et al. 1997, Hewitt, Gupta et al. 2001). Viral peptides which have been transported into
the ER usually form a complex with MHC class | proteins with the aid of the PLC. Viruses have
been shown to avoid this formation of MHC class | and peptide complexes by degrading MHC
class | proteins in the ER (e.g. HCMV) (Stevenson, Efstathiou et al. 2000, Boname and Stevenson
2001). The poliovirus 3A protein has been shown to interfere with MHC class | proteins by
inhibiting the ER to Golgi transport, leading to a reduced surface expression and protection from
CD8+ T cells (Deitz, Dodd et al. 2000). Human herpes virus-7 (HHV-7) disturbs the next step in the
MHC class | antigen presentation pathway, relocating the peptide and MHC class | complexes to
lysosomes and thus inhibiting the transport from the ER to the plasma membrane (Hudson,
Howley et al. 2001). Even MHC class | proteins presenting peptides at the cell surface can be
targeted by viral proteins. The Nef protein of the human immunodeficiency virus-1 (HIV-1) is
known to interact with the cytoplasmic tail of MHC class | proteins at the plasma membrane,
causing the internalisation of the complex, accumulation of MHC class | in the trans-Golgi network
(TGN) and finally degradation via the endosomal pathway (Schwartz, Maréchal et al. 1996, Le Gall,
Erdtmann et al. 1998). Although inhibiting or reducing the presentation of viral antigens by MHC

class | proteins avoids the recognition of viruses by CD8* T cells, decreased levels of MHC class |
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surface proteins can also lead to the stimulation of NK cells. Therefore some viruses additionally
express MHC class | homologues to mimic a normal level of MHC class | surface expression and

avoid the detection by NK cells (Farrell, Degli-Esposti et al. 2000).

In conclusion, viruses have developed very different strategies to avoid immune detection,
immune signalling and the subsequent activation of an immune response. Interfering with innate
immune pathways and antigen presentation via MHC class | proteins provides an advantage to

the virus by increasing replication and protecting them from the host immune response.

1.3 MNV and the cytoskeleton

The cytoskeleton plays an important role for the stability, function and movement of the cell. It
consists of three different fibres, microfilaments (actin), microtubules (tubulin) and intermediate
filaments (e.g. vimentin), which have different functions within the cell. Microfilaments are
important for cell motility, vesicle and organelle transport, cell signalling and cell shape (Landry
and Huot 1995, Valderrama, M Duran et al. 2001, Pollard and Borisy 2003). Microtubules play a
major role in mitosis and the formation of the spindle apparatus and form a network for
intracellular transport (Sharp, Rogers et al. 2000, Welte 2004). Unlike microfilaments and
microtubules, intermediate filaments are not associated with cell motility. They are the most
stable fibres of the cytoskeleton and provide mechanical support for the plasma membrane. They
have also been shown to be in contact with the extracellular matrix and aid in cell-cell interactions
(Lodish H 2000). The interaction of MNV with the different fibres of the cytoskeleton has recently
been investigated (Hyde, Gillespie et al. 2012). Vimentin, a component of the intermediate
filaments showed some co-localisation with MNV, but its appearance was not affected during

infection. In contrast, actin, a component of the microfilaments, did not co-localise with the virus
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and was only affected in its morphology at later stages of infection, when a cytopathic effect of

the virus was visible.

1.3.1 MNV and the microtubules

As described in previous sections, the viral RC of MNV was observed to localise proximal to the
MTOC, which forms the origin of microtubule formation and the core of the network. The
microtubule network emerges from the MTOC, which contains a specific form of tubulin, y-tubulin
(Zheng, Wong et al. 1995). Studies with Nocodazole, a drug preventing the polymerization of
microtubules, showed that efficient MNV replication was dependent on functional microtubules.
Nocodazole treatment resulted in an accumulation of viral RNA at the periphery and a reduction
in viral protein synthesis. Investigating the interaction partners of the MNV RC revealed an
association with acetylated tubulin. In contrast to unmodified tubulin, acetylated tubulin has an
increased stability due to its posttranslational modification and is likely to form filamentous
bundles within the cell. Acetylated tubulin highly co-localised with the structural protein VP1,
leading to its redistribution and the lack of filamentous fibres (Hyde, Gillespie et al. 2012). A
recent study also revealed that the non-structural protein NS3 of MNV and Norwalk virus was
associated with B-tubulin, a major component of the microtubule network (Cotton, Hyde et al.
2016). Overexpression of HuNoV and MNV NS3 formed vesicle-like structures within the cell
which were highly motile. Inhibiting microtubule activity using Nocodazole showed that the ability
of NS3 vesicles to move within the cell is dependent on a functional microtubule network (Cotton,
Hyde et al. 2016). NS3 induced vesicles were less motile in cells treated with Nocodazole and
appeared to lack the ability of fusing together with other NS3 vesicles. It has been proposed that

NS3 is using the microtubule network to transport host components required for viral replication
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to the RC located close to the MTOC. This is supported by previous findings which revealed that
the impairment of the microtubule network with Nocodazole leads to the dispersion of the
otherwise focused RC, indicating a crucial role of the microtubules for viral replication (Hyde,

Gillespie et al. 2012).

Additionally, MNV induces the formation of microtubule bundles at the cell periphery
during later stages of infection (12-18 h.p.i.). A similar observation has been made in cells infected
with rotavirus, a virus causing the majority of gastroenteritis infections in children (Bernstein
2009). Microtubules in rotavirus infected cells formed ring-like structures at the cell periphery,
comparable to the bundling of microtubules in MNV infected cells. The aggregation of
microtubules in the periphery was accompanied with the disassembly of microtubules in the
centre (Yang and McCrae 2012). Recently, GEF-H1, a guanine nucleotide exchange factor (GEF),
has been shown to have a similar effect on microtubules, inducing microtubule bundles in GEF-
H1 transfected cells (Chiang, Zhao et al. 2014). GEF-H1 has been proposed to play a role in the
innate immune response against viral infections, marking it as a potential candidate which
connects the observed phenotypic effect on the microtubule network during MNV infection and
the host response to MNV (Chiang, Zhao et al. 2014).

1.3.2 GEF-H1 as a viral sensor

Guanine nucleotide exchange factors (GEFs) are regulators of GTPases. They activate GTPases by
mediating the exchange from guanosine diphosphate (GDP) to guanosine triphosphate (GTP)
(Figure 8). GTPases can in turn be deactivated through GTPase activating proteins (GAPs). GAPs
transform GTP which is bound to the GTPase to GDP by facilitating the hydrolysis of GTP. GEF-H1

is a GEF which regulates Rho and Rac GTPases including RhoA and RhoB, supporting multiple
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processes in the cell like vesicle transport, cytoskeleton morphology and pathogen recognition
(Ren, Li et al. 1998, Zhao, Alonso et al. 2012, Nagae, Meng et al. 2013, Pathak and

DerMardirossian 2013).
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Figure 8 Schematic model of the GDP to GTP exchange on GTPases facilitated by guanine nucleotide exchange factors (GEFs).
The reverse change from GTP to GDP is mediated by GTPase activating proteins (GAPs).

GEF-H1 is a 110 kDa protein which consists of two major domains which are typical for the Dbl
family of GEFs (Ren, Li et al. 1998). The Dbl homology (DH) domain is responsible for the catalytic
activity of GEF-H1, whereas the pleckstrin (PH) domain determines the location of most GEFs
within the cell (Hart, Eva et al. 1994, Zheng, Zangrilli et al. 1996). Unlike the majority of GEFs, GEF-
H1 locates to the microtubules. It can bind to the microtubules via its N-terminal C1 domain,
which regulates the activity of GEF-H1 and mediates the binding to the dynein motor complex
(Krendel, Zenke et al. 2002, Meiri, Marshall et al. 2012). Microtubule-bound GEF-H1 is in an

inactive state, but can be activated upon stimulation via pathogen infections or the detachment




from the microtubule network (Krendel, Zenke et al. 2002, Chiang, Zhao et al. 2014). The
interaction of GEF-H1 with the microtubules can be inhibited by several proteins such as Parlb or
p21-activated kinase (PAK) 4 as well as the depolymerisation of microtubules (Callow, Zozulya et
al. 2005, Chang, Nalbant et al. 2008, Yoshimura and Miki 2011). Non-microtubule bound GEF-H1
becomes active and regulates important processes within the cell. In connection with
extracellular signal regulated kinase (ERK) it activates RhoA in response to mechanical force and
leads to the reinforcement of the plasma membrane (Guilluy, Swaminathan et al. 2011). GEF-H1
can also form a connection between the microtubule and actin network through RhoA. Activated
RhoA leads to the activity of Rho-associated, coiled-coil containing protein kinase (ROCK) which
can phosphorylate the myosin regulatory light chain (MLC). MLC regulates the interaction
between myosin and actin and causes the induction of stress fibres (actin) in cells treated with

the microtubule depolymerising drug Nocodazole (Chang, Nalbant et al. 2008).

Another important function of GEF-H1 is the regulation of vesicle trafficking. It has been
shown to interact with Sec5, a component of the exocyst complex, which is involved in trafficking
and exocytosis (Pathak, Delorme-Walker et al. 2012). Depletion of GEF-H1 in vitro leads to the
accumulation of Rabl11 positive vesicles (recycling vesicles), highlighting its importance in cell
trafficking. Apart from its function in cell structure and intracellular transport, GEF-H1 has also
been shown to be involved in the recognition and defence against microbial infections (Fukazawa,
Alonso et al. 2008, Zhao, Alonso et al. 2012, Chiang, Zhao et al. 2014). During infection with
Shigella, GEF-H1 plays a role in regulating the tight junctions between the cells of the epithelial
barrier as well as mediating the activation of NF-kB through RhoA and Nucleotide-binding

oligomerization domain-containing protein (NOD) 1 (Fukazawa, Alonso et al. 2008). Additionally,
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GEF-H1 can regulate receptor-interacting serine/threonine-protein kinase (Rip) 2, which is an
activator of the crucial transcription factor NF-kB (Zhao, Alonso et al. 2012). During Influenza A
virus (IAV) infection GEF-H1 is released from the microtubules and becomes active to support the
recognition of viral RNA via RIG-I and MDAGS (Chiang, Zhao et al. 2014). In the proposed model,
GEF-H1 is suggested to be activated and released from the microtubules upon viral infection
(Figure 9). After recognition of viral RNA through RIG-I or MDAS5, mitochondrial antiviral-signalling
protein (MAVS) is activated and induces the activation of TBK1 and IKKe. GEF-H1 interacts with
TBK1 and appears to connect the activation of MAVS with the induction of TBK1 (Chiang, Zhao et
al. 2014). GEF-H1 depletion leads to a reduced phosphorylation of interferon regulatory factor 3

(IRF3) and transcription of IFNJ, a downstream effect of TBK1 activation during IAV infection.
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Figure 9 Proposed model of GEF-H1 in supporting the viral sensing pathway (Chiang, Zhao et al. 2014). In the context of viral
infections, GEF-H1 becomes dephosphorylated and is released from the microtubules to aid in the immune response to viral
infections and promote IFNJ transcription.

1.4 Aims

The aim of this study was to uncover the role of the host immune system in response to MNV
infection. MNV is able to replicate quickly and efficiently, despite various defence mechanisms in
place to detect, fight and clear the infection. We were therefore interested in investigating
aspects of the host immune signalling pathways including the synthesis and transport of major
antiviral proteins as well as the interaction of MNV with the important transport network of

microtubules.



To address the first aim of this study, we analysed the expression of immunity-related
proteins during MNV infection. MHC class | proteins display peptides on the cell surface, which
can be either host or pathogen derived. They are important for the presentation of foreign
antigens to surrounding cells and immune cells to activate the immune response against the
infection. As MHC class | proteins are crucial immune response regulators, they are often targeted
by viruses to dampen the antiviral immune response. We therefore examined the effect of MNV

on the surface expression of MHC class | proteins and the MHC class | synthesis pathway.

The second aim of this study was to characterise the effect of MNV infection on the host
protein secretion and in particular cytokine secretion. Cytokines play a major role in the innate
immune response by signalling to immune cells, alerting neighbouring cells and amplifying the
intracellular antiviral response. IFNB and TNFa were chosen as representatives of two antiviral
signalling pathways and used throughout the study. To identify the inhibitory step in the synthesis
and secretion of these cytokines, the transcription, translation and secretion of the cytokines was

analysed.

The third aim was to uncover the role of the cytoskeleton during MNV infection.
Specifically, the focus was intended on the microtubules and GEF-H1, a protein associated with
the microtubule network and reported to play a role in viral sensing. Effects of GEF-H1 on MNV
infection and the virus on GEF-H1 were analysed via co-expression studies of GEF-H1 and viral

proteins, GEF-H1 knockdowns and expression of GEF-H1 mutants.
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Chapter 2

Materials and Methods




2.1 Celllines

RAW264.7, a murine macrophage cell line derived from the Balb/c (H-2d) mouse strain was used
for most MNV infection experiments. DC 2.4 cells are a murine dendritic cell line which has been
developed from C57BL/6 (H-2b) mice has been used for MNV infections requiring a different MHC
class | background. Both cell lines were kept in Dulbecco's modified Eagle's medium (DMEM) with
10 % Foetal bovine serum (FBS) and 2 mM GlutaMAX™ (Gibco, Life Technologies). RAW264.7 and
DC2.4 cells were detached from the culture vessel using a 18G x 1 %"’ needle to harvest cells. Cells
were centrifuged at 1500rpm for 3 min and resuspended in media or appropriate buffer. 293T,
Hela and Vero1008 cells were used in protein expression experiments and maintained in DMEM
with 10 % FBS, 2 mM GlutaMAX™ and 1mM Sodium Pyruvate (all Gibco, Life Technologies). The
semi adherent 293T cells were removed from the culture flask by brisk pipetting. For all other cell
lines trypsin EDTA (0.05 %) was used to detach cells from the culture vessel and cells were
resuspended in FBS containing media to inactivate the enzyme. All cell lines were grown at 37 °C

and 5 % CO,.

2.2 Plasmids and Antibodies

2.2.1 Plasmids

Plasmids encoding the 6xHis tagged viral proteins MNV NS1-2, 3 4, 6, 7 and VP1 were generated
by Jennifer Hyde (Hyde and Mackenzie 2010) from the pSPORT MNV vector and introduced into
a pcDNA3.1(+) background (Invitrogen). pcDNA3.1(+)-MNV-NS5-HIS was generated using the
following primers to amplify the MNV NS5 sequence via PCR (Forward primer: VPG.EcoRV-F 5’-
GATATCACCACCATGGGAAAGAAGGGCAAG-3’ and reverse primer VPG.Spel-R  (5’-

ACTAGTTCAATGATGATGATGATGATGCTCAAAGTTGATCTT-3’). The PCR product was cut with the
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restriction enzymes Spel and EcoRV, whose restriction sites had been incorporated into the
forward and reverse primer, respectively. The pcDNA3.1(+) vector was digested with Xbal
(generates the same DNA fragment as Spel) and EcoRV, before ligation of the PCR product and
the vector with the T4 DNA ligase (Promega). RG204546 vectors expressing GEF-H1-WT-GFP,
C53R-GFP, ADH-GFP and S885A-GFP were kindly provided by HC Reinecker (Harvard Medical
School, Boston). The pBI-CMV5 vector containing the secreted Metridia Luciferase sequence was
purchased from Clontech. Bidirectional pBI-CMV5 secreted Luciferase and viral protein expressing
vectors were generated by amplifying the NS gene sequences from the pSPORT-MNV plasmid via

PCR using the following primer sets (Geneworks) (Table 1).

Table 1 Primer sequences used for amplifying the MNV NS protein sequences from the pSPORT-MNV vector. Sequences are

displayed in 5°-3‘ orientation.

IName I T ——

N-term.Notl.F 5" ATAGCGGCCGCGCCACCATGAGGATGGCAACGCC 3’
N-term.Spel.R 5" ACTAGTTCAATGATGATGATGATGATGTTCGGCCTGCCATTC 3’
NTPase.Notl.F 5" ATAGCGGCCGCGCCACCATGGGGCCCTTCGACCTTGC 3’
NTPase.Spel.R 5 ACTAGTTCAATGATGATGATGATGATGCTGGAGGCCGAAATC 3’
p20.Notl.F 5" ATAGCGGCCGCGCCACCATGAACAAGGTCTATGAC 3’
p20.Spel.R 5 ACTAGTTCAATGATGATGATGATGATGCTCAGAGTGGTACCA 3’
VpG.Notl.F 5" ATAGCGGCCGCGCCACCATGGGAAAGAAGGGC 3’

VpG.Spel.R 5 ACTAGTTCAATGATGATGATGATGATGCTCAAAGTTGATCTT 3’
Pro.Notl.F 5" ATAGCGGCCGCGCCACCATGGCCCCAGTCTCC 3’

Pro.Spel.R 5" ACTAGTTCAATGATGATGATGATGATGCTGGAACTCCAGAGC 3’
Pol.Notl.F 5" ATAGCGGCCGCGCCACCATGGGACCCCCCATGC ¥

Pol.Spel.R 5" ACTAGTTCAATGATGATGATGATGATGCTCATCCTCATTCAC 3’
VP1.Notl.F 5" ATAGCGGCCGCGCCACCATGAGGATGAGTGATGGC 3’
VP1.Spel.R 5" ACTAGTTCAATGATGATGATGATGATGTTGTTTGAGCATTCG 3’

The pBI-CMV5 vector and the PCR products were cut with the restriction enzymes EcoRV and Notl
and ligated with T4 DNA Ligase (Promega). The pBI-CMV5-mCherry vector was generated using

the following primer set to amplify mCherry via PCR and integrate BamHI and Kpnl restriction




sites. (BamHI-mCherry-F: 5° CTAGTGGATCCCATGGTGAGCAAGGGCGAGG 3’, mCherry-Kpnl-R: 5’
AGCTTGGTACCTGCTTGTACAGCTCGTCCATGCC 3’). The PCR product was digested with BamHI only
leaving the end of the construct blunt while the vector was then cut with BamHI and EcoRV (blunt
digest). The cut vector and insert were combined through ligation with T4 DNA ligase.

Lentivirus constructs for GEF-H1 and its mutants were generated using a pLenti6-mCherry vector
(provided by the Purcell lab, DMI, University of Melbourne). mCherry was cut out of the multiple
cloning site using the restriction enzymes EcoRl and Sacll. The DNA sequences for GEF-H1 WT and
the mutants C53R, DH and S885A were amplified via PCR and EcoRI and Sacll restriction site were
introduced using the following primer sets (Table 2). Amplified PCR products were cut with EcoRl
and Sacll and were ligated with the cut plenti6é vector using the T4 DNA ligase. Successful
introduction of GEF-H1 and its mutants was verified via digests and sequencing. Due to
unsuccessful introduction of C53R into the pLenti6 vector, site directed mutagenesis was used to
introduce the C53R mutation into the existing pLenti6-GEF-H1-GFP construct with the primer set

listed in Table 2.

Table 2 Primer sets used for the generation of GEF-H1 Lentivirus constructs

Sequence

GEF_EcoRI_Fwd 5" CCGGGAATTCGTCGACTGGATCCGG 3’
GEF_Sacll_Rev 5" TATGACCGCGGCCGGCCGTTTAAACTC 3’
C53R_Fwd_Mut 5" GGCATGACCATGCGCTATGCCTGTAAC 3’
C53R_Rev_Mut 5" GTTACAGGCATAGCGCATGGTCATGCC 3’
C53R_Fwd_Seq 5 GACTGGATCCGGTACCGAGGAG 3’




2.2.2  Primary Antibodies

Dilution Dilution Dilution

Supplier

Species

origin IF Western FACS

Actin
dsRNA
elF2a
GEF-H1
GM130
GM130
6xHIS

IFNB
HLA-ABC
MHC class |
(x?)

MHC class |
(H2-K9/DY)
NS4 (MNV)
NS6 (MNV)
NS7 (MNV)
p-elF2a
(Ser52)
p-PKR

PKR
Puromycin
TNF-a
a-Tubulin
B-Tubulin
VPg (NS5)

Sigma

SCICONS (Hungary)
Invitrogen

Pierce

BD Biosciences
Calbiochem
Abcam

Abcam

Provided by J Mintern

Biogems, Lonza

Provided by K Green
Provided by K Green
Invitrogen

Life Technologies

Abcam

Abcam

Kerafast
Chemicon
Invitrogen
Molecular Probes

Invitrogen

Rabbit
Mouse
Rabbit
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Mouse, APC
Mouse,
biotinylated
Mouse,
FITC
Guinea pig
Guinea pig
Rabbit
Rabbit

Rabbit
Rabbit
Mouse
Rabbit
Mouse
Mouse

Rabbit

1:500
1:250
1:250
1:250
1:200

1:100

1:250
1:250

1:250
1:250
1:250
1:250
1:500

blot
1:1000

1:1000
1:2000

1:1000
1:1000

1:1000

1:8000
1:1000

1:1000
1:1000
1:2000
1:1000

1:500

1:100
1:200

1:500



2.2.3 Secondary Antibodies

Supplier Species Dilution Dilution Dilution
origin IF Western FACS
blot
Alexad88 Rb  Life Technologies Donkey 1:500 1:1000 1:3000
Alexa594 Gp Life Technologies Goat 1:500 1:1000 -
Alexa594 Ms Life Technologies Donkey 1:500 1:1000 -
Alexa594 Rb  Life Technologies Donkey 1:500 1:1000 -
Alexa647 Ms | Life Technologies Donkey 1:500 1:1000 -
Alexab47 Rb  Life Technologies Donkey 1:500 1:1000 1:3000
APC (SAV) Provided by J Mintern - - - 1:500

2.3  Transfections

2.3.1 DNA transfections

293T, Hela and Vero1008 cells were transfected using Lipofectamine®2000. RAW264.7 cells were
transfected using Lipofectamine®LTX or Fugene®6. Cells were seeded 24 h before transfection
and transfected at a cell confluency of 70-80 %. Transfections were performed according to
manufacturer’s protocol. In brief, for Lipofectamine® transfections in a 24-well plate, 0.5 ug
plasmid DNA in serum free Opti-MEM® media and 1.5 pL Lipofectamine® in serum free Opti-
MEM® were mixed, incubated for 5 mins and added drop wise to cells. If Lipofectamine®LTX was

used, 0.5 pL Plus Reagent was added to diluted plasmid DNA before combining it with the diluted




Lipofectamine®. For Fugene®6 transfections in 24-well plates 0.5-0.75 pg plasmid DNA were
diluted in Opti-MEM® and left at RT for 5 min. 1-1.5 pL Fugene®6 were diluted in Opti-MEM® and
incubated at RT for 5 min. Diluted plasmid DNA and Fugene®6 were mixed together and incubated
at RT for 15 min. The cell culture media was replaced and the DNA and Fugene®6 mixture was
added drop wise to the cells. Cells were incubated at 37 °C for 18-24 h depending on experimental

design and toxicity of expressed proteins.

2.3.2  siRNA transfections

Three siRNAs (siRNA1-3) against mouse GEF-H1 were purchased from Bioneer Pacific and tested
for their efficiency to knock down GEF-H1 separately as well as in combination. Only siRNA3
showed a significant reduction in GEF-H1 expression and was used in all following experiments.
Lipofectamine®RNAIMAX was used to transfect RAW264.7 cells with siRNA according to
manufacturer’s protocol. In brief, 40 pmole siRNA was diluted in Opti-MEM® as well as
Lipofectamine®RNAIMAX. The diluted Lipofectamine® and siRNA were mixed and incubated for
5 min at room temperature. The cell culture media was exchanged and the siRNA and
Lipofectamine® mixture was added drop wise to cells (12-well). Cells were incubated at 37 °C for
24 h before they were treated again with 40 pmole siRNA. If cells were infected after siRNA knock
down, virus was added to the cells 12 h after the second siRNA treatment. For cells were treated
twice with siRNA 24 h apart, cells were seeded at a lower confluency of 30-50% at the time of the

first siRNA treatment to avoid overgrowth.

2.3.3 Lentivirus transductions
Lentiviral particles were generated by transfecting 293T cells with the following constructs: RSV-

G (10%), pMDG (10%), pMDLg (50%) and the pLenti6 plasmid of choice (30%). A total amount of

46



2.5 ug DNA (6-well) was transfected using Lipofectamine®2000 as described above. 4 h after
transfection the media was changed to DMEM with 2% FBS to remove residual Lipofectamine®
and any supplements interfering with the Lentivirus transduction. Cell supernatants were
harvested at 48h post transfection and centrifuged at 1500 rpm for 3 min to pellet any cells and
cell debris. Viral particle containing supernatants were filtered (0.2 um filter) and were stored at
-80 °C. For efficient transduction, Lentiviral particles were titrated and used in a dose dependent
manner. Cells were incubated with viral particles in serum-free media for 2 h to ensure binding
and entry before the media was changed to DMEM containing 2% FBS. To support Lentivirus
infection, cells were additionally supplied with DEAE Dextran (10 pug/mL) during the infection.
Transduced cells were incubated for 24-48 h to ensure successful transduction and synthesis of

the proteins.

2.4 Viral infection

RAW264.7 macrophages were infected with multiplicity of infection (MOI) 5, unless indicated
differently. The culture medium was replaced with serum-free medium without antibiotics or
GlutaMAX™ prior to infection. Virus was added to the media and culture dishes were gently
rocked to ensure even spread of virus. If not indicated differently, cells were harvested or fixed
12 h after infection with MNV, 18 h after infection with X-31 (mouse IAV) and 21 h after infection

with West Nile Virus (WNV).

2.5 Drug treatments

Brefeldin A (BFA, Sigma), a protein transport inhibitor was used as a control treatment in protein
secretion studies. BFA was used in a concentration of 1 pg/mL and added to the cell specific

culture medium. Nocodazole (Merck Calbiochem) interferes with the cytoskeleton by inhibiting
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the polymerization of microtubules. 10 uM Nocodazole was used as control in microtubule-
associated experiments. Polyinosinic:polycytidylic acid (Poly(l:C)) is a double stranded RNA
analogue and was used as a positive control for immune activation. Poly(l:C) was used in a
concentration of 20 ug/mL and added to the cell culture medium in combination with
Lipofectamine2000®. MG132 is an inhibitor of the proteasome and was used in MHC class |
experiments to inhibit protein degradation (Lee and Goldberg 1998). MG132 was used in a
concentration of 0.5 uM and added to the culture media. Trypsin was used to remove cell surface
proteins from cells. Undiluted trypsin was applied for 5 min or until cells lifted off the cell culture
dish. Cells were collected, spun down and trypsin was removed. Cells were washed in PBS twice
before adding the appropriate lysis buffer for further analysis. Puromycin interferes with host cell
translation and was used to identify translation levels within the cells (Yarmolinsky and Gabriel
1959). Puromycin was used at 10 ug/mL and was added to the cells 20 min before

harvesting/fixation.

2.6 Secreted Luciferase reporter assay

The Ready-To-Glow™ Secreted Luciferase Reporter System assay (Clontech) was performed
according to the manufacturer’s protocol. Briefly, cells were transfected with the pBI-CMV5
vector containing the secreted Metridia Luciferase sequence alone or an additional sequence
encoding one of the MNV proteins or mCherry. 24 h after transfection, 50 pL of the culture
supernatants (secreted Luciferase) or the lysates (intracellular Luciferase) were transferred into
white bottom 96-well microtest plates (BD Biosciences), before 5 L of the Luciferase reagent was

added. The luminescence was measured directly with the FLUOstar® Omega or CLARIOstar® plate
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reader (BMG Labtech) and the ratio of the intracellular to extracellular amount of Metridia

Luciferase activity was calculated.

2.7 Immunofluorescence staining and confocal imaging

Cells intended for confocal imaging analysis were grown on 10 mm round coverslips and treated
according to the experiment. Cells were fixed in 4 % (w/v) paraformaldehyde (PFA) (Electron
Microscopy Sciences) (in PBS) for 10 min and permeabilised in 0.1 % (w/v) Triton™ X-100 (Sigma)
and 4 % PFA (10 min). After a wash step with PBS, 0.2 M glycine (Sigma) was added to reduce
autofluorescence of formaldehyde groups. Samples used for staining with the GEF-H1 antibody
were fixed in ice-cold methanol for 3 min followed by a 30 sec incubation with ice-cold acetone.
Fixed cells were stained with relevant primary antibodies in 1 % (w/v) BSA for 45-60 min, washed
in 0.1 % BSA in PBS and incubated again with the secondary antibodies for 30-45 min. Coverslips
were then washed in PBS only and DAPI (0.5 pug/mL) was added for 5 min. Final washing steps
were performed with Milli-Q water (Millipore) and coverslips were dried and mounted on cover
slides with Ultramount #4 (Fronine). Samples were kept cool and dark until imaging with confocal
microscopes. Confocal pictures were collected either with the LSM 700 or LSM 710 confocal

microscope using the ZEN® software (Zeiss).

2.8 Immunoprecipitation

293T cells transfected with either pcDNA3.1-NS3-HIS, RG204546-GEF-H1-GFP or co-transfected
with both plasmids were lysed in NP40 buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1 % NP-40). Cell
debris was discarded and lysates were incubated with cOmplete His-Tag Purification Resin

(Roche) for 1 h at RT or at 4 °C overnight. Lysate and resin mix was processed according to
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manufacturer’s protocol, resulting in fractionation of His resin-bound proteins and residual

cellular proteins.

2.9 Immunoblotting

Samples were lysed in NP40 or SDS lysis buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1 % SDS) and
centrifuged at 21,000 rcf for 10 min to sediment cell debris. All protein samples were handled at
4 °Coronice and supplied with Protease Inhibitor Cocktail Ill (Astral Scientific). If phosphorylated
proteins were to be analysed the lysis buffer was additionally supplied with PhosSTOP™ (Roche).
Protein samples were boiled at 95 °C in SDS loading buffer (125 mM Tris-HCI, 4 % SDS, 20 %
glycerol, 10 % 2-mercaptoethanol, 0.004 % bromophenol blue) prior to immunoblotting and kept
on ice. Lysates were separated on a polyacrylamide gel (10 % or 12 % depending on the size of
the protein of interest) via SDS-PAGE (120 V) and afterwards proteins were transferred onto a 0.2
pum nitrocellulose membrane or PVDF membrane (Bio-Rad) (100 V, 65 min). Membranes were
processed according to manufacturer’s protocol and incubated in 5 % skim milk or BSA (solved in
0.1 % Tween in PBS) at 4 °C overnight or at RT for at least 2 h. Primary antibodies were diluted in
5 % BSA and 0.1 % Tween in PBS and incubated with the membrane for 3-4 h at room temperature
or at 4 °C overnight. After wash steps with 0.1 % Tween in PBS, the secondary antibodies in 0.1 %
Tween in PBS were added to the membrane (2-3 h). Lastly, the membrane was washed again and
fluorescence signals were detected and analysed with the Pharos FX™ Plus Molecular Imager
using the Quantity One® software (Bio-Rad). If HRP conjugated secondary antibodies were used,
membranes were incubated with ECL Pus Western Blotting Substrate (Pierce, Thermo Fisher) for

5 min and signals were visualised with MF-ChemiBis documentation system (DNR).
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2.10 Flow cytometry

Cells were harvested and washed twice in staining buffer (5 % FBS, 0.1% NaNs in PBS). About
1x10° cells were resuspended in 50 plL staining buffer containing cell surface antibodies and
incubated at 4 °C in the dark for 20-30 min. To remove residual antibodies, cells were washed
twice in 1 mL staining buffer. If unconjugated antibodies were used, the previous steps were
repeated with the secondary antibodies. For fixation, cells were thoroughly resuspended in
250 pL fixation buffer (2 % PFA in PBS) and kept on ice for 20 min. After two wash steps in
Perm/Wash buffer (0.1 % Triton™ X-100, 1 % FBS in PBS) cells were incubated in 50 uL Perm/Wash
buffer with intracellular staining antibodies for 20-30 min on ice. Cells were washed twice in 1 mL
Perm/Wash buffer, resuspended in 500 uL PBS and kept dark and on ice until flow cytometry
analysis. Flow cytometry data was collected with BD FACSCanto™ Il analyser using the BD

FACSDiva software (BD Biosciences). Data was analysed using FlowJo® analysis software.

2.11 Cell sorting

Cells with a fluorescent marker (either GFP or mCherry) were sorted using the FACS Aria Il (BD)
or the MoFlo Astrios (Beckman Coulter) cell sorter. Cells were harvested shortly before sorting,
washed twice in PBS and resuspended in PBS with 0.5% FBS. If adherent cell lines were used, cells
were filtered through a 40 um cell strainer to avoid the formation of cell aggregates. Cells were
kept on ice until sorting. GFP or mCherry positive cells were selected and sorted into a separate
tube. Sorted cells were centrifuged at 1500 rpm for 3 mins and the sorting buffer was discarded.
Cells were washed in PBS, centrifuged again and seeded in a 96 or 24-well (depending on yield)

in cell culture medium.
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2.12 Quantitative PCR

Cells were harvested and washed in PBS, before cell pellets were lysed in TRIzol® Reagent (Life
Technologies) for 10 min and stored at -80 °C. The RNA was extracted adding chloroform in a ratio
of 1:5, mixing thoroughly and incubating the mixture for 5 min at RT to allow separation of the
aqueous and organic phase. After centrifugation at 12,000 rcf for 15 min at 4 °C the organic phase
was discarded and 20 ng glycogen were added to the aqueous phase. RNA was precipitated in
isopropanol (1:2 ratio to amount of TRIzol®) for 10 min and centrifuged at 12,000 rcf for 10 min
at 4 °C. The supernatant was removed and the RNA pellet was washed with 70 % ethanol,
centrifuged again for 5 min and after removal of the ethanol, left at RT to dry. RNA pellets were
dissolved in autoclaved DEPC-treated water at 60 °C for 10 min. For consecutive reverse
transcription the RNA concentration was measured using NanoDrop™ (Thermo Scientific). To
exclude DNA contamination 1 ug RNA was treated with RQ1 DNase (Promega) and incubated for
30 min at 37 °C. DNAse was heat inactivated at 65 °C for 15 min with EDTA. For reverse
transcription Sensifast RT (Bioline) was used and the following incubation pattern was applied:
25 °C 10 min, 42 °C 15 min, 85 °C 5 min. 2x ITag Universal Sybr Green Supermix (Bio-Rad) and the
primers in Table 3 were used to set up the gPCR samples in duplicates. RNA levels were analysed
with Stratagene Mx3005P™ gPCR machine. Primers for MHC class | and were purchased from Bio-
Rad (PrimePCR™, SYBR® Green Assay, H2-D1 Mouse and GAPDH Mouse). Fold change in target

genes was calculated using the AACr method relative to the internal control GAPDH.

Table 3 Sequences of primers used for quantitative PCR experiments.

Name Sequence

GAPDH (F) Hu 5-ACAGTCCATGCCATCACTGCC-31




GAPDH (R) Hu 5-GCCTGCTTCACCACCTTCTTG-3¢
GAPDH (F) Ms 5-CGTCCCGTAGACAAAATGGT-3’
GAPDH (R) Ms 5’-TCAATGAAGGGGTCGTTGAT-3’
MNV-NS3 (F) 5’-TTGTTGGCATCAAGGACACCTG-3’
MNV-NS3 (R) 5’-TGGATGGAATGAAGGGCTCC-3*
IFNp (F) Human 5’-CATTACCTGAAGGCCAAGGA-3’
IFNB (R) Human 5’-CAATTGTCCAGTCCCAGAGG-3’
IFNB (F) Mouse 5’-TCCCTATGGAGATGACGGAG-3’

IFNB (R) Mouse 5’-ACCCAGTGCTGGAGAAATTG-3’

IL-6 (F) 5-GATGGATGCTACCAAACTGGA-3*
IL-6 (R) 5-TCTGAAGGACTCTGGCTTTG-3"
TNFa (F) 5'-CAGCCTCTTCTCATTCCTGC-3’
TNFa (R) 5'-ATGAGAGGGAGGCCATTTG-3’

WNV/KUNV (F) 5’-TCAAGAATAACTTGGCGATCCA-3’
WNV/KUNV (R) 5’-TCACCTAGGACCGCCCTTT-3’
X-31 (F) 5-ATGCAACGGTTCAAGTCATCCT-3’

X-31 (R) 5’-GTCAAGTGCAAGATCCCAATGAT-3’

2.13 Plaque Assay

To identify viral titres, plaque assays were performed on RAW264.7 cells. Cells were seeded in 6-
well plates 24 h before the assay was performed to reach 50 % confluency the next day. This

allows growth for a further 48 h without leading to overgrowth. A serial dilution (1:10) of viral
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samples was performed in DMEM and the 103 to 10 dilutions were tested in the plaque assay.
The media was removed from the cells and replaced with the serial dilutions in duplicates. Plates
were incubated for 1 h at 37 °C with regular rocking to ensure viral binding and avoid drying of
the monolayer. Next, an LMP agar overlay (9.4 mL 1 x DMEM, 0.33 mL FBS, 0.2 mL 0.9M NaHCOs3,
0.33 mL 1M HEPES, 0.12 mL Glutamax, 3.1 mL 1.5% LMP agarose for one 6-well plate) was added
to the wells and set at 4 °C for 30 mins. Afterwards, plates were incubated at 37 °C for 48 h before
fixing the cells with 10 % formalin for 1 h. To visualise occurring plaques, cells were stained with

0.2% crystal violet (in 10% methanol/PBS).

2.14 ELISA

Cell culture supernatants were analysed for their cytokine concentration using mouse specific
ELISA kits for the following cytokines: IFNB (LEGEND MAX™, BioLegend) and TNFa (ELISAkit.com).
All ELISA analyses were performed according to the manufacturer’s protocol. In short, tissue
culture supernatants were used undiluted and samples as well as standards were applied in
duplicates to the 96-well pre-coated assay plate and incubated for 2 h. Wells were washed 4x in
assay wash buffer, before adding the assay specific biotin-labelled detection antibody. Plates
were incubated for 2 h at room temperature, before wells were washed again 4x with the assay
wash buffer. A streptavidin conjugated HRP was added afterwards and incubated for a further
45 min. Plates were washed thoroughly 5-6x with wash buffer to avoid background signals and
the TMB substrate was added. Plates were checked every 3-5 min to observe the colour change.
The reaction was stopped using the assay stop solution. Absorbance at 450 nm and 570 nm
(background) was measured using the CLARIOstar® or FLUOstar® microplate reader (both BMG

LABTECH). Cytokine concentrations were calculated using the ELISAanalysis.com website.
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Chapter 3

MNV manipulates the surface expression of MHC class | proteins




3.1 Introduction

The immune response to MNV infection is highly dependent on the innate immune response and
antiviral proteins such as cytokines. Another important group of proteins in the detection and
defence against viral infections are the MHC class | proteins. These proteins form complexes with
peptides within the cell which are in turn presented on the cell surface. These peptides are usually
generated through proteasome-mediated degradation which affects host proteins as well as viral
proteins. Host and viral peptides are transported into the ER via TAP (Vyas, Van der Veen et al.
2008). In the ER a complex of MHC class | proteins and peptides is formed with the aid of the PLC
comprising TAP, tapasin, MHC class I, ERp57 and calreticulin, leading to the incorporation of the
antigen peptide into the binding groove of MHC class | (Park, Lee et al. 2006, Wearsch and
Cresswell 2008, Wearsch, Peaper et al. 2011). Successfully formed complexes are then
transported to the cell membrane via the Golgi network. MHC class | proteins present their
antigens to CD8* T cells causing the activation of an immune response if a viral antigen is
presented. Additionally, a decrease in MHC class | protein levels on the cell surface alerts NK cells
and leads to their activation and the elimination of the affected cell. MHC class | proteins have
been the target of many viruses, because of their importance and impact in triggering an immune

response to the infection.

Based on the importance of MHC class | proteins in the immune defence against viruses,
we were interested in investigating the interaction of MNV with the MHC class | expression
pathway. We reveal that MNV exerts an inhibitory effect on the intracellular as well as the surface
expression of MHC class | proteins in infected cells. This phenotype is likely to be caused by the

viral protein NS3, as we observed a significant surface reduction of MHC class | proteins in NS3
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transfected cells. Rescue experiments with the proteasome inhibitor MG132 imply a potential
degradation of MHC class | proteins during MNV infection, which could be either directly or

indirectly initiated by NS3.
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3.2 Results

3.2.1 MNV infection reduces the surface expression of MHC class | proteins

Many viruses, such as HIV and HCMV (Schwartz, Maréchal et al. 1996, Ahn, Gruhler et al. 1997)
are known to interfere with the transport or synthesis pathway of MHC class | molecules to reduce
the detection of viral antigens by CD8+ T cells as well as avoiding detection by NK cells to inhibit
an immune response. MHC class | proteins play a major role in the presentation and detection of
viral antigens and are an essential element for the establishment of an antiviral immune response.
Therefore, we were interested to determine if MNV replication alters the synthesis and cell
surface expression of MHC class | proteins. To test this hypothesis, we investigated the most
important functional expression of MHC class | proteins, the expression on the cell surface of
infected cells. For this, RAW264.7 cells were infected with MNV (MOI 5) and analysed via flow
cytometry (Figure 10 A and B) and immunofluorescence (IF) imaging (Figure 10 C). Mock or MNV
infected cells were harvested at 12h after infection and stained with an anti-MHC class | antibody
at the cell surface and an anti-NS5 antibody (viral marker) within the cell. Infected cells were
selected via positive staining with the anti-NS5 antibody (15-30% of the population) and analysed
for their MHC class | surface expression. Flow cytometry analysis revealed a significant decrease
in the MHC class | surface expression in cells that were infected with MNV (NS5-positive)
compared to mock infected cells (Figure 10 A). Quantitation of the reduction of MHC class |
expression was evaluated by measuring the median fluorescence intensity and revealed that only
~70% of the total MHC class | protein was expressed on the surface of infected cells when
compared to mock infected cells (Figure 10 B) The decrease in MHC class | surface expression was

further verified by IF analysis (Figure 10 C). Cells were stained on the surface with an anti-MHC
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class | antibody, before fixation and permeabilisation, to stain for the viral protein NS5 within the
cell. Cells positive for anti-NS5 staining again showed a reduction in MHC class | signal compared
to mock infected cells (Figure 10 C), consistent with our flow cytometry analysis. This decrease in
MHC class | surface proteins was found to be specific for infected cells, because ‘bystander’ cells,
which were exposed to the virus but uninfected with MNV (NS5-negative), had a significantly
higher amount of MHC class | proteins on their cell surface compared to MNV infected cells
(Figure 10 B, C). To further our analysis we investigated the total amount of MHC class | protein
at different time points post-infection by western blot analysis of cell lysates (Figure 10 D). In
mock infected cells there was consistent production of MHC class |, however upon infection with
MNV we observed a steady and drastic decline in the amount of MHC class | proteins from the 12
to 15 h.p.i. time points. These observations indicate that MNV not only reduces the cell surface

expression of MHC class | protein, but appears to reduce MHC class | protein levels in general.

Combined these results indicate that MNV impedes the cell surface expression of MHC
class | proteins in infected macrophages and that this may be mediated via down-regulation of

the total protein amount of MHC class | in the infected cells.
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Figure 10 MNV infection leads to reduced protein and surface expression of MHC class | proteins in mouse macrophages.
RAW?264.7 macrophages were either infected with MINV (MOI 5) for 12 h or left untreated and stained with MHC class | specific
FITC conjugated antibodies on the cell surface and viral protein NS5 antibodies within the cell. MNV infected cells were gated for
the NS5-positive population. A Representative histogram of MHC class | surface expression in MINV infected (red) and uninfected
cells (green). Blue area represents isotype control cells. B MFI ratio of the MHC class | signal of MNV infected and bystander cells
(exposed to virus, but NS5 negative) compared to mock treatment (n=3, average +/- SEM, *p<0.05). C Immunofluorescence analysis
of MNV infected (Panel d, e, and f) and mock infected cells (Panel a, b and c) stained with MHC class | antibodies on the cell surface
(Panel a and d) and NS5 antibodies within the cell (b and e). DAPI served as the nuclear stain for the merged image (Panel c and
f). Infected cells are indicated by white arrows. D Immunoblot analysis of MNV infected or uninfected macrophages after 12 h and
15 h. Whole lysate samples were probed with anti-actin, anti-NS7 and anti-MHC class | antibodies.

3.2.2 Effect of MNV on the surface expression of MHC class | is robust and rapid

To ensure that the observed effect of MNV on the surface expression of MHC class | proteins is
not specific for the mouse macrophages from a Balb/c background (H-2d) used in the previous

experiment, we additionally investigated the expression of MHC class | proteins on the surface of



a dendritic cell line from a C57BL/6 background (H-2b) (Figure 11 A and B). DC 2.4 dendritic cells
were infected with MNV (MOI 5) or left uninfected for 12 h. Cells were harvested and stained for
MHC class | proteins on the cell surface and MNV NS5 within the cell. NS5-positive and infected
cells showed a reduced level of MHC class | surface expression compared to uninfected cells,
similar to our previous observations in RAW264.7 cells (Figure 11 A). The signal intensity for MHC
class | surface staining was measured for MNV infected and uninfected cells and revealed about
a 50% reduction of MHC class | proteins on the surface of infected cells compared to uninfected
cells (Figure 11 B). We additionally used RAW264.7 cells to determine the time point from which
the surface reduction in MHC class | proteins could be observed (Figure 11 C and D). Generally,
MNV replicates in RAW264.7 cells within 12-15h, therefore cells were either infected with MNV
or left untreated and harvested at 7, 8, 9, 10, 11 and 12 h.p.i., before staining with an anti-MHC
class | antibody on the cell surface and an anti-NS5 antibody within the cell. A reduction in MHC
class | surface protein levels was visible as early as 7 h.p.i. and was robustly established from 8

h.p.i. onwards.

These observations highlight the consistency of the MNV-induced decreased MHC class |
surface expression across different cell types (dendritic cells and macrophages) and MHC class |

backgrounds (H-2d and H-2b) and that it is induced early during infection, between 7-8 h.p.i.
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Figure 11 Effect of MNV on MHC class I surface expression is robust and rapid. DC 2.4 dendritic cells (C57BL/6) were infected
with MNV (MOI 5) or left uninfected. Cells were stained with anti-MHC class | antibodies 12 h.p.i. on the cell surface and with anti-
NS5 within the cell. MNV infected cells were identified via NS5-positive staining. A Representative histogram of MHC class | surface
signal on mock infected (green) and MNV infected cells (red). B Quantitative analysis of surface MHC class | signal (MFI) ratio
compared to mock cells (n=3, average +/- SEM, *p<0.05). C RAW264.7 cells were infected with MINV (MOI 5) or left uninfected.
Cells were stained 7, 8, 9, 10, 11 and 12 h.p.i. for MHC class | on the cell surface and NS5 within the cell. NS5-positive cells were
gated as infected cells and are represented in the histogram. Representative graph for mock infected (green), and infected cells
7 h.p.i. (light pink), 8 h.p.i. (red), 9 h.p.i. (orange), 10 h.p.i. (light blue), 11 h.p.i. (dark blue) and 12h.p.i. (pink) (n=1). D Signal
intensity for MHC class | on the cell surface of MNV infected or mock infected cells (n=1).



3.2.3 Transcription of MHC class | mRNA is not affected by MNV infection

As we observed that MNV indeed affects MHC class | protein amounts and surface expression
(Figure 10), we aimed to identify the step in the MHC class | synthesis pathway which MNV was
inhibiting. To investigate if the reduction in MHC class | surface expression was associated with a
decrease in MHC class | transcription, a quantitative RT-PCR was performed on RNA samples from
mock and MNV infected cells (Figure 12 A, B). MHC class | mRNA levels were analysed at two time
points (12 and 15 h.p.i.) using MHC class | and MNV (NS3) specific primers. We observed a
significant increase in viral mMRNA (NS3) levels in the infected cells confirming the successful
infection of the macrophages (Figure 12 A). However, at neither of the time points investigated
did we observe a change (either increase or decrease) in MHC class | mRNA levels between
infected and uninfected macrophages (Figure 12 B). Assuming that mRNA degradation is
negligible, we can exclude that our observed decrease in MHC class | surface protein levels is

based on a reduction in MHC class | transcription and MHC class | mRNA levels.
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Figure 12 Transcription levels of MHC class | mRNA are not reduced during MNV infection. RAW264.7 cells were infected with
MNYV (MOI 5) or left uninfected (mock). RNA samples were taken 12 h and 15 h after infection and analysed via RT-qPCR. A Relative
fold expression of viral mRNA (NS3) in MINV infected cells compared to mock cells (n=3, average +/- SEM, **p<0.01). B Relative
fold expression of MHC class | mRNA in MINV infected cells compared to mock cells (n=3, average +/- SEM, ns:p>0.05).

3.2.4 MNV infection reduces intracellular MHC class | protein levels

Apart from a reduction in MHC class | transcription, a decrease in MHC class | expression on the
cell surface could be caused by an inhibition in translation, interference with the MHC class | and
peptide complex formation, transport inhibition or degradation of the protein. To investigate a
possible change in the intracellular MHC class | protein levels in MNV infected cells, surface
proteins including MHC class | were removed from mock and infected cells via trypsin treatment
(Figure 13 A and B). Trypsin treated cells were lysed, analysed via immunoblotting and compared
to non-trypsin treated cell lysates. Lysates of cells treated with trypsin represent the intracellular
protein levels, whereas lysates of untreated cells contain both intracellular and surface proteins.
Cell lysates of MNV infected cells which were left untreated, showed lower levels of MHC class |

proteins compared to the untreated mock control cells, supporting our previous data in Figure
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10. In the uninfected but trypsin-treated cells we observed a significant reduction in the amount
of MHC class | detected by western blot, compared to the untreated control (Figure 13 A). This
suggests that the majority of the total MHC class | protein detected in the untreated sample is in
fact localised to the surface of the cells, and very little of the protein is retained intracellularly.
Intriguingly, we observed a similar decrease in MHC class | protein levels between mock trypsin-
treated cells and the MNV-infected untreated cells. This observation suggests that MNV is
reducing the amount of MHC class | protein equivalent to that removed by trypsin treatment. In
MNYV infected and trypsin-treated cells the total amount of MHC class | protein was almost
completely reduced (Figure 13 A and B), again suggesting that MNV infection results in a reduction
of overall MHC class | protein levels rather than a defect in trafficking resulting in intracellular

accumulation.

These results lead us to speculate that the reduction in MHC class | surface expression is

either caused by an inhibition in translation or the degradation of the protein.
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Figure 13 Removal of surface proteins via trypsin treatment reveals reduced intracellular MHC class | levels in MNV infected
macrophages. RAW264.7 cells were infected with MNV (MOI 5) for 12 h and harvested either mechanically or with trypsin to
remove surface proteins. Cells were lysed and analysed via immunoblot analysis. A MHC class |, viral marker NS7 and loading
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control actin. B MHC class | signal intensities were compared to the loading control and compared between treatments (n=3,
average +/-SEM, **p<0.01, ***p<0.001).

3.2.5 Treatment with the proteasome inhibitor MG132 leads to the partial restoration of MHC

class | surface expression in MNV infected cells

Based on previously documented viral mechanisms interfering with the MHC class | expression
pathway, we aimed to test if MNV infection leads to the degradation of MHC class | molecules by
either targeting MHC class | proteins for proteasome degradation or actively degrading them.
MG132 is a proteasome inhibitor which specifically acts on the proteolytic activity of the 26S
proteasome (Lee and Goldberg 1998). Therefore, we utilised MG132 treatment to determine if
we could rescue the reduced MHC class | surface expression observed during MNV infection.
RAW264.7 cells were infected with MNV (MOI 5) and an hour later either treated with MG132
(0.5 uM) or left untreated. Cells were harvested at 12 h.p.i. and analysed via flow cytometry for
their MHC class | surface expression (Figure 14 A and B). Infected cells were stained with an anti-
NS5 antibody within the fixed and permeabilised cells. To exclude a detrimental effect of MG132
on the replication of MNV, we evaluated the NS5 signal in MNV infected cells with and without
MG132 (Figure 14 Cand D). MNV infected cells treated with MG132 showed similar levels of NS5
compared to MNV infected and untreated cells, indicating that MG132 did not adversely affect
viral replication. NS5 positive and MG132 untreated cells showed a similar reduction in the
surface expression of MHC class | proteins compared to uninfected cells as we had previously
observed (Figure 10). When MNV infected cells were additionally treated with the proteasome
inhibitor MG132 we observed a significant increase in the MHC class | surface expression

compared to infected but untreated cells. The MG132 treatment did not result in a complete

67



restoration of the MHC class | surface expression in the infected cells, but did appear to restore

~50% of the amount of MHC class | on the surface.

Overall these observations indicate that MNV infection induces some degree of
proteasome-mediated degradation of MHC class | proteins contributing to our data indicating a

reduced surface expression of this immune molecule.
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Figure 14 Treatment with proteasome inhibitor MG132 partly restores the reduction in MHC class | surface expression.
RAW264.7 macrophages were either infected with MINV (MOI 5) or left untreated for 12 h. The proteasome inhibitor MG132
(0.5 uM) was added 1 h post infection. Cells were stained with MHC class | specific FITC conjugated antibody on the cell surface
and viral protein NS5 antibodies within the cell. MNV infected cells were gated for the NS5-positive population. A Representative
histogram of MHC class | surface expression in MNV infected (red), MNV+MG132 treated (blue), mock infected (green) and isotype
control cells (grey). B MFI ratio of the MHC class | signal for different treatments compared to mock treatment (n=4, average +/-



SEM, *p<0.05, ***p<0.001). C Representative histogram of NS5 signal in MNV infected (red), MNV infected and MG132 treated
(blue) and mock infected cells (green). D MFI Ratio of the NS5 signal for MINV infected cells treated with MG132 or left untreated
compared to mock infected baseline (n=4, average +/- SEM, ns:p>0.05).

3.2.6 The MNV NS3 protein promotes a reduction in MHC class | surface expression when

expressed individually.

Previous published studies on mechanisms of viral interference with MHC class | proteins, and
our findings so far, lead us to hypothesise that one of the viral non-structural proteins is
responsible for the observed reduction in the surface expression of MHC class | levels in MNV
infected cells. To identify the protein potentially interfering with the MHC class | expression, we
transfected recombinant cDNA plasmids encoding for the MNV NS proteins (NS1-2 — NS7; Hyde
and Mackenzie 2010) individually into 293T cells and assessed their ability to restrict MHC class |
surface expression. The transfected cells were harvested 18h after transfection and
immunostained at the surface with an anti-HLA-ABC antibody. Cells were then fixed,
permeabilised and immunostained for the 6xHIS epitope tag of the MNV NS proteins with an anti-
6xHis antibody. Samples were analysed via flow cytometry and transfected cells were identified
via the positive 6xHIS stain (Figure 15). We observed that the majority of the MNV NS proteins
did not perturb the surface expression of MHC class | and for simplicity only the expression of
NS1-2, NS3 and NS5 have been depicted in Figure 15. The expression of MNV NS4, NS6 and NS7
were assessed for their effect on MHC class | surface expression, but we detected no differences
in MHC class | levels when compared to mock-transfected cells (data not shown). Interestingly,
cells transfected with the plasmid encoding for the MNV NS3 protein showed a significant
reduction in the surface expression of MHC class | proteins compared to mock-transfected cells,

as well as to cells transfected with plasmids encoding the other MNV proteins NS1-2 and NS5
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(Figure 15 B). Intriguingly, the observed reduction in MHC class | surface expression upon NS3
protein expression was similar to the cell surface reduction of MHC class | we have observed

during an MNV infection.

This observation implies that the MNV NS3 protein is potentially responsible for our

observed reduction in MHC class | surface expression during an MNV infection.
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Figure 15 Expression of MNV NS3 in 293T cells reduces the surface expression of MHC class | proteins. 293T cells were transfected
with MINV NS1-2, NS3, NS5 or left untreated. Cells were stained with human MHC class | specific APC conjugated antibody on the
cell surface and the NS protein tag (6xHIS) within the cell. NS protein transfected cells were gated for the 6xHIS positive population.
A Representative histogram of MHC class | surface expression in NS protein transfected 293T cells. NS1-2 (blue), NS3 (red), NS5
(orange) and mock transfected cells (green). B MFI ratio of the MHC class | signal for the different NS proteins compared to mock
treatment (n=4, average +/- SEM, *p<0.05, **p<0.01).



3.3 Discussion

NoVs cause a quick and acute infection in hosts, seemingly avoiding our rapid immune
detection and delaying clearance. MHC class | proteins play a critical role in the immune response
against viruses by exposing viral antigens to the innate immune cells and initiating the adaptive T
cell response. In this study, we showed that infection with MNV in mouse macrophages leads to
a reduction in MHC class | expression levels at the surface of infected cells (Figure 10). The fact
that MNV interferes with the MHC class | expression might contribute to its quick replication in
infected hosts. This observation was specific for MNV infected cells, since surrounding ‘bystander’
cells, which had been exposed to the virus but remained uninfected, displayed MHC class | surface
expression levels similar to mock infected cells (Figure 10 B). Further analysis revealed that the
detected reduction in the surface expression of MHC class | proteins was consistent across
different cell types (dendritic cells and macrophages) and MHC class | backgrounds (H-2b and H-
2d) (Figure 11 A and B), reinforcing our initial observation. We determined that the reduction in
MHC class | surface expression is induced from 7 h.p.i. onwards and robustly established at 8 h.p.i.
(Figure 11 C). We have demonstrated that the decreased MHC class | surface expression levels
were not due to a reduction in transcription of MHC class | (Figure 12 B), but seem to be caused

by a reduction in intracellular levels of MHC class | proteins.

We hypothesised that MHC class | proteins were degraded in MNV infected cells and
therefore attempted to rescue MHC class | protein expression with the proteasome inhibitor
MG132. Treatment of MNV infected cells with MG132 lead to a partial, but not a complete rescue
of MHC class | surface expression. At this stage, our observations are contradictory to some extent

as there is a close and critical association of the MHC class | pathway with the proteasome.
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Normally, the proteasome-mediated degradation of proteins provides the source of peptides to
be loaded onto the MHC class | molecules in the ER. Thus, inhibiting the proteasome would
decrease the amount of peptides generated and imported into the ER, where less MHC class | and
peptide complexes can be made and located to the surface. However, we observed that blocking
protein degradation, via the proteasome, had a significant effect on restoring the surface
expression of MHC class | proteins in infected cells. We can only postulate that in the MNV-
infected cells MHC class | is targeted for degradation via the proteasome, possibly via
translocation into the cytosol and subsequent ubiquitination, and we aim to further our studies
to elucidate this degradation mechanism. Ideally, targeting the potential degradation of the MHC
class | proteins specifically without blocking the proteasome would provide a clearer picture on

the degradation hypothesis, but has not been feasible so far.

We additionally identified that the MNV NS3 protein is responsible for the reduced surface
expression. NS3 has been characterised as a nucleoside triphosphatase (NTPase) and we have
recently shown that it is associated with the viral replication complex and the microtubules
(Cotton, Hyde et al. 2016). NTPases have diverse activities and functions including an association
with microtubule dynamics, intracellular transport and protein degradation (Paschal, Shpetner et
al. 1987, Yoshimori, Yamamoto et al. 1991, Rabinovich, Kerem et al. 2002, Smith, Benaroudj et al.
2006, Marshansky and Futai 2008). Our current studies have not shown if NS3 directly acts on
MHC class | proteins or if it is affecting its expression via manipulation of the MHC class | protein
pathway, but we have shown that NS3 is sufficient for the surface reduction of MHC class |
proteins. In contrast, studies on MNV VP2 have identified a crucial role of the protein on MHC

class | expression through inhibition of MHC class | transcription (Zhu, Regev et al. 2013). Based
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on our transcriptional analysis we cannot exclude that MNV infection might prevent the up-
regulation of MHC class | transcription, but we have so far not been able to detect a down-
regulation of MHC class | transcription during MNV infection (Figure 12 B). If only the up-
regulation of MHC class | transcription would be affected during MNV infection, MNV infected
and mock infected cells would display similar levels of MHC class | surface expression. Conversely,
we have observed a reduction of MHC class | proteins on the intracellular and surface expression
level in MNV infected cells (Figure 10 and Figure 13). Therefore, we speculate that VP2 might
prevent the up-regulation of MHC class transcription, but MNV NS3 causes the observed

reduction in MHC class | surface expression levels.

Our observations presented here are similar to other viruses such as HIV, HCMV and EBV
that all interfere with the surface expression of MHC class | proteins, albeit via different strategies
(Ahn, Meyer et al. 1996, Schwartz, Maréchal et al. 1996, Ahn, Gruhler et al. 1997). It is known that
viruses utilise several strategies to manipulate the surface expression of MHC class |, which are
employed at different stages throughout the MHC class | protein expression pathway. For
example, EBV inhibits proteasome-mediated degradation which prevents the synthesis of viral
peptides and thus the formation of viral antigen and MHC class | complexes (Levitskaya, Sharipo
et al. 1997). Whereas, HSV and HCMV encode proteins which block the import of peptides,
including viral peptides into the ER, (Hill, Jugovic et al. 1995, Ahn, Gruhler et al. 1997, Lehner,
Karttunen et al. 1997). Additionally, the Nef protein of HIV causes the downregulation of MHC
class | expression and inhibits the trafficking of MHC class | complexes from the Golgi to the cell

surface (Schwartz, Maréchal et al. 1996, Roeth, Williams et al. 2004). We can now contribute

73



another mechanism whereby MNV induces proteasome-mediated degradation of the MHC class |

protein itself, thus resulting in decreased protein levels and surface expression.

We tried to assess the effect of the reduced MHC class | surface expression on the CD8+ T
cell and NK cell response, but due to technical issues and time constraints we have so far not been
able to accomplish the analysis. The down-regulation of MHC class | surface expression will likely
have critical effects on the ability of both the innate and adaptive immune response to detect and
clear MNV infected cells. In future experiments we aim to elucidate if the reduction of MHC class |
proteins is sufficient to avoid detection of NK cells and subsequently antigen-specific CD8+ T cells.
NK cells can react to the downregulation of MHC class | proteins on the cell surface and could be
activated by the observed phenotype in MNV infected cells. Furthermore, it would be interesting
to interrogate whether the lower MHC class | expression on antigen-presenting cells, in particular
dendritic cells, has an effect on the generation of a robust the CD8+ T cell response against MNV
infections. MNV and HuNoV infections have been shown to induce little immune memory to
homologous challenges and the response to vaccine treatment has been very variable so far
(Parrino, Schreiber et al. 1977, Graham, Jiang et al. 1994, Hinkula, Ball et al. 1995, El-Kamary,
Pasetti et al. 2010). This could be based on an insufficient CD8+ T cell response caused by the
reduction in MHC class | surface expression, inhibiting the formation of a robust CD8+ T cell

response and CD8+ T cell memory.

Overall, the reduction in MHC class | surface expression levels can be highly beneficial for
the virus as less MHC class | peptide complexes are displayed on the cell surface which likely

results in a reduced detection by surveilling immune cells. Manipulating the MHC class |
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expression on the cell surface aids the virus to hide within the infected cell and to avoid or

dampen the immune response, allowing for efficient and swift replication.
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Chapter 4

Cytokine secretion and synthesis during MNV infection




4.1 Introduction

Norovirus infections are typically fast and acute, with the onset of illness averaging at 12h after
exposure and the symptoms lasting for 24-48h (Graham, Jiang et al. 1994). These observations
indicate that the innate immune system plays a major role in combatting the infection in humans.
Type | IFN and STAT proteins are key molecules of the innate immune response and have been
shown to be crucial during MNV infection. The lack of type | IFN and STAT1 in mice caused the
inability to clear the infection and resulted in a lethal MNV infection (Wobus, Karst et al. 2004).
The secretion of type | IFN and other cytokines is a common innate immune response to viral
infections and helps to fight viral infections within the cell and reduce spread. Cytokines are a
diverse group of small signalling proteins which includes chemokines, interferons and
interleukins. Cytokines have numerous effects in intracellular as well as extracellular signalling.
These proteins can either act by themselves or in combination with other cytokines. Apart from
a co-operative effect they can also antagonise other cytokines. Different causes of cellular stress
(e.g. infections, starvation or toxins) lead to a specific set of cytokines which is released by the
affected cells. During viral infections the cytokines IFNo/B, TNFa, TGFp, IL-6, IL-10, IL-12 and IL-15
are known to be activated to support antiviral signalling and clearance (Biron 1998). IFNa/ are
especially potent antiviral cytokines which induce an antiviral state in neighbouring uninfected
cells and promote the cytotoxic activity of NK cells (Biron 1997). Apart from alerting surrounding
cells and immune cells, IFNB can also have specific antiviral intracellular effects. IFN has been
shown to be a regulator of many antiviral proteins such as virus inhibitory protein, endoplasmic
reticulum-associated, IFN-inducible (Viperin), Mx proteins, PKR and RNAse L (Der, Zhou et al.
1998, Stark, Kerr et al. 1998, Thomson and Lotze 2003, Fitzgerald 2011, Haller and Kochs 2011).

PKR activation leads to the phosphorylation of elF2q, a crucial elongation initiation factor in the
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formation of the host translation complex. Phosphorylated elF2a is no longer able to bind to the
translation complex, which is unstable and inactive without elF2a, causing the downregulation of
host cell translation. A reduction in translation aims to disturb viral replication, because viruses
are dependent on a functional host cell translation machinery, lacking a translation complex of
their own (Kalvakolanu and Borden 1996, Samuel 1998). In contrast, RNAse L has a more direct
effect on viral replication by degrading viral RNA (Silverman 1994, Dong and Silverman 1999,
Terenzi, Ying et al. 1999). IFNf can also act together with TNFa and has inhibitory effects on IL-12
(Hunter, Subauste et al. 1994, Cousens, Orange et al. 1997). TNFa is a pro-inflammatory cytokine
which can either support cell survival by activating antiviral TNFa stimulated genes or induce
apoptosis through the synthesis of ROS and the activation of caspases (Chen and Goeddel 2002,

Wang, Du et al. 2008, Kim, Lee et al. 2010).

During viral infections, cytokines are mainly induced upon the detection of dsRNA, which
is generated during viral replication (Vilcek 1996). Several PRRs which can detect dsRNA have
been discovered so far. RIG-I and MDAS are the major cytosolic receptors, whereas TLRs such as
TLR3 are associated with cellular membranes. Binding of these receptors to dsRNA activates
multiple signalling pathways, which lead to the downstream relocation of crucial transcription
factors like NF-kB and IRF-3 and the induction of inflammatory cytokines, e.g. IFN} and TNFa
(Alexopoulou, Holt et al. 2001, Changotra, Jia et al. 2009, Thackray, Duan et al. 2012). Type | IFNs
are induced during MNV infection mainly through the MDA5/MAVS pathway, leading to the
relocation of IRF-3/IRF-7 into the nucleus and allowing IFN transcription (Changotra, Jia et al.
2009, Thackray, Duan et al. 2012). IFN is then translated and secreted to alert other cells and to

mount the immune response within the infected cell. Additionally, the recognition of viral dsRNA
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by the intracellular receptor TLR3 leads to the relocation of the transcription factor NFkB, which
induces the transcription of inflammatory cytokines such as TNFa (Alexopoulou, Holt et al. 2001).
Because of their importance in the antiviral immune response, the expression and secretion of
cytokines has been targeted by many viruses such as IAV and polioviruses on different levels in
the cytokine synthesis and secretion pathway (Dodd, Giddings et al. 2001, Lépez, Garcia-Sastre et
al. 2003, Fernandez-Sesma, Marukian et al. 2006). Due to the importance of cytokines in the
innate immune response to viruses, we were interested in uncovering the role of cytokines during
MNYV infection. We show that MNV infected cells display high amounts of cytokine mRNA
expression, but secrete no or only low amounts of cytokines into the culture medium. This lack in
cytokine secretion is mainly due to a reduced amount of intracellular cytokine levels, which is

based on the shutdown of host translation.
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4.2 Results

4.2.1 MNV infected cells release only low amounts of major cytokines

The innate immune response has been shown to be crucial during MNV infection (Wobus, Karst
et al. 2004), specifically STAT1 and type | IFNs seem to play an essential role in combatting the
infection. We were interested in investigating the innate immune response to MNV infection
using the cytokines IFN and TNFa as representatives of two major immune response pathways.
First, we tested the functional response to MNV infection by analysing the secretion of these two
cytokines during MNV infection. For this, we infected mouse macrophages (RAW264.7) with MNV
(MOI 5), treated them with the stimulant Poly(l:C), with Poly(l:C) and the secretion inhibitor
Brefeldin A (BFA) or left them untreated (Figure 16). Cell culture supernatant samples were taken
at 9h, 12h and 15h after infection and were analysed for cytokine secretion via ELISA. Untreated
cells as well as cells stimulated with Poly(l:C) but treated with BFA secreted no or only low
amounts of IFN and TNFa at any time point tested. In contrast to that Poly(l:C) stimulated cells
released a high amount of IFN3 and TNFa into the tissue culture supernatant as early as 9h after
treatment. Interestingly, cells infected with MNV showed a significantly lower amount of IFNf3
and TNFa being secreted into the supernatant compared to Poly(l:C) treated cells. Cytokine levels
observed for MNV infected cells were similar to Poly(l:C) and BFA treated cells. BFA acts on the
ER to Golgi transport and inhibits protein secretion. The comparable low amounts of secreted
cytokines into the supernatant of infected and Poly(I:C) and BFA treated cells, suggest that

cytokine secretion might be inhibited in MNV infected cells, comparable to the effect of BFA.
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Figure 16 MINV inhibits the secretion of specific cytokines in macrophages. RAW264.7 cells were infected with MNV (MOI 5),
treated with Poly(I:C) (20 ug/mL), treated with Poly(1:C) (20 ug/mL) and BFA or left untreated and uninfected for 9 h, 12 h and 15 h.
Cell culture supernatants were analysed for the secretion of the specific cytokines via ELISA. A Amount of IFNB in cell culture
supernatant [pg/mL] (n=3, average +/- SEM, **p<0.01, ***p<0.001). B Amount of TNFa in cell culture supernatant [pg/mL] (n=3,

average +/- SEM, **p<0.01, ***p<0.001).

4.2.2 General protein secretion is not affected by MNV infection
To test if the low amount of secreted cytokines from MNV infected cells is due to a block in protein
secretion, we used the bidirectional reporter vector pBI-CMV5, which encodes a secreted

Metridia luciferase (MetLuc). We introduced a fluorescence marker (mCherry) into the vector to



be able to identify pBI-CMV5-positive cells. RAW264.7 cells were transfected with the pBI-CMV5-
mCherry vector, sorted for mCherry-positive cells via FACS and were either infected with MNV,
treated with BFA or left untreated (Figure 17 A). Cell culture supernatants were analysed for their
luciferase activity after 12 h of infection. Transfected cells treated with BFA showed lower activity
for MetLuc in the supernatant, because the ER to Golgi transport is blocked by BFA. In contrast to
that, untreated cells transfected with pBI-CMV5-mCherry secreted high amounts of MetLuc into
the supernatant. When cells were transfected with pBI-CMV5-mCherry and additionally infected
with MNV, there was no significant difference between infected and uninfected cells. Similar
levels of MetLuc were secreted into the supernatant of infected cells, suggesting that MNV is not

influencing the general protein secretion of the host cell.

In addition to this, we tested the effect of the NS proteins on cellular protein secretion
(Figure 17 B). For this, we introduced the MNV NS proteins and VP1 into the pBI-CMVS5 vector.
293T cells were transfected with these vectors and analysed for MetLuc activity in the cell
supernatant and MetLuc levels within the cell. The ratio between intracellular and extracellular
activity of MetLuc was calculated for all tested constructs. Cells transfected with pBI-CMV5 were
positive for the secretion of MetLuc into the supernatant, whereas pBI-CMV5 transfected and BFA
treated cells showed a block in secretion and only low amounts of MetLuc in the supernatant
while luciferase levels within the cells accumulated. None of the non-structural proteins nor VP1
seemed to affect the secretion of MetLuc as all tested MNV proteins had a similar supernatant to
intracellular luciferase activity ratio compared to pBI-CMVS5 transfected cells. These observations

imply that the low levels of IFN and TNFa secretion observed during MNV infection are not due
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to an inhibition in general protein secretion, but might be caused by an inhibition at earlier stages

of the protein synthesis pathway, e.g. transcription or translation.
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Figure 17 MINV does not affect general protein secretion. ARAW264.7 macrophages were transfected with the Metridia luciferase
containing pBI-CMV5-mCherry vector. mCherry positive cells were sorted and infected with MNV, treated with BFA or left
untreated. The relative luciferase activity was measured at 12 h.p.i. (n=3, average +/- SEM, ns:p>0.05, *p<0.05, **p<0.01). B 293T
cells were transfected with pBI-CMV5 vectors containing the individual MNV NS proteins. As controls pBI-CMV5 only and pBI-CMV5
and BFA treated cells were used. Supernatants and lysates were collected 24 h post transfection and the ratio between intracellular
(lysate) and secreted (supernatant) luciferase activity was calculated (n=3, average +/- SEM, ****p<0.0001).



4.2.3 MNV infection robustly induces the transcription of IFNB and TNFa

To test if the transcription of IFNJ and TNFa is elevated during MNV infection, we infected mouse
macrophages (RAW264.7) with MNV (MOI 5), treated them with Poly(l:C) or left them untreated
and uninfected for 9 h, 12 h and 15 h. Transcription levels of IFN and TNFa were tested via RT-
gPCR and compared to untreated cells (Figure 18). Poly(l:C) stimulation led to the induction of
both IFNB and TNFa transcription, observed through increasing mRNA levels compared to
untreated cells. MNV infected cells showed similar increases in mRNA levels for both cytokines,
indicating that the observed lack in cytokine secretion is not based on an inhibition of

transcription of these cytokines.
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Figure 18 MNYV infection induces the transcription of cytokines. RAW264.7 cells were infected with MNV (MOI 5), treated with
Poly(1:C) (20 ug/mL) or left untreated for 9 h, 12 h and 15 h. RNA samples were taken and analysed via RT-qPCR for the following
cytokines (n=3, average +/- SEM, ns:p>0.05, *p<0.05, **p<0.01) A IFN6, B TNFa.

4.2.4  Intracellular levels of TNFa are low in MNV infected cells despite induction on mRNA level
We have verified the induction of IFN3 and TNFa transcription as a response to MNV infection,

but unexpectedly we were unable to detect corresponding high amounts of these cytokines in
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the supernatant of MNV infected cells even though we confirmed that protein secretion is not
affected by MNV infection. We therefore hypothesised that MNV either has an inhibitory effect
on the translation of these cytokines or host proteins in general, or it may cause the degradation
of cytokines. Intracellular levels of TNFo were investigated via immunoblot and
immunofluorescence analysis to test if the observed low amounts of secreted cytokines are due
to low levels of intracellular cytokines (Figure 19). We tried to determine IFNJ levels via IF analysis
or immunoblotting with two different antibodies as well, but were unable to detect a signal with
both techniques. RAW264.7 cells were infected with MNV, stimulated with Poly(l:C) or left
untreated for 12 h (Figure 19 A). Cell lysates were analysed via immunoblot detection using an
anti-TNFa antibody. Uninfected cells showed undetectable levels of intracellular TNFa, whereas
Poly(l:C) treated cells displayed high levels of TNFa within the cells. In contrast to that, cell lysates
of MNV infected cells contained only low amounts of TNFa, despite the induction of cytokine
transcription. Additionally, cells were either infected with MNV (MOI 5), treated with Poly(l:C),
infected with MNV and treated with Poly(l:C) or left untreated and uninfected (Figure 19 B).
RAW264.7 cells were fixed 12 h.p.i. and stained with an anti-TNFa antibody. Mock treated cells
showed background levels of TNFa within the cell, whereas the majority of Poly(l:C) treated cells
displayed a bright signal for TNFa concentrating around the Golgi apparatus which was visualised
through staining with an anti-GM130 antibody. The TNFa signal in MNV infected cells was low

compared to Poly(l:C) treated cells and remained low even in the presence of Poly(l:C).

These observations support our findings in the immunoblot analysis revealing a low
amount of intracellular TNFa despite increased mRNA levels of the cytokine. The

immunofluorescence analysis also indicates that the reduced intracellular cytokine levels cannot
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be rescued by additional stimulation with Poly(l:C). This suggests, that MNV might interfere with
cytokine stability (i.e. degradation) or translation of host proteins in general or cytokines in

particular.
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Figure 19 Intracellular levels of TNFa are low in MNV infected cells. RAW264.7 cells were either infected with MNV (MOI 5),
stimulated with Poly(1:C), stimulated and infected or left untreated. Cells were fixed or harvested at 12 h.p.i. A Immunoblot analysis
of cell lysates stained with anti-TNFa, anti-NS7 and anti-actin antibodies. B Cells were stained with anti-TNFa (Panel a, e, i and m),
anti-NS4 (Panel b, f, j and n), anti-GM130 (Panel c, g, k and o) and DAPI for the merged image (Panel d, h, | and p). Stained samples
were analysed via confocal immunofluorescence analysis. Arrows indicate MNV infected cells presenting a low TNFa signal.

4.2.5 Host cell translation decreases in MNV infected cells over time

To uncover a potential effect of MNV on the translation of the host cell, RAW264.7 cells were
infected with MNV or mock infected and treated with puromycin (10ug/mL) 20 mins before cells
were harvested and lysed. Puromycin is an antibiotic which interferes with translation and leads
to the premature termination of translation. Puromycylated proteins can be visualised with an
anti-puromycin antibody and are an indication of the level of general host translation. Cell lysates
of puromycin treated cells at 1, 3, 6, 9 and 12 h.p.i. were analysed via immunoblot staining (Figure
20 A). Mock infected cell lysates are positive for the staining with an anti-puromycin antibody at
all time points, confirming the constant occurrence of translation in these cells. There is a robust
increase in puromycylated proteins detectable in the cell lysates of infected cells at 3 h.p.i., which
could be an indication of increased translation due to increased viral protein translation or an
activated innate immune response. Interestingly, from 6 h.p.i. onwards and coinciding with
detectable amounts of the viral NS7 protein, the signal for puromycin-positive proteins
continuously decreases in the lysates of infected cells. This indicates that less translation is
occurring in infected cells, especially from 9 h.p.i., which might be caused by a host cell
translational shut off induced by the infection. Furthermore, RAW264.7 cells were infected with
MNV (MOI 5) or left uninfected and analysed via immunofluorescence analysis (Figure 20 B). Cells
were treated with puromycin 30 min prior to fixation after 6 h, 9 h and 12 h of infection and

stained with an anti-puromycin antibody. Mock infected cells displayed a robust signal for



puromycin, indicating the occurrence of translation in these cells. There was no major difference
in the puromycin signal for infected and uninfected cells after 6 h of infection, but from 9 h.p.i.
onwards a drastically reduced puromycin signal was visible in MNV infected cells. If any residual
puromycin signal was detectable, it was found to be around the RC of the virus. The number of
infected cells presenting a low puromycin signal increased from 9 h.p.i. to 12 h.p.i. and formed

the majority of the infected population at 12 h.p.i.

The decrease of host cell translation after 9 h of infection in the IFA is similar to our
findings in the immunoblot analysis and supports the hypothesis that MNV interferes with the

translation machinery of the host cell.
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Figure 20 Host cell translation decreases in MNV infected cells. RAW264.7 cells were either infected with MNV (MOI 5) or left
uninfected and analysed for their translation using puromycin (10 ug/mL). Cells were treated with puromycin 20 min (A) or 30 min
(B) prior to harvesting. A Immunoblot analysis of puromycin-treated cell lysates harvested at 1h, 3h, 6h, 9h and 12 h.p.i. The
western blot was stained with anti-puromycin, anti-NS7 and anti-actin antibodies. B Immunofluorescence analysis of puromycin-
treated cells at 6 h, 9 h and 12 h post infection. Cells were stained with anti-puromycin (Panel a, d, g and j), anti-NS5 (b, e, h and
k) and DAPI for the merged image (Panel c, f, | and |). Arrows indicate MNV infected cells displaying a low signal for anti-puromycin.
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4.2.6 Therole of PKR in the reduced host cell translation in MNV infected cells

One of the major regulators in the translational control of the host cell is PKR, which can be
activated upon viral infections to inhibit host-dependent viral replication. PKR becomes activated
through phosphorylation and can in turn lead to the phosphorylation of elF2a. p-elF2a is no
longer able to bind to the translation complex and can therefore be an indicator of stalled
translation. Having observed a decrease in translation in MNV infected cells (Figure 20), we
explored the role of PKR in the translational shut down (Figure 21). RAW264.7 cells were infected
with MNV (MOI 5) or left uninfected for 9 h, 12 h and 15 h and analysed via immunoblotting
(Figure 21 A). Lysates were tested with antibodies against PKR and elF2a and revealed a steady
decrease in signal intensity for both proteins in MNV infected cell lysates compared to mock
infected cells. This decrease was detectable from 9 h.p.i. for the PKR signal and 12 h.p.i. for the
elF2a signal, indicating that both proteins are susceptible to the host cell translation inhibition,
but might have induced the shutdown of translation early during infection. Therefore, we
analysed the PKR and p-PKR levels in MNV infected and mock infected cells early during infection
at 1, 3, 6 and 9 h.p.i. via immunoblot analysis (Figure 21 B-D). PKR levels are decreased early
during infection with differences detectable between MNV infected and mock infected cells from
3 h.p.i. onwards (Figure 21 B). Surprisingly, despite decreasing levels of PKR, p-PKR levels remain
considerably stable during the course of infection, indicating that the majority of PKR within the
infected cells is in a phosphorylated state (Figure 21 C and D). To uncover the activation status of
PKR and elF2a at the peak of replication (12 h.p.i.), cell lysates of RAW264.7 cells infected with
MNV (MOI 5), stimulated with Poly(l:C) or left untreated and uninfected were analysed via
immunoblotting using antibodies against PKR, p-PKR, elF20, p-elF2a, NS7 and actin (Figure 21 E).

Mock infected as well as Poly(l:C) treated cells showed robust signals for PKR and elF2a, while
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both proteins have a reduced signal in MNV infected cells, similar to our previous observation
(Figure 21 A). Intriguingly, compared to the low signal of the overall amount of PKR and elF2a in
infected cells, the signal for the phosphorylated and activated forms of both proteins seems to
be slightly elevated (Figure 21 E). The signal for p-PKR in mock infected and Poly(l:C) treated cells
is lower than the overall signal for PKR, indicating that the majority of PKR within the cell is in an
inactive, non-phosphorylated state. In contrast to that, the ratio of the total PKR to p-PKR is high
in MNV infected cells, which suggests that most of the PKR proteins present in MNV infected cells
are in an active, phosphorylated state (Figure 21 F). Similar to p-PKR, p-elF2a. levels are increased
compared to the total level of elF2a.in MNV infected cells (Figure 21 G). Increased levels of p-PKR
and p-elF2a, compared to levels of unphosphorylated forms of both proteins, can affect host cell
translation. However, the effectiveness of the increased levels of p-PKR and p-elF2a in MNV

infected cells remains to be elucidated.

In conclusion, our findings indicate that PKR/elF2a could be causing the host translation

shut down, but might not be the only inducer causing the inhibition of host cell translation.
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Figure 21 Role of PKR in the inhibition of host cell translation during MNV infection. A Immunoblot analysis of RAW264.7 cells
infected with MINV or left uninfected for 9 h, 12 h and 15 h. Cell lysates were stained with anti-PKR, anti-elF2¢, anti-NS7 and anti-
actin antibodies. RAW264.7 cell were infected with MINV (MOI 5) or left uninfected. Cells were harvested at 1, 3, 6 and 9 h.p.i. and
analysed via immunoblot analysis. B Immunoblot of whole cell lysates stained with anti-PKR, anti-p-PKR and anti-actin antibodies.
C Signal intensity for anti-PKR and anti-p-PKR stain for mock infected cell lysates (compared to actin signal, n=1) D Signal intensity
for anti-PKR and anti-p-PKR stain for MNV infected cell lysates (n=1) E Immunoblot analysis of RAW264.7 cells infected with MNV,
treated with Poly(l:C) or left untreated and uninfected. Cell lysates were harvested 12 h.p.i. and stained with anti-PKR, anti-p-PKR,
anti-elF2a, anti-p-elF2a, anti-NS7 and anti-actin antibodies. F Ratio of total PKR to p-PKR (n=1) and G total elF2o. to p-elF2a signal
from immunoblot analysis (n=1).



4.3 Discussion

The release of cytokines such as IFNB and TNFa during viral infections plays a crucial role in the
innate immune response against viruses. The transcription and translation of cytokines is elevated
in infected cells, mostly due to the recognition of PAMPs, e.g. dsRNA. Cytokines are then secreted
into the extracellular space where they can either bind to receptors on neighbouring cells or bind
to receptors on the infected cell itself to enhance the antiviral response. In this study, we have
shown that MNV infected cells increase the transcription of cytokine (IFNf and TNFa) mRNAs
(Figure 18), indicating that PRRs like MDAS5 have successfully detected the viral infection and

activated an antiviral response against it.

Intriguingly, MNV infected cells do not secrete cytokines which would aid to overcome
and contain the acute infection (Figure 16). Based on our studies using the MetLuc reporter
system for protein secretion, we can exclude that the low amounts of secreted cytokines from
infected cells are based on the inhibition of general protein secretion (Figure 17). Instead, we
uncovered that only very low amounts of translated cytokines can be detected within the infected
cells, further confirming that there is no secretion inhibition, which would cause the accumulation
of cytokines within the cells (Figure 19). The difference in intracellular protein levels for TNFa
compared to the mRNA levels indicates an interference of the virus with the translation of host
cell proteins. We investigated host cell translation using puromycin as a marker for translational
activity (Figure 20). Even though translation seemed to be upregulated early during the infection
(3 h.p.i.), there was a continuous decrease in the amount of puromycylated proteins at later

stages of the infection, indicating a reduction in global host cell translation. Based on the
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immunoblot and immunofluorescence analysis, MNV starts to affect host cell translation 6-9

h.p.i., reducing host cell translation to a minimum in the majority of infected cells by 12 h.p.i.

The shutdown of host cell translation is one of the major defence mechanisms against viral
infections. Viral replication is dependent on host cell translation, because viruses lack their own
translational machinery. Therefore a reduction in host protein translation should also lead to a
decreased translation of viral proteins and interfere with efficient viral replication. Surprisingly,
translation of viral proteins like NS7 does not seem to be affected by the reduced host protein
translation, because intracellular amounts of NS7 increase from 6 h.p.i. onwards, while host
protein translation subsides (Figure 20 A). This observations strongly suggest that MNV employs
a different mechanism to initiate translation, independent of cellular protein translation (Hanson,
Zhang et al. 2012). This would be a great advantage for the virus, not only by forcing the cell to
preferentially translate viral proteins, but also by diminishing the innate immune response by

preventing the translation of immune effectors such as cytokines.

The HuNoV VPg and MNV NS5 protein have been shown to interact with the translation
initiation complex through elF4GI and elF4E, suggesting a role of NS5 in the initiation of viral
protein translation (Daughenbaugh, Fraser et al. 2003, Daughenbaugh, Wobus et al. 2006).
Initiation of viral protein translation, which is independent of the cellular cap-dependent protein
translation, could be mediated by NS5 and allow viral protein translation to occur in the absence

of cellular protein translation (Chung, Bailey et al. 2014).

To uncover how MNV is causing the reduced level of host protein translation, we
investigated the PKR/elF2a pathway, which is a major regulator of translation (Figure 21).

Activated and phosphorylated PKR inhibits protein translation by phosphorylating elongation
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initiation factor elF2a. PKR can get activated and phosphorylated via binding to dsRNA, which is
generated during MNV infection. The further upregulation of PKR levels in infected cells is part of
the antiviral defence and is induced through IFN (Meurs, Chong et al. 1990). Interestingly, IFNf3
secretion is significantly impaired in MNV infected cells, which indicates that PKR synthesis might
not be promoted during MNV infection. However, PKR is expressed on a low level in a variety of
cell types and can be activated by dsRNA in the absence of IFNf (Clemens 1997, Nanduri, Carpick
et al. 1998). We observed high levels of activated p-PKR in MNV infected cells compared the total
amount of PKR within the cell (Figure 21 E and F). In contrast to that, mock infected and Poly(l:C)

treated cells displayed lower levels of p-PKR compared to the total amount of intracellular PKR.

These findings suggest that PKR induces the shutdown of translation at early stages in
infection, but intracellular PKR levels decrease over time due to the translational shutdown and
the initial lack of IFN-induced transcription of PKR. Immunoblot analysis of PKR levels early during
infection supported this hypothesis, revealing decreasing levels of PKR in MNV infected cells from
3 h.p.i., while p-PKR levels were more stable over time and represent the majority of PKR within
the infected cells (Figure 21 B-D). The increased ratio of p-PKR to unphosphorylated PKR in MNV
infected cells could be crucial and sufficient to inhibit the host cell translation. It is important to
note that elF2a levels, similar to PKR, are decreased in MNV infected cells and can be very
sensitive to changes in the p-PKR to PKR ratio despite the overall low levels of PKR in MNV infected

cells.

A recent study on the role of PKR during Chikungunya virus (CHIKV) infection discovered
that cytokines like IFNB and IL-6 can still be synthesised in the context of PKR activation and the

reduction in host cell translation to counteract the infection (Clavarino, Claudio et al. 2012). The
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key protein to enable the specific translation of antiviral proteins was shown to be GADD34.
GADD34 or MyD116 is controlled via activating transcription factor 4 (ATF4) and counteracts the
effect of PKR by dephosphorylating elF2a. Even though the expression of GADD34 did not rescue
the global translational shutdown, it was still able and necessary to allow the translation of IFNf3
and IL-6. This was not only shown to be true for CHIKV infection, but also for cytosolic dsRNA in
general (Clavarino, Cladudio et al. 2012). Considering that dsRNA is generated during MNV
replication, it would be interesting to uncover the role of GADD34 during MNV infection. Based
on the observations by Clavarino et al, the translational shutdown through PKR might not be
sufficient to restrict IFNB and TNFa translation and might involve an additional interference of
MNV with GADD34. In future experiments, the expression level of GADD34 in MNV infected cells
should be investigated and it would be interesting to test if our observed inhibition in cytokine

translation and secretion can be rescued by GADD34 overexpression.

Another protein to explore in future studies is PABP, because it is important in the
establishment of the translation complex. Coxsackie virus, poliovirus as well as FCV cleave PABP
to stall or reduce host translation (Kerekatte, Keiper et al. 1999, Kuyumcu-Martinez, Belliot et al.
2004, Rivera and Lloyd 2008). Interestingly, purified VPg of NoV MD145 has been shown to also
be able to cleave PABP, when added to cell lysates (Kuyumcu-Martinez, Belliot et al. 2004). A
recent study investigating the translational repression of Viperin and ISG15 in MNV infected cells,
proposed the translational shutdown is caused by cleavage of PABP through MNV NS6 (Emmott,
Sorgeloos et al. 2017). When NS6 was transfected into 293T cells it was able to induce cleavage
of PABP and the overexpression of a non-cleavable PABP mutant partially restored the Viperin

levels in MNV infected cells. It remains to be elucidated if the host translation shutdown is
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triggered through one pathway alone or induced by the interplay of several regulators of the

translation machinery.

Many viruses try to evade antiviral effectors or activation of antiviral signalling altogether.
IAVs express the NS1 protein which prevents the dsRNA-mediated induction of IFN transcription
by interfering with the transcription factors NF-kB and IRF-3 as well as the cytosolic dsRNA
receptor RIG-I (Talon, Horvath et al. 2000, Wang, Li et al. 2000, Mibayashi, Martinez-Sobrido et
al. 2007). In this case an antiviral immune response is inhibited at the recognition of viral
infection, preventing any further downstream signalling. Other viruses interfere with cytokine
secretion to prevent further activation of signalling pathways and systemic effectors. The 2B and
3A proteins of poliovirus have been identified to interfere with cytokine secretion. 3A, which is
related to MNV NS4, inhibits the ER-to-Golgi transport in infected cells (Dodd, Giddings et al.
2001). A mutation in 3A, which affects its ability to inhibit the secretory pathway, showed
increased secretion of cytokines, compared to cells transfected with the wild type 3A (Doedens

and Kirkegaard 1995, Doedens, Giddings et al. 1997).

Based on our findings, MNV seems to employ a strategy similar to picornaviruses and
alphaviruses to evade the innate immune response by inducing the inhibition of host cell
translation (Etchison, Milburn et al. 1982, Lloyd, Jense et al. 1987, Lloyd, Grubman et al. 1988,
Macadam, Ferguson et al. 1994, Mclnerney, Kedersha et al. 2005, Ryman and Klimstra 2008).
During MNV infection shutdown of host translation is caused via activation of PKR to
phosphorylate elF2a and inhibit the translation and secretion of cytokines. Intriguingly, MNV

triggers the shutdown of cellular protein translation without disturbing viral protein synthesis and
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translation. Our future studies will be focusing on unveiling the mechanisms leading to the specific

inhibition of cellular protein translation while ensuring viral protein translation.
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Chapter 5

The role of GEF-H1 during MNV infection
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5.1 Introduction

Previous studies have investigated the interaction of MNV with the cytoskeleton of the host cell.
Interestingly, tubulin, a major component of microtubules has been shown to interact and co-
localise with the MNV RC and the MNV protein NS3 (Hyde, Gillespie et al. 2012, Cotton, Hyde et
al. 2016). Microtubules are highly dynamic structures, which can undergo fast and drastic changes
through the depolymerisation and polymerisation at the end of the tubular fibres. They are
generated through polymerisation of a- and B-tubulin dimers and form a network throughout the
cell. This network is anchored at the MTOC, which harbours of a specific form of tubulin, y-tubulin.
Microtubules have several functions within cells including the motility and structure of the cell as
well as providing a scaffold for the intracellular transport of proteins and vesicles. The latter
function is mediated through the microtubule motor proteins dynein and kinesin. Experiments
using Nocodazole, a drug that leads to the depolymerisation of microtubules, showed that a
functional microtubule network was needed for the successful generation of a concentrated MNV
RC during virus replication (Hyde, Gillespie et al. 2012). This indicates that MNV may use the host
microtubule network for the transport of host and viral proteins and benefits from the structural
scaffold to set up an efficient replication complex. Recently, our lab observed a direct interaction
between B-tubulin and vesicular structures induced upon transient expression of the MNV non-
structural protein NS3 (Cotton, Hyde et al. 2016). The motility and size of the NS3 induced vesicles
was observed to be dependent on a functional microtubule network, implying that NS3 might be
responsible for the microtubule-dependent formation of the MNV RC. Additionally, MNV not only
seems to be dependent on the microtubule network, but it also causes changes to it. As early as
12h after infection with MNV the formation of strongly polymerising microtubule bundles in the

cells periphery were observed (Hyde, Gillespie et al. 2012). Intriguingly, a similar phenotype of
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microtubule bundling has been observed in cells which express GEF-H1 which, unlike other GEFs,
is able to bind microtubules. GEFs are regulators of GTPases, activating the GTPase by mediating
the exchange from GDP to GTP. GEF-H1 has been shown to have several regulatory functions in
the cell through its ability to activate the GTPases Rho and Rac (Ren, Li et al. 1998). It is involved
in the connection of microtubules with the actin cytoskeleton, the regulation of tight junctions
and vesicle transport (Chang, Nalbant et al. 2008, Guilluy, Swaminathan et al. 2011, Pathak,
Delorme-Walker et al. 2012). Intriguingly, GEF-H1 has also been proposed to play a role in the
innate immune response against microbial pathogens. Shigella, a gram-negative bacteria which
causes diarrhoea in humans, by invading the intestinal epithelium through the tight junctions of
the intestinal barrier. GEF-H1 is involved in the invasion of Shigella past the intestinal epithelial
barrier through its association with tight junctions. GEF-H1 gets recruited to tight junctions upon
Shigella infection and co-localises with Shigella entry sites. In addition, GEF-H1 deficient cells lack
the NOD1 and RhoA mediated activation of NF-kB during infection with Shigella (Fukazawa,
Alonso et al. 2008). During 1AV infection, GEF-H1 has been proposed to play a major role in the
innate immune response and the activation of transcription factors which lead to the expression
of IFNB (Chiang, Zhao et al. 2014). The authors proposed a model whereby GEF-H1 is activated
upon detection of dsRNA derivatives by cellular sensors such as RIG-I and MDA5. GEF-H1 is
released from microtubules and can act on TBK1 which in turn activates the regulatory kinase
IKKe. IKKe phosphorylates the transcription factor IRF3, which translocates into the nucleus to
promote IFNf transcription. Due to the involvement of GEF-H1 in the innate immune response
against IAV and its interaction with the microtubule network, we were interested in the role of

GEF-H1 during MNV infection. Considering its interaction with the microtubule network and the

106



recognition of intracellular pathogens, GEF-H1 could be an important factor in the host defence

against MNV or a target for MNV proteins.
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5.2 Results

5.2.1 MNV infection leads to the formation of microtubule fibres

Previous observations have shown that infection with MNV leads to changes in the cytoskeleton
of infected cells. The most obvious effect observed was in the microtubule network with the
induction of microtubule bundles (Hyde, Gillespie et al. 2012). Instead of an evenly distributed,
spread out network throughout the cytoplasm, staining with B-tubulin revealed thick microtubule
fibres in the periphery of the cell (Hyde, Gillespie et al. 2012). These findings were verified in
RAW264.7 cells via immunofluorescence analysis (Figure 22). Microtubules were visualised
through staining with an anti B-tubulin antibody and virus positive cells were identified with an
anti-VPg antibody. The formation of microtubule fibres could be observed from 12h onwards after
infection with MNV and was specific for infected cells compared to uninfected cells. Uninfected

cells showed no bundling of microtubules and displayed a network-like microtubule staining.
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Anti B-tubulin Anti VPg
Figure 22 Infection with MINV induces the formation of microtubule bundling. Murine macrophages (RAW264.7) were either
infected with MINV (MOI 5) for 12 h or left uninfected. Cells were fixed 12 h.p.i. and labelled with an anti 8-tubulin (panel a and d;

red) and an anti VPg antibody (panel b and e; green) for confocal microscopy analysis. Panel ¢ and f show the merged image
including the nuclear stain (DAPI; blue).
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5.2.2 Overexpression of wildtype GEF-H1 leads to the formation of microtubule bundling in
mammalian cells
To interrogate the role of GEF-H1 during MNV infection, we utilised recombinant cDNA plasmids
that encoded WT GEF-H1 tagged to GFP and mutant GEF-H1. C53R and ADH are loss of function
mutants, lacking the ability to associate with the microtubules or missing the catalytic function,
respectively. S885A in contrast is a constitutively active mutant, which can still bind to the
microtubules (Chiang, Zhao et al. 2014). These plasmids were transfected in Vero cells, and the
localisation and interaction with microtubules of expressed GFP-tagged GEF-H1 WT as well as the
mutant forms C53R, ADH and S885A was determined via immunofluorescence analysis (Figure
23). Microtubules were visualised via anti a-tubulin antibody staining. Cells transfected with

wildtype GEF-H1 as well as the S885A mutant contained thick microtubule fibres similar to the
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microtubule bundling observed in MNV-infected cells. Both GEF-H1 forms co-localised with o-
tubulin, a major component of microtubule fibres, whereas the C53R and ADH mutants failed to
induce the fibre formation. The C53R mutant was observed to form aggregates within the
cytoplasm of transfected cells and did not co-localise with a-tubulin. The ADH mutant partially
co-localised with a-tubulin, but did not appear to induce thick microtubule fibres like the
wildtype. These results imply that the ability to bind to microtubules as well as the GTPase

functionality of the GEF are important for the observed microtubule bundling.
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Figure 23 Expression of GEF-H1 WT and mutants leads to a distinct cellular localisation pattern. Vero cells were transfected with
GFP-tagged GEF-H1 forms (WT, C53R: unable to associate with microtubules, ADH: no GEF activity, S885A: constantly active GEF).
Cells were fixed 24 h.p.t and labelled with an anti-a-tubulin antibody for confocal microscopy analysis. Panels a, e, i and m show
the GFP signal of the GEF-H1 forms (green), panels b, f, j and n display the staining with an anti a-tubulin antibody (red). Panels c,
g, k and o represent the nuclear staining with DAPI (blue) and panels d, h, | and p are showing the merged pictured of all channels.
Macrophages expressing WT GEF-H1 and S885A show the induction of a microtubule fibre formation. The co-localisation was
quantified with the Pearson’s coefficient and is indicated in the merged image as a yellow hue.

5.2.3 Expression of GEF-H1 leads to changes in the localisation of the RC during MNV infection
Based on our previous observations showing that GEF-H1 induces similar microtubule bundles
compared to the microtubule fibre formation during MNV infection, we aimed to investigate the

role of GEF-H1 during MNV infection. GEF-H1 has been shown to be a crucial regulator in the viral
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sensing pathway during IAV infection and could additionally be important for the detection of
MNV (Chiang, Zhao et al. 2014). To determine if the expression of GEF-H1 and its mutants affected
MNV infection, murine macrophages were transfected with the different GFP-tagged GEF-H1
encoding plasmids and subsequently infected with MNV. Cells were fixed 12 h.p.i. and stained
with antibodies against the viral protein NS4, as well as the nuclear stain DAPI and analysed via
immunofluorescence microscopy (Figure 24). Cells transfected with the C53R mutant (lack of
microtubule binding) displayed no change in the morphology or location of the MNV RC, which is
located in the perinuclear region and forms a single aggregate. However, expression of wildtype
GEF-H1, ADH and S885A mutants lead to significant changes in the morphology and location of
the MNV RC. We observed that instead of one large perinuclear located RC, several smaller RCs
could be observed distributed throughout the infected cell. These RCs were distributed in a non-

polar fashion and generally observed around the cell periphery.
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Figure 24 Expression of GEF-H1 WT induces the dispersion of the MNV RC. Murine macrophages (RAW264.7) were transfected
with GFP-tagged GEF-H1 forms (WT, C53R: unable to associate with microtubules, ADH: no GEF activity, S885A: constantly active
GEF) and at 12 h.p.t. were subsequently infected with MNV (MOI 5). Cells were fixed at 12 h.p.i. and immune-labelled with an anti-
NS4 antibody for confocal microscopy analysis. The GFP signal of the different GEF-H1 forms is displayed in panels a, e, i and m
(green), while panel b, f, j and n show the staining with the anti NS4 antibody (red). Panel c, g, k and o show the merged image
including the nuclear stain (DAPI; blue). Panels d, h, | and p represent the merged image of GEF-H1-GFP transfected, but uninfected
cells. Macrophages expressing the microtubule-associated forms of GEF-H1 (WT, ADH, S885A) all showed a dispersion of the MNV
RC (white arrows).

5.2.4 The MNV protein NS3 co-localises with GEF-H1 and alters its distribution

To elucidate the effect of GEF-H1 on MNV or the virus on GEF-H1, we co-expressed the viral NS
proteins and the major capsid protein VP1 together with wildtype GFP-tagged GEF-H1 in Vero
cells. Cells were fixed 24h after transfection and stained with antibodies against the 6xHIS tag of

the viral proteins for immunofluorescence analysis (Figure 25). Most viral proteins did not affect
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the localisation of GEF-H1 or co-localise with it, nor did GEF-H1 have an influence on the viral
protein localisation (only NS1-2 and NS4 are shown in Figure 25, panel a-d and panel i-1). However,
co-expression of NS3 and GEF-H1 altered the localisation and appearance of GEF-H1 as well as
NS3 (Figure 25, panel e-h). Upon co-expression with NS3, the GEF-H1 expression did not induce
microtubule bundling, but was instead observed to be evenly distributed throughout the cell and
the cell periphery except for the nucleus and vesicle like structures. We additionally observed that
the NS3 staining mainly co-localised with GEF-H1 and was also observed to have a more diffuse
cytoplasmic staining compared to the expression of NS3 alone (Hyde and Mackenzie 2010,

Cotton, Hyde et al. 2016).

Anti a-tubulin Anti 6xHIS

NS1-2

NS3

NS4

Figure 25 Co-expression with NS3 changes GEF-H1 WT morphology. Vero cells were co-transfected with GEF-H1-GFP WT and the
HIS-tagged viral proteins. Cells expressing GEF-H1-GFP is shown in panel a, e and | (green). Panel b, f and j displays the staining
with an anti a-tubulin antibody (blue), while panel ¢, g and k show the antibody staining for anti 6xHIS (red). Panel d, h and |
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represent the merged image of all channels including the nuclear stain (grey). Co-transfected cells displayed the typical bundle-like
structures of GEF-H1 in the cell periphery, except for cells co-transfected with the non-structural protein 3 (NS3). NS3 and GEF-H1
WT appeared to co-localise and a rather reticular distribution of GEF-H1 could be observed. Additionally, GEF-H1 WT appeared to
change the distribution of NS3 as well compared to cells transfected with NS3 only. The co-localisation was quantified with the
Pearson’s coefficient and is indicated in the merged image.

After observing that wildtype GEF-H1 co-localised with the expressed viral protein NS3 we were
interested in investigating the interaction of NS3 with the GEF-H1 mutants. For this, Vero cells
were used to co-express NS3 with the three different GEF-H1 mutants C53R, ADH and S885A. Cells
were stained with anti 6xHIS antibody and analysed via immunofluorescence microscopy (Figure
26). Surprisingly, the cellular distribution of all mutants seemed to be affected when cells co-
expressed NS3. This included the C53R mutant which lacks the ability to bind to the microtubules
and did not have an effect on the location and size of the MNV RC. Comparable to the co-
expression of NS3 and wildtype GEF-H1, the morphology of the mutants was dispersed and
diffuse. Co-expression of NS3 and the constitutively active mutant S885A appeared to have the
lowest changes in morphology, including the formation of microtubule fibres. Those fibres were
less thick and prominent than previously observed in the single expression of the protein, but

were still inducible in contrast to the wildtype GEF-H1.
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Figure 26 Expression of NS3 changes the location and morphology of the different GEF-H1 forms. Vero cells were co-transfected
with the HIS-tagged viral protein NS3 and the four different GEF-H1-GFP forms (WT, C53R, ADH, S885A). The GFP signal of the
different GEF-H1 forms is displayed in panel a, e, i and m, while panels b, f, j and n show the staining with the anti 6xHIS antibody.
Panel ¢, g, k and o show the merged image including the nuclear stain (DAPI). Panel d, h, | and p represent the merged image of
GEF-H1-GFP transfected, but uninfected cells. Co-transfected cells displayed a dispersed morphology of GEF-H1 compared to cells
transfected with the GEF-H1 forms only (panel d, h, | and p). The co-localisation was quantified with the Pearson’s coefficient and
is indicated in the merged image (panel c, g, k and o).

5.2.5 The MNV protein NS3 directly interacts with GEF-H1

To further validate the observed co-localisation of NS3 and GEF-H1 in the immunofluorescence
analysis, both proteins were co-expressed in 293T cells and analysed via co-precipitation to
determine if these two proteins interacted directly. The expressed NS3 protein was precipitated

by utilizing its 6xHIS tag and a HIS bead based assay. The precipitate was subsequently analysed
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by immunoblotting and examined for the presence of NS3 (anti 6xHIS antibody) and GEF-H1 (anti-
GEF-H1 antibody) (Figure 27). A 6xHIS positive signal corresponding to the size of NS3 (39 kDa)
was detected in the precipitate of the lysate of NS3 only and NS3 and GEF-H1 expressing cells,
confirming the successful precipitation of NS3. GEF-H1 could be detected in the lysate of GEF-H1
only and GEF-H1 and NS3 transfected cells, verifying the successful expression and co-expression
of the protein. Analysing the NS3 precipitate, GEF-H1 could be detected in cells lysates co-

expressing NS3. This indicates that GEF-H1 not only co-localises with NS3, but can also bind to it.
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Figure 27 GEF-H1 WT associates with viral protein NS3. For further verification of the interaction between NS3 and GEF-H1 WT,
293T cells were co-transfected with both proteins and cell lysates were analysed via immune precipitation. Lysates were incubated
with cOmplete His-Tag Purification Resin to pull down the His-tagged NS3 and possible interaction partners. When cells were co-
transfected with NS3 and GEF-H1 WT, GEF-H1 WT-GFP could be detected in the pull down with NS3. Precipitate: proteins bound to
cOmplete His-Tag Purification Resin. Lysate: proteins which did not bind to the resin.

During our co-expression studies, we not only observed that co-expression of NS3 and GEF-H1
lead to a distribution of GEF-H1, but we had also noticed an effect of NS3 on the overall expression
level of GEF-H1. To test if NS3 was influencing the expression of GEF-H1, we co-expressed GEF-

H1 with several MNV NS proteins, including NS3, and analysed these cells via flow cytometry. In
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addition to the GFP tag of GEF-H1, we stained the cells with an anti 6xHIS antibody against the
expressed MNV NS proteins. Cells were selected for a positive NS protein (anti 6xHIS) stain and
then examined for their GEF-H1-GFP signal (Figure 28 A). There was no significant difference
between cells positive for the NS proteins NS1-2, NS3 and NS5, with all of them having similar co-
expression of GEF-H1-GFP in the co-transfected cells. We then investigated the level of GEF-H1-
GFP expression and divided the GFP-positive population in LOW and HIGH expressing cells. HIGH
GEF-H1-GFP expressing cells corresponded with microtubule fibre formation, emitting a strong
and bright signal (Figure 28 B). Focusing on the amount of HIGH GEF-H1-GFP expressing cells in
the NS protein positive population, we saw a significant decrease in the NS3 and GEF-H1-GFP co-
expressing cells. Only 1.18 % of the NS3 and GEF-H1-GFP positive cells displayed a HIGH GEF-H1-
GFP expression. We did not observe this decrease in the NS1-2 or NS5 transfected cells co-
expressing GEF-H1-GFP. NS1-2 and NS5 positive cells co-expressing GEF-H1-GFP showed a similar
percentage of about 20 % of HIGH GEF-H1-GFP expressing and microtubule fibre containing cells.
These results suggest that NS3 does not completely inhibit the expression of GEF-H1 when co-
expressed, but might interfere with the level of GEF-H1 being expressed, the activity of GEF-H1
and the formation of microtubule bundling. This correlates with our IFA in Figure 25 and Figure

26.
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Figure 28 Co-expression with NS3 inhibits high expression of GEF-H1 WT. 293T cells were either transfected with GEF-H1-GFP WT
or co-transfected with the NS viral proteins NS1-2, NS3, and NS5. Cells were fixed 18 h.p.t. and stained with anti-6xHIS antibody
for flow cytometry analysis. Cells expressing a high amount of GFP (fluorescence intensity > 105) were selected as an indicator for
GEF-H1 bundling. The percentage of A overall and B high GFP-expressers versus GFP-positive cells was calculated and is displayed
in the graph above. Cells co-transfected with GEF-H1 WT and NS3 show a reduction in high GFP expressing cells compared to cells
co-transfected with other NS proteins (n=3, average +/- SEM, ns:p>0.05, *p<0.05).

5.2.6 Endogenous GEF-H1 and its interaction with MNV replication

Based on the interesting previous results focusing on the overexpression of GEF-H1, we aimed to
investigate the interaction of endogenous GEF-H1 with MNV replication and its viral proteins. For
this we obtained a GEF-H1 specific antibody and analysed the location and interaction of GEF-H1
during infection. Mouse macrophages were infected for 12h and 18h (MOI 5), fixed and
subsequently immune-stained with anti GEF-H1 and anti NS4 antibodies (Figure 29). Uninfected
cells displayed a cytoplasmic and microtubule-like staining pattern for GEF-H1 (Figure 29 a-d),
indicating the association of GEF-H1 with microtubules but we did not observe thick fibre
structures indicative of microtubule bundling. The MNV-infected cells displayed only minor
changes in the morphology of GEF-H1 at 12h (Figure 29 e-h) or 18h (Figure 29 i-l) after infection

without a clear induction of microtubule fibres. However, we did observe that GEF-H1 partially
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co-localised with the MNV replication complex in the perinuclear region at both time points

analysed.

This result suggests that GEF-H1 might be recruited or sequesters within the MNV
replication complex. This redistribution could be attributed to either (i) a host response involved
in the sensing of MNV and the activation of the antiviral immune response, (ii) be required for
MNYV replication, or (iii) be targeted by the virus to avoid immune detection and dampen the anti-

viral response.

Anti GEF-H1 Anti NS4

Merge

Figure 29 The replication complex (RC) of MNV co-localises with endogenous GEF-H1 in the perinuclear area. RAW264.7 cells
were infected with MNV (MOI 5) and fixed at 12 h and 18 h after infection. Panels a, e, i and m show the staining for the anti GEF-
H1 antibody (green), panels b, f, j and n display the staining with an anti-NS4 antibody (red). Panel c, g, k and o represent the
nuclear staining with DAPI (blue) and panels d, h, | and p show the merged pictured of all channels. Stained cells were analysed via
confocal microscopy and the co-localisation was quantified with the Pearson’s coefficient.
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After confirming the association of MNV and endogenous GEF-H1 during infection, we expressed
the single MNV non-structural proteins and VP1 in Vero cells and investigated their interaction
with endogenous GEF-H1 via immunofluorescence analysis (Figure 30). The MNV NS proteins
were visualised through antibody staining with an anti-6xHIS antibody. Surprisingly, we did not
detect a significant amount of co-localisation between endogenous GEF-H1 and NS3 (Figure 30i-
[); an association we had previously observed during co-expression of both of this proteins (Figure
25e-h). Cells that expressed the viral proteins NS4 and NS1-2 showed some co-localisation or
changes in the GEF-H1 morphology, respectively, which we had not observed in the co-expression

of the NS proteins and GEF-H1-GFP.
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Figure 30 Some NS proteins change the cellular location of endogenous GEF-H1 and co-localise with it. HelLa cells were
transfected with the HIS-tagged viral proteins (NS proteins and VP1) and fixed 24h after transfection. Panel a, e, i, m, q, u, y and
ac show the staining for the anti GEF-H1 antibody, panel b, f, j, n, r, v, z and ad display the staining with an anti 6xHIS antibody.
Panelc, g, k, 0, s, w, aa and ae represent the nuclear staining with DAPI and panel d, h, |, p, t, x, ab and af are showing the merged
pictured of all channels. Stained cells were analysed via confocal microscopy and the co-localisation was quantified with the
Pearson’s coefficient.

5.2.7 SsiRNA knockdown of endogenous GEF-H1 does not affect MNV replication complex
formation or localisation
To disentangle the interaction of GEF-H1 and MNV and further investigate the function of GEF-

H1 during MNV infection, we used siRNA to knock down endogenous GEF-H1 in murine
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macrophages. Cells were treated with siRNA specific for GEF-H1 twice to ensure efficient knock
down of the protein before they were infected with MNV (MOI 5) for 12h. The successful knock
down of GEF-H1 was verified via immunoblotting and immunofluorescence (Fehler!
Verweisquelle konnte nicht gefunden werden.). Macrophages treated with GEF-H1 siRNA had a
significantly lower signal for endogenous GEF-H1 compared to cells that were treated with control
siRNA or left untreated. Even though the knockdown was robust in the immunoblot analysis, our
IFA revealed a few cells still expressing GEF-H1 at a level comparable to control cells in the siRNA
treated cells. If the number of these cells was less than 5% the knockdown was considered
successful. Staining for the viral protein NS4 revealed that there was no significant difference in
the amount of infected cells or the shape and location of the replication complex in GEF-H1 siRNA
treated cells or control treated cells. These findings indicate that GEF-H1 is not essential or

required for MNV replication and the lack of GEF-H1 did not seem to promote viral replication.
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Figure 31 Treatment with siRNA3 (GEF-H1) leads to the knock down of endogenous GEF-H1 in RAW264.7 cells. RAW264.7 cells
were treated twice with GEF-H1 siRNA (siRNA3) or control siRNA (siRNA-ve), before cells were infected with MNV (MOI 5) for 12 h.
A Immunoblot analysis of whole cell lysates stained with antibodies against GEF-H1, NS7 and actin. B Panel a, d, and g show the
staining for the anti GEF-H1 antibody, panel b, e and h display the staining with an anti dsRNA antibody. Panel c, f and i represent
the merged pictured of all channels including the nuclear stain (DAPI). Stained cells were analysed via confocal microscopy.
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5.2.8 SsiRNA knockdown of endogenous GEF-H1 does not affect MNV genome replication or
infectious virus production
To extend the previous observation that GEF-H1 does not influence the formation or localisation
of the viral replication complex, we determined if GEF-H1 played any other role during the MNV
lifecycle. Thus, we enumerated the production of infectious virus as well as the amount of viral
MRNA produced during replication in GEF-H1 knockdown cells compared to untreated cells. For
thus murine macrophages were treated twice with GEF-H1 siRNA or control siRNA and infected
with MNV for 12h. Supernatants and RNA samples were harvested and analysed via plaque assay
and RT-qPCR, respectively (Figure 32). We observed no significant difference in viral titres
between cells that were treated with GEF-H1 siRNA, control siRNA or left untreated (Figure 32 B).
This indicates that GEF-H1 does not influence the assembly or release of progeny infectious MNV
particles. A similar observation was made when we quantitated the amount of viral RNA
generated during MNV infection (Figure 32 A). Again, there was no significant difference in the
amount of viral RNA produced between cells treated with GEF-H1 siRNA, control siRNA or the
untreated cells. Combined these results put into question the postulated critical role GEF-H1 plays

in viral sensing.
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Figure 32 Knock down of endogenous GEF-H1 with siRNA3 in RAW264.7 cells does not affect MNV replication. RAW264.7 cells
were treated twice with GEF-H1 siRNA (siRNA3) or control siRNA (siRNA-ve), before cells were infected with MNV (MOI 5) for 12 h.
A Cells were lysed and RNA was extracted. Relative fold expression of MNV mRNA compared to mock cells was analysed via RT-
gPCR (n=3, average +/- SEM, ns:p>0.05).B The supernatant of the infected cells was collected and used to determine viral titres via
plaque assay.

5.2.9 Suppression of GEF-H1 expression does not affect the production of cytokines in response
to Poly(l:C) stimulation or MNV infection
The knockdown of GEF-H1 in murine macrophages did not lead to a change in viral replication
unlike previous studies performed with IAV (Chiang, Zhao et al. 2014). The role of GEF-H1 among
others has been characterised as an adaptor protein to enhance host viral sensing via the RIG-
I/MDAS5 pathway. A downstream effect of this signalling pathway is the induction of type |
interferon, mainly IFNP. To test if the reduction of endogenous GEF-H1 in RAW264.7 cells affects
the induction of IFNP, we again treated cells with GEF-H1 siRNA, control siRNA or left them
untreated, before infecting them with MNV for 12h or treating them with poly(l:C). Poly(I:C) is a
dsRNA analogue and was used as a positive control to induce IFNP transcription. After infection

or stimulation RNA samples were harvested and analysed for the expression of IFNf mRNA as
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well as TNFoo mRNA as a control via RT-gPCR (Figure 33). Poly(l:C) treated and MNV infected cells
both showed the induction of IFNJ} and TNFa compared to uninfected cells, but the amount of
mRNA which was produced differed between both cytokines. In the case of IFNB, poly(l:C)
treatment generated lower amounts of IFNf mRNA compared to MNV infected cells, whereas the
levels of TNFa transcription did not differ significantly between MNV infected and poly(l:C)
treated cells. The IFNf mRNA levels did not differ significantly between GEF-H1 siRNA treated,
control siRNA treated and untreated cells when cells were infected with MNV. This result suggests
that GEF-H1 is not essential for the induction of type | IFN in MNV infected cells, because there
was no reduction in IFNB mRNA levels when GEF-H1 was knocked down. The induction of TNF is
not directly linked to the dsRNA sensing pathway and was used as a control. Similar to IFNf3 there
was no change in TNFo mRNA levels between GEF-H1 knock down, or control treated cells,

highlighting the fact that GEF-H1 is not needed for the expression of IFNB mRNA.
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Figure 33 Knock down of endogenous GEF-H1 with siRNA3 in RAW264.7 cells does not lead to significant changes in the mRNA
expression of IFN8 and TNFa. RAW264.7 cells were treated twice with GEF-H1 siRNA (siRNA3) or control siRNA (siRNA-ve), before
cells were either infected with MINV (MOI 5), treated with Poly(I:C) or left untreated for 12 h. Cells were lysed and the RNA was
extracted. Relative fold expression of A IFN8 and B TNFoao mRNA compared to mock cells was analysed via RT-qPCR (n=3, average
+/- SEM, ns:p>0.05).
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The data we have obtained so far indicates that GEF-H1 is not essential for the induction of IFNf3
during MNV infection and that a reduction in endogenous GEF-H1 does not promote nor restrict
viral replication. These observations stand in stark contrast to studies on Influenza A virus
highlighting the importance of GEF-H1 to induce type | IFN (Chiang, Zhao et al. 2014). That study
also showed that the lack of GEF-H1 leads to higher viral titres and viral mRNA levels. To test our
model and to verify the results presented in the above mentioned study, we repeated our GEF-
H1 siRNA experiments with influenza strain X31, a mouse specific Influenza A virus strain, as well
as MNV and West Nile Virus (WNV) as a control. Mouse macrophages were used to generate GEF-
H1 knockdown cells via siRNA treatment. Knockdown as well as control cells were infected with
MNV, X31 and WNV (all MOI 5) and harvested at the virus specific peak replication time points
(12h, 18h and 21h post infection, respectively). Cells were harvested and analysed for the mRNA
levels of IFNB, TNFa and viral mRNA via RT-gPCR (Figure 34). We analysed the change in IFNP,
TNFa and viral mRNA induction by comparing infected siRNA treated cells (GEF-H1 siRNA and
control siRNA) to infected but untreated cells. As expected, there was no significant change in the
TNFa mRNA levels for any of the viruses when cells were treated with GEF-H1 or control siRNA,
because GEF-H1 has so far not been described to play a role in the TNFa signalling pathway.
Contradicting the studies on GEF-H1 and IAV, we were not able to detect a difference in IFNf3
MRNA levels in GEF-H1 knockdown cells infected with X31 (Figure 34 A). Additionally, we did not
observe an increase in X31 viral RNA in the GEF-H1 siRNA treated and X31-infected cells (Figure
34 C). Interestingly, GEF-H1 siRNA treated cells infected with WNV displayed significantly lower
levels of IFNB mRNA compared to untreated cells indicating a supporting effect of GEF-H1 in the
IFNB induction during WNV infection. However, this effect did not correlate with an increase in

WNV mRNA. Surprisingly, GEF-H1 siRNA treated and MNV infected cells showed a significant
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increase in the levels of viral MRNA compared to control siRNA treated cells. However, the overall
increase was rather modest and most likely does not have a biological significance during

replication.

Overall, we propose that suppression of GEF-H1 via siRNA did not contribute significantly
to the induction of the innate immune response, particularly the induction of IFNf, nor does it
affect the replication kinetics of a range of RNA viruses including both positive-sense (e.g. MNV
and WNV) and negative-sense viruses (e.g. influenza virus). We would thus argue against the
postulated role of GEF-H1 in promoting the activation of the innate immune response during RNA

virus infection.
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Figure 34 Knock down of endogenous GEF-H1 with siRNA in RAW264.7 cells leads to changes in the expression of IFN8 and viral
mMRNA in MNV and WNYV infected cells. RAW264.7 cells were treated twice with GEF-H1 siRNA, control siRNA or left untreated,
before cells were either infected with MNV (MOI 5), X31 (MOI 5) or WNV (MOI 1). Cells were lysed and the RNA was extracted.
Relative fold expression of A IFN8 and B TNFa C viral mRNA compared to infected but untreated cells was analysed via RT-qPCR
(n=4, average +/- SEM, ns:p>0.05, *p<0.05).
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5.3 Discussion

In this Chapter, we aimed to determine the contribution of the host protein GEF-H1 during the
replication cycle of MNV. We investigated GEF-H1 as it is a protein that is known to bind
microtubules and to regulate and activate the innate immune response upon sensing of an RNA
virus infection. Our initial studies focussed on over-expression of wild-type and mutant GEF-H1
proteins and their potential interaction with the MNV NS3 protein. We subsequently investigated
the association of endogenous GEF-H1 with MNV and its contribution to innate immune

regulation.

GEF-H1 and the MNV NS3 proteins have both been observed to associate with
microtubules (Krendel, Zenke et al. 2002, Pathak and DerMardirossian 2013, Cotton, Hyde et al.
2016) thus we investigated whether these two proteins interacted with or affected the function
of each other. During our transient transfection studies we observed that cells expressing GEF-H1
alone display a distinct staining for GEF-H1, which co-localises with the microtubule component
tubulin and leads to the formation of microtubule bundles. However, co-expression of the MNV
NS3 protein and GEF-H1 significantly affected the morphology and localisation of GEF-H1. GEF-
H1 and NS3 co-expressing cells displayed a rather diffuse labelling for GEF-H1 without the
formation of microtubule fibres. In addition, when co-expressed with NS3, GEF-H1 no longer
appeared to co-localise to the microtubules, but displayed a more prominent partial co-
localisation with NS3. The association of both proteins was confirmed via immune precipitation,

suggesting a direct interaction between both of these proteins.

Although we have not explored the interaction between NS3 and GEF-H1 in great detail

we hypothesise that NS3 could affect GEF-H1 via three different mechanisms (Figure 35). First of

132



all by direct association with GEF-H1, e.g. through binding and therefore inhibiting GEF-H1 or by
changing the phosphorylation status of GEF-H1. GEF-H1 is postulated to be inactive and binds to
microtubules in its phosphorylated state, whereas dephosphorylation leads to the release from
the microtubules and the subsequent activation of GEF-H1 (Chiang, Zhao et al. 2014). The
hypothesis of a direct interaction would be supported by the findings that co-expression of NS3
seemingly leads to the detachment of GEF-H1 from the microtubules and that GEF-H1 and NS3
co-localise and can be precipitated together. Another possibility is an indirect interaction of NS3
with GEF-H1 through their common binding partner, the microtubules, and more specifically
tubulin. NS3 has been shown to partially co-localise with the microtubule marker p-tubulin and
it’s mobility in the cells is dependent on the microtubule network (Cotton, Hyde et al. 2016). As
previously shown, GEF-H1 also co-localises with tubulin and could therefore be affected by
changes in the microtubule network. Changes like that could be the result of another protein
binding to tubulin, such as NS3. The expression of NS3 and subsequent binding of the protein to
the microtubules could interfere with the binding of GEF-H1 to tubulin and indirectly release GEF-
H1 from the microtubules, resulting in a similar phenotype as a direct interaction of both proteins
would. However, this hypothesis is contested by the direct association of NS3 and GEF-H1 in the
immunoprecipitation assay supporting a direct interaction. On the other hand, in the setting of
an MNYV infection, expression of GEF-H1 and its mutants lead to changes in the size and number
of viral RCs, except for the C53R mutant, which is not able to bind to the microtubules. This
indicates that removing the ability of GEF-H1 to bind to the microtubules and its potential
mediator, abolishes the effect that GEF-H1 expression has on the MNV RC, changing the location
and amount of MNV RCs. A third hypothesis to explain the findings of the effect of NS3 on GEF-

H1 is the ability of NS3 to reduce the high expression of GEF-H1. NS3 may inhibit the ability of
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GEF-H1 to induce microtubule fibres by limiting the amount of GEF-H1 produced in cells and
thereby reduce the ability to bind to the cytoskeleton network. In this case GEF-H1 is not released
from the microtubules, but fails to establish an interaction with tubulin and the formation of
microtubule fibres from the start. The reduction of GEF-H1 expression could be either specific for
GEF-H1 or an overall effect of NS3 on protein expression. The effect of MNV in general and NS3

in particular on protein expression is something we are currently investigating.
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Figure 35 Schematic model of the potential interaction of MNV/NS3 and GEF-H1

After we observed the drastic changes in the number and size of the MNV RC when GEF-
H1 WT, S885A and ADH were overexpressed, we analysed the effect and interaction of
endogenous GEF-H1 and MNV. Immunofluorescence analysis showed a partial association of

endogenous GEF-H1 with the MNV RC in the perinuclear region close to the MTOC. Apart from
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the co-localisation we did not observe any changes in the morphology of GEF-H1 during MNV
infection. In the model proposed by Chiang et al, GEF-H1 aids in viral sensing once it has been
released from the microtubules. This release is associated with the dephosphorylation of the
protein and a reduction in microtubule binding. Based on this model, we expected to observe a
change from the microtubule-like staining of GEF-H1 in the immunofluorescence microscopy
analysis due to the activation of GEF-H1 during infection and its release from the microtubules.
As we did not observe this change in localisation it indicates that either GEF-H1 is not playing a
major role and not activated upon MNV infection, or GEF-H1 is blocked by the virus either through
direct binding or by inhibiting the dephosphorylation of the protein. To further disentangle the
role of GEF-H1 during MNV infection, GEF-H1 expression was suppressed via siRNA treatment in
mouse macrophages. Cells treated with GEF-H1 specific siRNA displayed a marked reduction
(~90%) in the expression of GEF-H1. However, knockdown of GEF-H1 did not reduce the level of
IFNB mRNA produced during an MNV infection, indicating that GEF-H1 was not essential for
dsRNA sensing or activating the innate immune response during infection. Viral RNA as well as
viral titres were used to investigate the ability of the virus to replicate within the cell in the
presence or absence of GEF-H1. The lack of GEF-H1 did not increase viral replication, hinting on
the fact again that GEF-H1 might not play a role in combatting MNV infection. Conversely, GEF-
H1 siRNA treated cells did not show a reduction in viral replication either, illustrating that MNV
replication is not dependent on the presence GEF-H1 to facilitate replication. All these
observations indicate that the postulated role of GEF-H1 in the viral sensing pathway might either
be specific for IAV or not as crucial as it has been hypothesised. To reconcile our results with the
published observations, we tested two other viruses, X31 (IAV) and WNV, in our GEF-H1 siRNA

knockdown model and similar to MNV we failed to see an effect of GEF-H1 on viral replication as
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well as the induction of IFN3 mRNA. At this stage we cannot exclude the possibility that MNV
interferes with GEF-H1 during infection and that the knockdown of GEF-H1 basically mimics an
infection. To test if this hypothesis and to verify if the protein is inhibited by the virus, we can
overexpress the constitutively active mutant S885A and analyse if MNV replication is affected.
Despite various efforts of transfecting RAW264.7 cells with WT GEF-H1-GFP and GEF-H1-GFP
mutants, we were unable to generate a cell population expressing GEF-H1-GFP in high enough
numbers to make a robust assumption about the effect of the tested proteins in the context of
MNV infection. Transfection efficiencies ranged from 1-12% with the majority of the cell
population being untransfected. Therefore, we made use of the GFP marker in the transfected
cells and sorted for GFP-positive cells via FACS. Unfortunately, low transfection efficiencies in
combination with a cytotoxic effect of GEF-H1 overexpression and the sensitivity of RAW264.7
cells to cell sorting lead yields of GFP-positive cell which were not high enough to be analysed. To
approach the transfection efficiency issue from a different angle, we generated Lentivirus
plasmids with a pLenti6 backbone and the sequence for GEF-H1 WT and its three mutants (C53R,
ADH, S885A), including a GFP tag. We were able to successfully produce Lentivirus particles
including the sequence for GEF-H1-GFP in 293T cells. 293T and Vero cells were found positive for
GFP-expressing cells 48h after Lentivirus particle exposure, but only minimal numbers of
RAW264.7 were found to be GFP-positive (<1%). In conclusion, due to technical issues and time
constraints we have so far not achieved to obtain a cell population, which is dominantly positive

for GEF-H1, but we will continue to work on an efficient delivery system.

Overall, we have observed that the cellular microtubule associated protein GEF-H1

partially associates with the MNV RC. However, this association between GEF-H1 and MNV RNA
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replication does not appear to be essential as siRNA treatment specific for GEF-H1 did not result
in any decrease or increase in MNV replication. It is important to note that the siRNA treatment
is not a complete deletion of the protein, which might have affected our results. Additionally,
there might be other pathways compensating for the loss of GEF-H1 which lead to no observable
changes in MNV replication. However, we did observe that the MNV NS3 protein can associate
with GEF-H1 during transient over-expression of both these proteins. Intriguingly, NS3 could
affect and negate the microtubule-bundling properties of GEF-H1 indicating that the MNV NS3
protein most likely affects microtubule dynamics, and supports previous studies from our lab on
the connections between MNV, NS3 and microtubules (Hyde, Gillespie et al. 2012, Cotton, Hyde
et al. 2016). Additionally, we have discounted the postulated role of GEF-H1 as an initiator of the

innate immune response during RNA virus replication.
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Chapter 6

General Discussion
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HuNoVs cause sporadic local outbreaks of gastroenteritis and regular pandemics which affect
millions of people worldwide, leading to a major burden on the health system and an estimated
economic cost of about 60 billion dollars every year (Bartsch, Lopman et al. 2016). Recent
outbreaks, especially in enclosed environments such as hospitals, childcare and aged care
facilities, highlight the significance and impact of the virus. So far, no efficient antiviral drug or
vaccine has been developed, which impedes the ability to control outbreaks and to protect the
most vulnerable individuals (i.e. children, the elderly and the immunocompromised), within the
population. This indicates the importance of ongoing NoV research to be able to acquire a better

understanding of the interaction between the virus and the immune response of the host cell.

In this study, we investigated the role of the host immune response during MNV infections
as a model to further our knowledge about NoVs. MHC class | proteins are a crucial component
of the immune response against viruses and are responsible for the presentation of host and viral
peptides on the cell surface. We have shown that MNV infection leads to the reduced surface
expression of MHC class | proteins, which is caused by a reduction in intracellular levels of the
protein (Chapter 3, Figure 10 and Figure 13). By manipulating the intracellular levels of MHC
class |, the virus is targeting MHC class | proteins early in the antigen presentation pathway and
reducing the risk of surface exposure of viral antigen. Time course experiments (Chapter 3, Figure
11) revealed that the reduction in MHC class | surface expression occurs as early as 7 h post
infection, coinciding with the start of detectable translation of viral proteins. Further studies are
needed to uncover if this observation is due to viral proteins being available to target MHC class |
from that point onwards, or if the occurrence of viral proteins within the cell calls for a

preventative measure to avoid viral peptides from being exposed on the cell surface.
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We have identified that proteasomal degradation of MHC class | is a crucial contributor in
the reduction of intracellular MHC class | levels, however the treatment of MNV infected cells
with MG132 (Chapter 3, Figure 14) only lead to a partial rescue of the MHC class | surface
expression. There are several explanations for this observation and each of them should to be
addressed in future experiments. Apart from proteasome-mediated degradation, additional
lysosome-mediated degradation could be the cause of reduced MHC class | levels. Treating cells
with a combination of proteasome and lysosome inhibitors would be a great way to start
disentangling the degradation pathways. Another explanation could be the dual role of the
proteasome in the MHC class | pathway. On the one hand it can cause the degradation of MHC
class | and reduce its intracellular levels, on the other hand it generates the vast pool of peptides
which is needed to form the MHC class | and peptide complexes, before they are presented on
the cell surface. The fact that MG132 treatment was able to partially restore MHC class | levels
on the surface highlights not only the impact of the proteasome on MHC class | degradation, but
also indicates the importance of alternative pathways which generate peptides. Alternative
pathways which have been identified so far are the endo/phagocytic pathway and autophagy
(Shen, Sigal et al. 2004, Tiwari, Garbi et al. 2007, English, Chemali et al. 2009). MNV has been
shown to cause the induction of autophagosomes, even though these fail to mature in the
presence of MNV (O’Donnell, Hyde et al. 2016). Last but not least, it needs to be considered if the
partial rescue is caused by an indirect effect on protein levels. By blocking the function of the
proteasome and degradation of most proteins, protein levels are either increasing due to
continued synthesis or stabilised in the case of translation inhibition. In chapter 4 we have shown
that MNV affects the translation of host proteins which most likely includes MHC class | proteins.

Even though the addition of MG132 would not restore the synthesis of the proteins, it would help
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to stabilise the existing levels of MHC class | proteins. The lack of continuous translation and
synthesis of MHC class | proteins during the translational shutdown could also explain the partial
but incomplete rescue of MHC class | surface expression following MG132 treatment. To uncover
if MHC class | protein levels are decreased due to degradation or inhibition of translation, PKR KO
cells could be utilised in future studies. Without PKR as the initiator of host translation inhibition,
MHC class | translation should be unimpeded and changes in the intracellular and surface levels

of the protein would be solely due to degradation.

The decrease in MHC class | levels seems to be caused by the MNV NS3 protein, which is
essential and sufficient for the reduction of MHC class | on the cell surface. So far, little is known
about the function of NS3 within the cells, but it has been identified as an NTPase. MNV NS3 could
affect MHC class | proteins directly, or indirectly through the association with other host proteins.
NS3 has been shown to interact with the microtubule network as well as the microtubule
associated GEF, GEF-H1 (Chapter 5, Figure 23 and (Cotton, Hyde et al. 2016)). The microtubules
form an important transport network within the cell which could be utilised by NS3 to cause the

redistribution of MHC class | proteins to the lysosome or proteasome degradation pathway.

Having identified MHC class | proteins as a target of MNV NS3 raises the question if either
NS3 or MHC class | can be manipulated to impede viral replication, lessen disease severity and
inhibit spread. Unfortunately, the lack of information about NoV NS3 makes it difficult to
speculate on the effectiveness of targeting NS3. Proteasomal inhibitors on the other hand are
studied widely and are mostly used in cancer treatment, such as VELCADE® (Bortezomib)
(Richardson, Hideshima et al. 2003, Adams and Kauffman 2004). Due to the multifunctional role

of the proteasome, the inhibition of the complex could lead to severe side effects and renders a
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proteasome inhibitor a less likely NoV antiviral candidate. Additionally, studies have shown that
IFNY is crucial for the induction of MHC class | synthesis and could be used to boost MHC class |
expression (Blanar, Baldwin Jr et al. 1989, Driggers, Ennist et al. 1990). It has been tested in several
autoimmune diseases, osteoporosis and cancer (Aulitzky, Gastl et al. 1989, Key Jr, Rodriguiz et al.
1995), but similar to proteasome inhibitors it bears side effects that might be more severe than
the actual infection with MNV and would therefore be more detrimental than beneficial to the

patient.

Even though the cause for the reduced levels of intracellular MHC class | remains to be
fully elucidated, there is clear evidence that the reduced intracellular levels lead to a decreased
surface expression of MHC class I. From a virus point of view, this is an excellent way to avoid
immune detection and dampen the immune response. MHC class | antigens are usually
recognised by CD8+ T cells. If no or only a few viral antigens are presented on the cell surface
CD8+ T cells are inhibited in their cytotoxic activity against infected cells. This allows the virus to
replicate unconstrained and facilitates spread. Although NoV infections are acute and are
generally cleared within 24-48 h after the onset of symptoms, shedding of the virus has been
reported to occur for up to several weeks. This indicates that a small reservoir of infected cells
remains undetected and continues to generate viral particles, increasing infectivity and spread.
The ability of the virus to remain in the host for several weeks might be associated with its ability
to hide from the host immune response. Studies comparing acute strains of MNV with persistent
strains have indicated that the CD8+ T cell response is reduced in persistent strains compared to

acute strains (Tomov, Osborne et al. 2013). Considering that an acute strain has been used
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throughout this study, it will be a crucial aim in future experiments to uncover a potential effect

of the reduced MHC class | surface expression on the CD8+ T cell response.

CD8+ T cell activation leads to clonal expansion of viral antigen specific CD8+ T cells and
the cytotoxic activity against viral antigen presenting cells. Additionally, a small amount of
activated CD8+ T cells turns into CD8+ memory T cells, which are activated upon secondary
exposure to the viral antigen and cause a stronger and faster response. Considering that a primary
exposure to MNV and HuNoV does not necessarily lead to a prolonged secondary exposure
protection, it is interesting to speculate that the reduced surface expression of MHC class |
proteins might dampen the CD8+ T cell response and affect CD8+ T cell memory. If this hypothesis
proves to be true, these findings could not only help understand the impact of the CD8+ T cell
response in combatting and clearing infection, but could also have a major impact on vaccine

development.

We further investigated the secretion of cytokines as a tool to analyse the efficiency and
effectiveness of antiviral signalling during MNV infection. The release of cytokines such as type |
IFN and TNFa is crucial to activate the innate immune response and reduce spread. Secreted
cytokines can stimulate the infected cell through surface receptors to induce an antiviral response
and alert surrounding cells. Depending on the cell type, surrounding cells either induce an
antiviral state to protect themselves from the infection or become activated in the case of
immune cells, like NK cells. We have shown that cytokine secretion is diminished in MNV infected
cells despite an increased transcription of cytokine genes (Chapter 4, Figure 16 and Figure 18).
This lack in cytokine secretion is not based on an inhibition of secretion, but due to reduced

translation of host cell proteins (Chapter 4, Figure 19 and Figure 20).
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The inability of MNV infected cells to release cytokines is highly detrimental for the host.
Without the release of cytokines and other signalling molecules, surrounding cells cannot be
alerted and the virus can replicate mostly unimpeded, at least during early stages of infection.
NoV infections are usually associated with short incubation periods, which could be caused by the
dampened immune response and impeded antiviral signalling. Even though the innate immune
signalling is inhibited during the first round of replication, the host immune response is able to
fight the infection and lead to the reduction of symptoms after only 24-48 h. The immune system
seems be activated during the course of infection through other stress factors, like increased cell

death, which is seems to be unimpeded by the virus.

We aimed to interrogate the effect of MNV on cytokine synthesis and secretion and
uncovered that the lack in cytokine release is due to a shutdown of the host cell translation
machinery. It is important to note that this is not only affecting cytokine translation and the
subsequent secretion, but also other cellular proteins which are usually induced during viral
infections. In addition to the reduced cytokine synthesis, we also observed a reduction in
intracellular levels of MHC class | proteins in MNV infected cells (Chapter 3, Figure 13) and
changes in abundance and location for GEF-H1 (Chapter 5, Figure 25 and Figure 28), which has
been shown to promote and amplify the innate immune response to dsRNA within the cell. Both
findings could be based on or connected to the reduction in host cell translation. It is important
to mention that in both cases MNV NS3 seems to play a crucial role, raising the question if it might
be involved in the inhibition of host cell translation. For future experiments, it would be
interesting to investigate if separately expressed NS3 can induce the inhibition of host cell

translation or if viral replication and the formation of dsRNA is needed to induce the shutdown.
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Based on our observations so far, we hypothesise that the inhibition of host cell
translation is initiated through the activation of PKR and the subsequent phosphorylation of elF2a
(Chapter 4, Figure 21). The activation of PKR is an antiviral response to infection which is induced
by dsRNA, an intermediate of viral replication. In this case, activation of PKR and the subsequent
inhibition of host cell translation would be an indirect effect of viral replication. Studies by
Emmott et al propose another, more targeted kind of host translation inhibition through PABP.
PABP is essential for binding of the poly-A tail of mRNAs and required for successful translation.
They show that the viral protease MNV NS6 is able to cleave PABP and that expression of MNV
NS6 leads to a 30% reduction in host translation (Emmott, Sorgeloos et al. 2017). Even though
both observations, the activation of PKR and the cleavage of PABP, lead to the inhibition of host
cell translation, it is critical to consider if both or only one of them is essential for the shutdown
of host cell translation. From an evolutionary point of view, the additional targeting of PABP by
MNV comes at a fitness cost that would only be beneficial for the virus if the activation of PKR
alone is not sufficient for the shutdown of host cell translation. To be able to recover from PKR
activation and subsequent phosphorylation of elF2a as well as to induce the expression and
translation of antiviral proteins during an infection, the host cell can activate GADD34. GADD34
activity is regulated through ATF4 and it can revert the phosphorylation of elF2o (Clavarino,
Claudio et al. 2012). Since we were not able to detect the translation and secretion of antiviral
proteins such as IFNP and TNFa, we can speculate that either GADD34 is inhibited during MNV
infection, or translation of these proteins is additionally inhibited by the cleavage of PABP through
MNV NS6. We aim to investigate the role of GADD34 during MNV infection in future experiments

to further clarify the effect of PKR/elF20. and PABP/NS6 on host cell translation.
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As previously mentioned, the inhibition of host cell translation is a known protective
mechanism of infected cells to impede viral protein synthesis, which is dependent on host cell
translation, and inhibit viral replication. This raises the question why MNV would either not
counteract the activation of PKR, or specifically promote PABP cleavage, considering that viral
replication is dependent on the host cell translation machinery. Unlike host cell mRNA, the 5’-end
of MNV mRNA is non-capped and instead bound to the viral protein NS5. HuNoV VPg and MNV
NS5 have both been shown to bind to the translation factors elF4G and elF4E (Daughenbaugh,
Fraser et al. 2003, Daughenbaugh, Wobus et al. 2006) and studies on MNV NS5 have
demonstrated a crucial role of the protein for viral translation and replication (Chung, Bailey et
al. 2014). It has therefore been proposed that MNV proteins can be translated in a cap-
independent manner and would be unimpeded by the inhibition of cap-dependent host mRNA
translation. The ability of the virus to efficiently replicate while inhibiting the host cell translation
and the expression of antiviral proteins is an efficient way to exploit the innate immune response

to promote viral infection.

MNYV is not only dependent on the cellular translation machinery, but also on a functional
microtubule network to establish its RC (Hyde, Gillespie et al. 2012). Recent advances have shown
that MINV NS3 is associated with the microtubules and uses the microtubule network to transport
vesicles within the cell (Cotton, Hyde et al. 2016). Successful infection is dependent on a
functional microtubule network and leads to the formation of thick microtubule bundles within
the cell. The observed phenotype is strikingly similar to the expression of the protein GEF-H1,
which is associated with the microtubules. Apart from regulatory functions within the cell such as

vesicle transport and the regulation of tight junctions, GEF-H1 plays an important role in the
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innate immune response against IAV (Chiang, Zhao et al. 2014). Without GEF-H1, IAV infection
leads to a reduced induction of IFNP through the RLR/MAVS pathway and higher levels of viral
replication. Based on the phenotypic similarity between the microtubule network of MNV
infected cells and GEF-H1 expressing cells, we investigated the effect of GEF-H1 on MNV infection.
We observed an interaction between GEF-H1 and its mutants with MNV NS3. Both proteins co-
localised with each other and affected each other’s location within the cell (Chapter 5, Figure 25).
Co-expression of NS3 and GEF-H1 also lead to a reduced fibre formation of the microtubules. This
could be either due to an inhibition of GEF-H1 through NS3 or caused by a reduced expression of

GEF-H1 in NS3 co-transfected cells.

The transport of NS3 positive vesicles has been shown to be dependent on the
microtubule network and the fact that GEF-H1 is a regulator of vesicle trafficking makes it
intriguing to speculate a possible interaction of GEF-H1 and NS3. This interaction might not affect
its function in the innate immune response pathway, but might play a role in the trafficking of
viral proteins and the establishment of the RC during MNV infection. This hypothesis is supported
by the fact that the overexpression of GEF-H1 and mutants which are associated with the
microtubules cause the redistribution of the MNV RC (Chapter 5, Figure 24). In general, it is also
important to acknowledge the multifunctional role of a GEF. Its activation might lead to the
activation of several GTPases within the cell which could have a positive or adverse effect on the

outcome of infection, which needs to be addressed in future studies.

Despite the interaction of GEF-H1 and MNV NS3, we were unable to detect any changes
during MNV infection when GEF-H1 expression was silenced via siRNA treatment (Chapter 5,

Figure 32, Figure 33 and Figure 34). These observations raised the question if GEF-H1 was playing
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a role during MNV infection at all or if its function would be inhibited by MNV. Even though we
undertook numerous efforts to answer this question, we were not able to overcome the technical
issues involved in the overexpression of GEF-H1 in RAW264.7 cells or any other MNV susceptible
cell line (e.g. BMM, DC 2.4). Therefore we can only speculate about the role of GEF-H1 during
MNYV infection. A major downstream effect of GEF-H1 activity shown during IAV infection is the
induction of IFNP, but studies on IFNf transcription in GEF-H1 knockdown cells revealed an
uninhibited induction of the cytokine (Chapter 5, Figure 33 A). Additionally, we tested the immune
response of GEF-H1 knockdown cells to IAV infection and in contrast to previous reports did not
observe a detrimental effect on the induction of type | IFN (Figure 34). This would support the
hypothesis that the role of GEF-H1 during MNV infection as well as IAV is not as crucial as it has
been proposed. It is important to note here that the previous studies by Chiang et al have been
conducted with the IAV strain A/PuertoRico/8/1934 (PR8), whereas the A/X-31 strain was used in
this study. The only difference between both viruses is the HA and NA profile, with PR8 displaying
H1IN1 and X-31 displaying H3N2 on the cell surface. Nevertheless, this difference in IAV strains

might explain the different effect of GEF-H1 on the innate immune sensing pathway.

In conclusion, this study enhanced the current knowledge about the host immune
response to MNV infection and how the virus is manipulating the host cell to ensure efficient
replication. MNV is able to replicate within the host cell by employing the hosts translation
machinery. Whilst exploiting host cell translation MNV is capable of inhibiting the translation of
host cell proteins, causing the inhibition of innate immune responses. All immune response
proteins investigated in this study, cytokines, MHC class | proteins and GEF-H1, have been shown

to either be reduced or ineffective during MNV infection. This highlights how efficiently the virus
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evades the host immune response, even though it does not seem to entirely prevent the
recognition through the immune system. Symptoms are reduced in healthy individuals after 24-
48 h, which poses the questions how and when the innate immune response is able to interfere
with and counteract the infection. Lastly, observations in this study have drawn attention to MNV
NS3 which seems to be a very versatile and effective protein. Unfortunately, we know little about
its function so far, emphasising the need to investigate its role and function further, to potentially

be able to use NS3 as a target in antiviral strategies against NoVs.
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